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ABSTRACT

The vertebrate hindbrain is morphologically segmented by transient formation of
rhombomeres. A transcription factor gene, Krox-20, which is expressed in a segmental
manner in the vertebrate hindbrain is thought to play a role in hindbrain segmentation.
Vertebrate homologues o f Drosophila homeotic genes of the Antennapedia class, the Hox
genes, are known to specify antero posterior positional identity in embryos. It was
suggested that Krox-20 may be setting up the anterior limit of the Hox-2 genes in the
hindbrain. In this study I have shown that murine 3’ Hox-2 genes, Hox-2.% and -2.9, are
at their anterior limits of expression in the hindbrain before the onset o f Krox-20
expression, hence Krox-20 is not setting up this limit. From the nature of sharpening of
expression domains, it seems different mechanisms are involved in the regulation o f Krox20 and Hox-2 genes. The later modulation of Hox-2 gene expression correlates with the
Krox-20 pattern, suggesting involvement of Krox-20 in quantitative regulation o f Hox
expression in the rhombomeres.
Krox-20 is expressed in the neural crest also. This study in mouse and quail reveals
a lack o f relationship between early expression in migratory crest and later expression in
crest derived boundary caps of cranial (branchiomotor and motor) and spinal nerves. The
timing o f boundary cap expression is unrelated to defining entry/exit points o f nerves in
the brain wall. Premigratory and migrating crest from the rho mho mere 5/6 junction
expresses Krox-20, the precise rhombomeric origin not being definable by this study. Stage
and tissue specific expression is also observed in mesectodermal derivatives, the tooth
germs and whisker fibrils. Expression of Krox-20, Hox-2.9 and -2.6 in cultures of
explanted neural crest reveal Krox-20 expression is lacking under in vitro conditions, but
that peripheral cells of both midbrain and hindbrain cultures respond to explantation by
upregulating Hox-2 expression.
Hox genes have been implicated in prespecification o f arch crest, according to a
Hox code for the branchial region. This study reports Hox-2.% is expressed in arch one
endoderm, contrary to previous suggestions. Also, studying the expression of its paralogue,
H ox-i. 11 at later stages suggests that Hox genes may not be direcüy involved in the fine
patterning of structures within arches.
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CHAPTER 1
INTRODUCTION
Expression o f Krox-20 and Hox genes in hindbrain segments and neural crest
A fundamental problem in development is understanding the cellular and
molecular mechanisms underlying pattern formation - the spatial distribution o f specific
cell types to form a particular organ or tissue. One o f the mechanisms for establishing
pattern is segmentation, in which a tissue becomes subdivided into a number of similar
(but not identical) morphological repeating units. Overt segmental structures are present
in many invertebrates and in vertebrates. The vertebrate trunk is made up in part of serially
repeating structures, the somites, while in the embryonic head the major tissues showing
segmental arrangement are the hindbrain, cranial ganglia and branchial arches.

1.1

Structure o f the embryonic branchial region

1.1.1

O risin and formation o f the hindbrain
In amniotes during gastrulation, the process by which the three germ layers

of vertebrate embryos are established, primitive ectoderm cells ingress through a
longitudinal groove called the primitive streak (ps), a slit like opening in the primitive
ectoderm, to give rise to the mesoderm and underlying endoderm. The process starts in the
mouse day 6.5 post coitum (6.5 dpc) embryo (reviewed in Tam & Beddington, 1992) and
in the chick at Hamburger-Hamilton (HH) stage 4 (Hamburger & Hamilton, 1951). The
primitive ectoderm which does not ingress gives rise to the future skin and nervous system.
At the time the movements o f gastrulation are taking place, the antero-posterior axis o f the
embryo is already recognizable. The rostral end o f the primitive streak thickens into a knot
of cells termed Hensen’s node (n) or the archenteron. Later the primitive streak begins to
shrink, and the anterior end with Hensen’s node recedes posteriorly, laying down
notochordal cells which migrate downward and anteriorly to extend along the principal
embryonic axis. This anterior mass of mainly notochordal cells, called the head or
notochordal process, is formed by 7.5 dpc in mouse and stage 5 chick, and is
distinguishable from surrounding mesodermal cells. Transplantation o f chick Hensen’s node
into Xenopus induced anterior structures in the host; this is similar to the A-P axis
determining function of the Xenopus dorsal lip, called Spemann’s organizer. Therefore,
Hensen’s node, which is involved in régionalisation of the embryo, is thought to be the
amniote equivalent o f the amphibian organizer (Blum et a l , 1992). Laterally mesodermal
sheets are laid down, the paraxial mesoderm. Anterior of the node the neural plate is laid
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down dorsally, extending anterior to the notochord. Neural plate formation proceeds in an
antero-posterior direction. Neurulation (formation of neural tube) is initiated with the
appearance of neural folds anteriorly over the most anterior portion o f the notochord in the
head region o f the embryo.
Neuroectoderm is a pseudo-stratified columnar epithelium

derived from

epiblast or primitive ectoderm rostral o f the primitive streak of early streak stage, i.e. 6.5
dpc mouse embryos. In mouse the régionalisation of embryonic ectoderm to contribute to
hindbrain formation has been mapped from grafting experiments, following cells labelled
with wheat germ agglutinin-gold conjugate from primitive streak stage or 6.5 dpc through
to a day or two later (Tam, 1989). Data for gastrulation in chick is available from studies
by Schoenwolf and Sheard (1990, 1992). The head folds begin to be raised at the rostral
end of the neuro-ectoderm from 7.75 dpc in mouse or stage 6 chick. The lateral edges of
the neural plate fold up to join dorsally, giving rise to a neural tube. The joining o f the
neural tube starts from the cervical region and proceeds rostro-caudally in both mouse and
chick (reviewed in Morriss-Kay, 1981; Schoenwolf & Smith, 1990).

1.1.2

Sesmentation o f the hindbrain
In vertebrates, transient periodic swellings in neuro-epithelium, called

neuromeres, had been recognized for a long time (von Baer 1828, Orr 1887, Neal 1918;
in Lumsden & Keynes, 1989). In the embryonic hindbrain, these are constant in
arrangment and number, and are termed rhombomeres (r) (reviewed in Vaage, 1969). In
chick, rhombomere boundaries are formed between Hamburger Hamilton stages 9 and 12
(Hamburger & Hamilton, 1951), persisting up to stage 24 (Vaage, 1969). Such a precise
definition of the timing o f rhombomere boundary formation is not available in mouse,
though morphological studies suggest rhombomeres arise between 8.5 to 9.0 days post
coitum (dpc) and persist at least up to 10.5 dpc (Rugh, 1990; Kaufman, M., 1992). In
chick, eight rhombomeres are described, the rhombo-mesencephalic boundary being
marked by an external groove, but no obvious morphological discontinuity marking the
rhombo-spinal boundary (Vaage, 1969), as in mouse also (Morriss-Kay, 1981). Evidence
exists that rhombomeres are of developmental significance. In zebrafish, Brachydanio
rerio, intemeurons termed reticulospinal neurons are segmentally distributed along the
hindbrain metameric swellings (reviewed in Kimmel et al., 1988). In avians neurogenesis
of the branchial motor neurons conforms to the rhombomeric pattern, ceU bodies o f the
fifth cranial nerve (V) deriving from r2/3, seventh (VII) from r4/5 and ninth (DC) from r6/7
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(Lumsden & Keynes, 1989). Branchiomotor neurons are born in r4 prior to r2, and
differentiated neurons first appear within alternate rhombomeres r2, 4 and 6, and then in
the odd rhombomeres r3 and r5, such that by HH stage 13, neurofilament immunoreactivity
can be observed to be high in the even rhombomeres and less in the odd rhombomeres,
the axons of these neurons differentiating by stage 14 (Lumsden & Keynes, 1989).
Reticular neurons are the first to become postmitotic and differentiate in chick, and aie
observed first in the hindbrain at stage 6 (Sechrist & Bronner-Fraser, 1991). Though they
become postmitotic in r5 prior to r3, axon differentiation is delayed in both r3 and r5
compared with r2,4, and 6, as observed by cumulative labeling studies with ^H-thymidine
or BrdU (Sechrist & Bronner-Fraser, 1991).

mid

sc

hind
r2 r3 r4 5
OV

VII

Figure 1.1:
Diagrammatic representation of the branchial region of the head: relationship
between the hindbrain, branchiomotor nerves and branchial arches, bl-3: branchial arches;
rl-7: rhombomeres, the boundaries demarcated by dotted lines; v,vii, ix: cranial nerves
trigeminal, facial, glossopharyngeal respectively, the ganglia denoted by solid shading;
hind: hindbrain; mid: midbrain; ov: otic vesicle; sc: spinal cord. Adapted from Hunt e.t
a i, 1991b.
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It was known from morphological observations that the roots of branchial
motor nerves exit from the even numbered rhombomeres, each pair of rhombomeres in
register with an adjacent branchial arch. The branchial arches are units of construction of
the branchial region o f the vertebrate head, four pairs being present in amniotes, of which
the first is the mandibular and second the hyoid arch (Adelman, 1925; Vaage, 1969;
Romer, 1971; Lumsden & Keynes, 1989). Retrograde tracing of the motor axons reveal
that cell bodies o f individual cranial nerves have a precise relationship to specific
rhombomeres (Lumsden & Keynes, 1989). Morphological segmentation into rhombomeres
matched by metameric patterns of early neuronal differentiation argues for the
rhombomeres being segments that underlie patterning in this region of cranial central
nervous system. The relation between rhombomeres, branchial arches and branchiomotor
neurons and ganglia are schematised in figure 1.1.
Further proof of the importance of rhombomeres is obtained from cell
lineage studies in chick, marking single neuroepithelial cells with a vital fluorescent dye,
lysinated rhodamine dextran (LRD), and visualising their descendants later in development
(Fraser et a i , 1990). When studied at stage 19, about 13% clones occupied adjacent
rhombomeres in embryos where cells had been marked before the appearance o f the
intervening boundary ie stage 6 or 0 somite stage. Boundary respecting clones were
generated by cells marked at all stages of development, but clones from later injections
never crossed rhombomere boundaries if injections of dye were made at 15 somites/HH
stage 12-, during and after the first appearance of rhombomere boundaries (Vaage, 1969;
Lumsden & Keynes, 1989). These experiments of Fraser e t a l , 1990 demonstrate that r2-6
are domains o f clonal restriction, the rhombomere boundaries demarcating compartments
limiting cells o f a particular lineage. Two primary invaginations of the hindbrain,
proneuromeres A and B, had been reported by Vaage, 1969, and are presumably the first
boundaries to be formed, the former corresponding to the pre-otic sulcus (POS) and the
latter more caudal to it (Kaufman in Copp & Cockroft, 1990). The position of the otic
placode (epithelial thickening) or the otocyst formed subsequently by the invagination of
this placode, helps identify the rhombomeres. In chick and mouse, it is situated beside the
neural plate or tube, at a position between r5 and r6. In amphibians the otocyst is more
anterior, beside r4. Though somites are overt examples of segmental structure in the
mesoderm, the presumptive somites (somitomeres) are not developmental compartments,
as lineage analysis has shown the clones do not respect the demarcation set up by the
presumptive intersomitic cleft (Stern et a i, 1988). Repeated patterns of axon outgrowth in
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the spinal cord are dependant on interactions with adjacent somites, arguing that spinal
cord is not intrinsically segmented (Lim e ta l., 1991; Stem et a i , 1991). Unlike the spinal
cord, in the hindbrain initial development of cranial nerves is not directed by paraxial
mesoderm (Moody & Heaton, 1983a, b, c).
There is a high level of mitosis in the neuro-epithelium during neurulation
in both chick and rat (references in Morriss-Kay, 1981). The centres of the rhombomeres
have a higher mitotic density and shorter cell cycle time than the boundaries, consistent
with the suggestion that rhombomeres are centres of cell proliferation, while boundaries
contain populations of relatively static cells with reduced rates of cell division (Guthrie et
a i , 1991). Boundaries are characterised by low cell density, specific cytoarchitecture
(majority of cell bodies lie near ventricular surface), a distinct combination o f cell adhesion
and substratum adhesion molecules (the more adhesive form of N-CAM, Ng-CAM /Ll),
have concentrations o f filamentous actin and laminin, and are sites o f enhanced binding
o f peanut lectin (Lumsden & Keynes, 1989; Layer & Alber, 1990; Guthrie et a i, 1991).
To study the nature o f rhombomere boundaries donor to host transplant experiments in
chick at stage 10-11 were carried out (Guthrie & Lumsden, 1991). Juxtaposing r3:4 or 3:6
always resulted in boundaries being regenerated; in contrast, combination of tissue from
same origin r5:5, or odd-numbered rhombomeres r3:5 never formed a new boundary. Evennumbered combinations like r4:6 did not form a boundary in the majority of the cases
(boundaries being regenerated only in approximately 15% cases), but on the contrary, r5:7
combinations always resulted in boundary regeneration (Guthrie & Lumsden, 1991).
Rhombomere boundaries appear and mature at different times (Vaage, 1969), and hence
Guthrie and Lumsden (1991) have suggested that the differences in maturation states of
particular rhombomeres may be responsible for the slightly different behaviours in graft
combinations. These data are consistent with variations in cell surface properties between
individual rhombomeres, possibly of cell adhesion properties. Cells marked on one edge
o f the gap immediately following boundary ablation, spread progeny along the border but
never across the regenerated segment boundary (unpublished results of Fraser, Keynes and
Lumsden in Guthrie & Lumsden, 1991), leading the authors to suggest selective adhesion
o f cells within a rhombomere as a possible mechanism to generate this shape of clone. The
presence of cell movement within a compartment is evident from the dispersal of progeny
o f labeled cells extending the rostrocaudal or mediolateral extent of a rhombomere, though
cell proliferation too has a role to play here (Lumsden & Keynes, 1989).
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1.2

Cranial Neural Crest

1-2.1

M orphology and anatomy
The neural crest is a population of cells unique to the higher chordates and

vertebrates, first described by His, 1869 (in Hall & Horstadius, 1988), arising from the
’crest’ o f the neural folds. Cranial neural crest cells of vertebrates arise from the lateral
edges o f the neural folds, at the junction between the neuro-ectoderm and surface ectoderm
(Verwoerd & van Oostrom, 1979; Nichols, 1981, 1986a; Tosney, 1982). In the chick and
amphibian embryos, neural crest emigration is concomitant with neural tube closure,
whereas in mammals, it begins from open neural folds (Corliss, 1976, reference in Tan &
Morriss-Kay, 1985). Pathways of cell migration, studied by grafting experiments, labelling
paits o f neural tube radioactively with ^H thymidine (Johnston, 1966; Noden, 1975) or
quail nuclear marker (reviewed in Le Douarin, 1982; Noden, 1988; Couly & Le Douaiin,
1990), showed cells migrate sub-ectoderm ally in a ventro-lateral direction. Present
knowledge of pathways of migration of cranial neural crest derive from ultra-structural
studies using cell morphology (Verwoerd & van Oostrom, 1979) or toluidine blue staining
in mammals (Nichols, 1981, 1986a). Orthotopic grafting of crest cells labelled with goldconjugated wheat germ agglutinin into different regions of the brain and following the fate
o f these cells in cultures of embryos permitted the analysis of early stages of crest
migration in rodents (Tan & Morriss-Kay, 1985; Morriss-Kay & Tan, 1987; Chan & Tam,
1988). Crest migratory routes were also studied by labelling with antibodies such as HNK1 and NC-1 in birds (Tucker et a i, 1984; Vincent & Thiery, 1984) or with the lipophilic
fluorescent

vital

dye,

D il

(1,1 -dioctadecy 1-3,3,3 ’,3 ’-tetramethy lindocarbocy anine

perchlorate), in both birds and mammals (Serbedzija et a i, 1989, 1990, 1992; Lumsden
et a i, 1991). Micro-injection of Dil into presumptive rhombomere regions or into the
amnion, and following the pathway taken by these labelled cells visualizes the migratory
route o f cranial neural crest cells in the hindbrain.
In the birds, cranial neural crest appear as a ridge on the dorso-medial aspect
o f closing neural tube from the mesencephalon going rostro-caudally (Noden, 1975, 1978).
M ixing o f cells across the dorsal midline, which occurs in birds (Noden, 1975), is seen to
be absent in mice, as crest migrates from widely open neural folds in mammals (MorrissKay & Tan, 1987). Subectoderm al cell-free space associated with crest migration in avian
embryos (Pratt et a i , 1975) is absent in mammals (Nichols, 1981, 1986a; Morriss-Kay &
Tan, 1987).
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Hindbrain crest cells emigrate away from the neuro-epithelium in three
discontinuous populations that have been designated according to their rostro caudal level
o f origin as rostral hindbrain and caudal hindbrain crest, the latter comprising o f a rostral
otic (ROC) and a caudal otic (CGC) population according to whether it runs anterior o f
or posterior to the otic vesicle. Rostral hindbrain crest is also called the trigeminal crest,
the ROC has been termed the hyoid or acoustico-facial, and the COC has been designated
the vagal crest (Adelman, 1925; Bartelmez & Evans, 1926; Hailey, 1955; Anderson &
Meier, 1981). In mouse, cranial crest is formed at the margin of the neural plate in the
hindbrain region at the 3-4 somite stage, but by the 7 somite stage, crest is formed at all
levels o f the mammalian hindbrain (Nichols, 1981). Crest formation continues during and
after the closure of head folds, ceasing around 10 somite stage in the hindbrain, but
continuing to be formed up until the 16 somite stage elsewhere along the neuraxiai level
(Johnston & Listgarten, 1972; Nichols, 1986a). The duration o f cranial neural crest
emigration at all axial levels has been reported to be approximately 9 to 12 hours
(Serbedzija et a i , 1992). Migration from the rostral hindbrain commences well before
neural fold fusion in rodents (Adelman, 1925; Nichols, 1981). Though the ROC segregates
ahead of the COC, because o f the caudo-rostral pattern of neurulation, the former is
associated with apposed neural folds or closed neural tube, but the latter with V-shaped
folds (Tan & Morriss-Kay, 1985).
In mammalian embryos, crest populating the first arch start to delaminate
from the tip of the neural folds by the 4 somite stage, the second arch crest following a
couple of somite stages later when the neural folds are beginning to rise (Verwoerd & van
Oostrom, 1979; Nichols, 1981, 1986a). In birds, crest is seen by HH stage 8 on the dorsal
midline of the neural tube; by stage 9 cells begin to move away from the rostral hindbrain
as shelf-like populations, followed by the ROC and COC from stage 10 (Anderson &
Meier, 1981; Tosney, 1982).
The discontinuity in the emergent rhombencephalic crest arises due to
regions lacking crest adjacent to the neural tube alternating with the three main bodies of
emergent crest (Anderson & Meier, 1981; Tan & Morriss-Kay, 1985; Morriss-Kay & Tan,
1987; Lumsden et a i , 1991). "Crest-free" regions were reported in the hindbrain, where
no migrating crest was noted beside the neural tube (Anderson & Meier, 1981; Tan &
Morriss-Kay, 1985). In the stage 11 chick, when the rest of the hindbrain crest is migrating
away from the neural tube, crest remain condensed in the dorsal midline o f the neural tube,
alternating with the three streams o f migrating crest, as reported by SEM morphological
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studies ("rh3 and rh5" figure 9, Anderson & Meier, 1981). Similar areas of reduced crest
emigration in the hindbrain has been reported in snapping turtle (Meier & Packard, 1984)
and rodents (Tan & Morriss-Kay, 1985).
The precise segmental origin and migration route (related to temporal
progression) o f rhombencephalic neural crest has been resolved by Lumsden et a l, (1991)
and Serbedzija et a i , (1992) in birds and mammals respectively. Dil labelling o f migratory
and pre-migratory neural crest in exo utero and cultured mouse embryos (Serbedzija et a i ,
1992) or focal injections into dorsal neuro-ectoderm causing both premigratoiy and newly
emerging crest cells to be labelled in chick (Lumsden et a i, 1991 and Bronner-Fraser et
a l „ pers. comm.) yielded the following observations on crest migration patterns. Crest is
reported to be formed at all axial levels in the hindbrain in birds (Lumsden et a l, 1991,
Bronner-Fraser et a l , pers. comm.), in agreement with the observation of a dorso-medial
ridge o f cells running along the hindbrain region reported by morphological studies
(Anderson & Meier, 1981; Jeffs et a l , 1992). Similarly, in mouse, crest is reported to be
formed from rl through to r8 (Serbedzija et a l, 1992). Crest from rl/r2 are seen to
populate branchial arch one (mandibular process); the second stream of crest from r3/r4
and going rostral of the otic vesicle (ie ROC) populate arch two or the hyoid arch; the
third stream running caudal of the otocyst (ie COC), originate from r6/r7, the stream from
r6 populating the third arch (Lumsden et a l , 1991; Serbedzija et a l , 1992).
The two gaps in populations of migrating crest have been identified to be
located at the level of r3 and r5 in both birds and mammals (Lumsden et a l, 1991;
Serbedzija e t a l , 1992). Enhanced cell death deduced from the Nile Blue Sulphate staining
of necrotic cells is identified to be in r3 and r5, appearing in a rostro-caudal manner with
time, first in r3 at stage 10 and then in r5 at stage 11 in chick (Lumsden et a l, 1991; Jeffs
et a l , 1992). This is consistent with the rostro-caudal development of the neural crest
(Tosney, 1982). Though at later stages no migratory crest has been reported in areas
adjacent to r3 and r5, evidence has recently emerged of an early population of migrating
crest from r3 and r5 in both mouse and chick (Serbedzija et a l, 1992, Bronner-Fraser et
a l , pers. comm.). Labelled cells are noted outside the neuro-epithelium in 6-10 somite
stage mouse embryos injected with D il at each level of the hindbrain, from rl through rS
(Serbedzija et a l , 1992). Focal injection o f Dil into the region of the neural tube that will
become r3 produces a stream of marked cells emigrating to the proximal portion of arch
two in the 10 somite stage mouse embryo (Serbedzija et a l, 1992). In chick, immunostaining with HNK-1 or NC-1 antibody marks cells at late stages in their migration, and
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not sub-populations of early migratory or premigratory crest, which are only detected by
a monoclonal antibody against the non-phosphorylated form of intermediate neurofilament
protein, NF-M, marking crest in r3 and r5 in HH stage 9 and 10 chick (Bronner-Fraser et
a i , pers. comm.). Focal labelling o f r3 with Dil prior to the 10 somite stage resulted in
two streams o f crest emerging from r3, a rostro-ventral stream which joined the population
from r2 going to arch one and a caudo-ventral stream which appeared to join the crest
population o f r4 going to arch two; focal injections at the level of r5 made between 8 and
15 somite stages gave rise to labelled cells extending in two directions, one rostral o f the
otic vesicle joining the r4 crest population going into the hyoid arch and the other going
caudally toward the third branchial arch, merging with the crest cells arising from r6
(Bronner-Fraser et a i, pers. comm.).
It is known from quail-chick chimaeras, tissue extirpation and morphological
studies after labelling cells by ^H thymidine, that cranial and spinal ganglia of the
peripheral nervous system have a dual origin, being formed from contributions by the
neural crest and epidermal placodes (reviewed in Le Douarin, 1982; Altman & Bayer,
1982). D il fluorescence was seen over the entire trigeminal ganglion o f the trigeminal
nerve (cranial nerve V), crest being contributed from r2 (Lumsden et a i , 1991; Serbedzija
et a i , 1992). The geniculate/vestibular ganglion of the facial nerve (cranial nerve VII) was
populated by crest from r4 (Lumsden et a i, 1991). The superior and petrosal ganglia of
the glossopharyngeal-vagal complex (cranial nerves EX/X) were populated by crest from
r6 (Lumsden e t a l , 1991; Serbedzija et a i, 1992), though in mouse, the jugular and nodose
ganglia were reported to fluoresce with D il also (Serbedzija et a i , 1992). Injecting D il into
the amniotic cavity of mice (Serbedzija et a i, 1992) caused labelling o f neural tube,
surface ectoderm and crest in the embryos; hence in these exo utero mice it was not
possible to distinguish crest contribution in relation to placodal, in the formation o f a
particular cranial ganglion. This may be the reason why the jugular and nodose ganglia
(both placodal in origin) are marked by D il in labelling studies in mouse (Serbedzija et a i,
1992).
Cell marking studies reveal that crest cells appear to populate their
derivatives (arches and ganglia) in a ventral to dorsal or distal to proximal order, cells
labeled in later stage embryos occupying progressively more dorsal positions (Lumsden
et a i , 1991; Serbedzija et a i, 1992). Thus, cells marked at initial stages o f cranial neural
crest migration occupied the distal ends of arches one and two and marked the cranial
ganglia; those labelled at slightly later stages marked the dorsal portion o f the arches and
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the ganglia; those labelled even later marked only the ganglionic population. Consistent
with this is the proposition that crest cells emerging at later times have an increased
probability o f assuming a gangliogenic rather than an ectomesenchymal fate, as judged by
their position (Lumsden et a i, 1991). A similar ventral to dorsal populating of target
structures is also observed in the trunk neural crest (Serbedzija et a i, 1990).

1.2.2

Specification o f neural crest
In vitro cultures and in vivo cell marking studies have shown that the

rhombencephalic neural crest gives rise to a variety of neuronal and non-neuronal cell
types.
1.2.2.1

Specification o f positional identity
There is evidence to suggest that the form of craniofacial structures related

to the A-P axis is specified by neural crest in the branchial region. Cross species neural
crest transplants in amphibians by Wagner (reviewed in Noden, 1988), xenoplastic
orthotopic grafts, transplanting cephalic crest primordia from salamander into frog, resulted
in grafted cells developing donor-specific features. Rotation of neural plate or neural crest
primordia through 180° in the urodele Awbystoma mexicanum was carried out by
Horstadius and Se 11man (reviewed in Hall & Horstadius, 1988). Hindbrain crest primordia
(that w ill normally form gill skeleton) was transplanted rostrally in place of fore and mid
brain crest primordia and vice versa, i.e. crest destined to form jaw and trabeculae
(fore4-mid brain crest) was grafted in the region of branchial arches. In both cases
transplanted populations were unable to form structures appropriate for the new location;
instead, skeletal structures formed from grafted crest were appropriate for its level of
origin, the original donor site, suggesting that positional identity may have been specified
prior to grafting. More recently, chimaeric chick embryos were produced by similar
heterotopic transplants from quail to the chick, using the stable quail nuclear marker to
identify the origin of each cell (Noden, 1983, 1988). Presumptive first arch crest primordia
(caudal midbrain) grafted in place o f presumptive second or third arch crest primordia
migrated into the nearest arch but formed first arch structures ectopically. Not only were
the whole complement of crest derived mandibular bones and cartilages formed at second
and third arch positions, in addition, non-crest derived first arch muscles were also present.
Also the overlying surface ectoderm differentiation was similar to that observed in the first
arch, forming ectopic beaks. These experiments suggest that neural crest precursors acquire
spatial programming while still part of the neural epithelium, before leaving the neural
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tube. Crest from the region between mid-otic placode and somite three, called cardiac crest
(in Kirby, 1989), is involved in formation of the walls of the aortic arches and outflow
tract o f the heart. Replacing chick host cardiac neural crest with quail donor presumptive
mesencephalic or truncal crest resulted in defective cardiac outflow tract due to incomplete
septation; only grafts from the appropriate axial level were able to result in correct outflow
tract stiuctures (Kirby, 1989).
These data suggest that there are differences in properties o f neural crest that
are dependant on their axial level of origin, suggesting a predetermination o f crest (spatial
specification). Because the crest contributing to each of the first three arches gives rise to
a similar range o f cell types, this spatial prespecification is not necessarily active at the
level o f cell differentiation (commitment to particular cell phenotypes).

1.2.2,2

Specification o f cell types in the cranial neural crest
Neural crest give rise to a wide variety of cell types. In the head, it

contributes to both the central nervous system and peripheral nervous system and also the
major part o f the craniofacial mesenchyme, the derivatives of which include connective
tissues, cartilage, bone and dentine (reviewed in Le Douarin, 1982). A number of cell
lineage studies have been done in neural crest using transplantation o f interspecific markers
and tissue culture as well as injection o f fluorescent tracers into neural crest cells. Cohen
and colleagues (1980) have shown that cloning individual crest cells in an uniform in vitro
environment resulted in pigmented melanocytes and adrenergic neurones, suggesting some
trunk crest cells were at least bipotent (references in Bronner-Fraser & Fraser, 1988). Few
markers

were

available to distinguish characterized subsets in

vivo

within the

homogeneous-looking population of crest prior to migration; Barbu et a i , (1985) and
Girdlestone and Weston (1986) have demonstrated the heterogeneity o f crest, distinguishing
certain sub-populations of crest with monoclonal antibodies (references in Bronner-Fraser
& Fraser, 1988). In another in vitro experiment, quail crest cells from the level of
mesencephalon and metencephalon were cultured on growth-inhibited 3T3 cells (Baroffio
et a i , 1988). Phenotype analysis revealed the existence of extremely diverse developmental
potencies, with seven different types of clones, both neuronal and non-neuronal being
observed. A few committed neuron progenitors were identified, together with some
pluripotent cells which could differentiate into several types of neurons (adrenergic and
non-adrenergic), non-neuronal cells (including HNK-1+ and pre-cartilage producing cells)
and melanocytes, and many cells with intermediate developmental potentialities. This
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suggests that neural crest is heterogeneous in respect of their capacity for differentiation,
there being a variety of different precursors of peripheral neural derivatives, each having
a restricted repertoire of potentials (Baroffio et a i, 1988).
In situ analysis of crest potential has been studied by iontophoretically
injecting the fluorescent vital dye LRD into individual cells in the dorsal neural tube (both
premigratory and just emerging crest) and following their descendants through two days
o f development (Bronner-Fraser & Fraser, 1988). Nearly a quarter of the marked clones
were outside the neural tube in the periphery (crest), extending to different locations. Sixty
percent o f these neural crest clones consisted of cell types distinguished by morphological
and

topographical

criteria

as

sensory

neurons,

Schwann

cells,

satellite

cells,

adrenomedullary cells and pigment cells. These experiments provide direct evidence o f
multipotentiality o f crest cells (Bronner-Fraser & Fraser, 1988). Back transplantation
studies had predicted the presence of a common precursor for neuronal and non-neuronal
lineages in the peripheral nervous system (Le Douarin, 1986a), which were proved to be
present by Bronner-Fraser and Fraser (1988). 7 out of 20 peripheral clones were restricted
to the spinal ganglia, suggesting that some pre-migratory crest cells may be pre-determined
in fate (Bronner-Fraser & Fraser, 1988). Though neurons and glial cells can originate from
the same progenitors as cartilage in clonal cultures of crest cells (Baroffio et a l, 1988;
Bronner-Fraser & Fraser, 1988; Dupin et a l , 1990), clonal analysis has revealed that a few
multipotent precursors common to neurons, glia, cartilage and pigment cells exist, which
may be representative of a stem cell population (Baroffio et a i, 1991). In contrast, some
clonal cultures give rise to only one or some of these cell types (Baroffio et a i, 1991).
From these observations it has been proposed by Baroffio et a i, (1991) that in vivo
actively proliferating pluripotential neural crest cells may generate during migration distinct
sub-populations o f cells that become progressively committed to different developmental
fates. Possibly the committed precursors observed by Bronner-Fraser and Fraser (1988)
were a step removed from the stem cell fate proposed by Baroffio et a i, (1991).
Cells giving rise to connective tissues originate from a more lateral position
in the neural plate than the more medial cells giving rise to neuronal precursors in mouse
(Nichols,

1986a), possibly related to the emigration of crest contributing to arch

mesenchyme occurring prior to crest contributing to cranial ganglia (Serbedzija et a i ,
1992). Though it has not been shown in avians, maybe ecto-mesenchyme precursors
occupy a separate position from neuronal precursors in cranial crest, consistent with crest;
patterning in the branchial region, where crest emigrating early in developmental has an
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higher ectomesenchymal potential and crest emigrating later has a higher neurogenic
potential (Lumsden et a i, 1991). This argues for an intrinsic switch in potential. An
equally favoured idea is that crest cell-type is influenced by the environment. For example,
in cultures of mouse crest, leukemia inhibitory factor (LIP) supports the generation and/or
maturation o f sensory neurons (Murphy et a i, 1991). Growth factors are known to exert
a direct influence on neural crest derived tissues; neurotrophic growth factor (NGF) and
brain-derived neurotrophic factor (BDNF) have a direct influence on neural crest derived
neurons, while bone morphogenetic proteins (BMP) can influence differentiation of crest
derived caitilage (Hall & Ekanayake, 1991).

1.2.2.3

Environmental interactions o f crest
Evidence exists of neural crest-dependent alterations in patterning resulting

from crest interactions with surrounding tissues. Interaction with head epithelia such as
surface ectoderm and neural tube are a requirement for some aspects of cranial
chondrogenesis (Bee & Thorogood, 1980; Thorogood et a i , 1986; Hall & Horstadius,
1988). The formation of arch one-specific muscles and beak in the second arch mentioned
in section 1.2.2.1 suggests that the differentiation pattern of second arch paraxial mesoderm
and surface ectoderm may be influenced by neural crest (Noden, 1988). Premigratory
cranial crest does not form bone when grafted in oculo in the absence of the appropriate
epithelium (Lumsden, 1987). Recombination experiments with ectoderm and mesenchyme
from different chick facial primordia suggest interaction as an important aspect of forming
structures appropriate for the mesenchyme irrespective of the axial level of the ectoderm
(Richman & Tickle, 1989).

1.3

Regulatory ^enes involved in segmental patterning o f the vertebrate
hindbrain
The study of Drosophila development has yielded a number o f interesting

parallels with vertebrate development. Drosophila has a segmented body plan, each
segment having a similar yet distinct morphological appearance. The segmental
organization is established when the first metameric units, parasegments, are formed in the
embryo, segments being formed from the adjacent anterior and posterior halves of
parasegments (Martinez-Arias & Lawrence, 1985). Analysis of segmentation at a molecular
level in Drosophila was made possible by the study of developmental mutants (Lewis,
1978; Nusslein-Volhard & Wieschaus, 1980). This led to the uncovering o f a cascade of
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regulatory interactions involving a gradient o f maternal gene expression that regulate the
localised expression of gap genes, which resulted in spatially restricted expression of three
types of genes, pair-rule, segm ent polarity and homeotic genes. Pair-rule genes, involved
in establishing parasegm ents, aie expressed in alternating domains; stripes o f segm ent
polai ity genes precisely define segment boundaries; and homeotic genes determ ine the final
phenotype of specific paiasegm ents (Figure 1.2, reviewed in W ilkinson & Krumlauf,
1990). M ost of these are transcription factor genes. Thus far the expression patterns of the
vertebrate hom ologues of Drosophila segmentation genes. Engrailed {En) and Wnt-1, and
the result o f their targeted disruption by homologous recombination in em bryonic stem
(ES) cells, is not consistent with a role in the foirnation of segments (reviewed in Joyner
& Hanks, 1991; M cM ahon, 1991), even though many parallels can be drawn between the
segm ental expression of genes in the vertebrate hindbrain and in Drosophila.

Maternal Effect

Gap

Pair-rule

cannf

Segment
Polarity

Homeotic

F ig u re 1.2:
C ascade of regulatory interactions leading to form ation of segm ents and
specification of their phenotype in Drosophila embryos. Arrows indicate existence of
interactions betw een different classes o f genes. From W ilkinson & Krum lauf, 1990.
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1.3.1

Krox-20 in the vertebrate hindbrain
The mouse gene Krox-20 is a zinc-finger gene encoding a transcription

factor with similarity to the three zinc fingers of SpK screened from a mouse library using
the D rosophila segmentation gene Kriippel (Chavrier et a i , 1988). It had initially been
identified as an immediate-early serum-responsive gene in mouse fibroblast 3T3 cells,
getting activated within 15 minutes upon adding serum or growth factors to quiescent cells
(Almendral et a i , 1988; Chavrier et a i, 1988). In mouse, Krox-20 is expressed in a
segmental manner in the hindbrain, in alternate rhombomeres r3 and r5, providing
molecular evidence for metameric organization in the hindbrain (Wilkinson et a l , 1989a).
Krox-20 transcripts were not detected at gastrulation stages (7.5 dpc) but at 8.0 dpc a
single stripe of expression was observed in presumptive r3, the second stripe coming up
in presumptive r5 by 8.5 dpc. The two stripe pattern was maintained a day later also, but
by 10.0 dpc the r3 stripe had been down-regulated, followed by the r5 stripe by 10.5 dpc.
A second phase o f expression appeared in the central nervous system from 14.5 dpc, to
disappear by 16.5 dpc. This second phase consisted o f two longitudinal columns of Krox20 expression in the hindbrain, one more dorso lateral and going from the vestibular
ganglion level to glossopharyngeal, and the other more ventro-medial, extending from the
level o f the vagal ganglion to the caudal end of the hindbrain. The identity of these nuclei
have not been established, due to the rapid morphogenetic changes undergoing in the brain
at this stage. Expression of Krox-20 was also observed in the neural crest: early in
development (8.5 dpc) in the neural crest caudal to proneuromere B and later (10.5 dpc)
in structures derived from the neural crest, the boundary caps o f the cranial branchiomotor
nerve ganglia and spinal ganglia (Wilkinson et a i, 1989a). Krox-20 mRNA has also been
detected in the thymus, spleen and testes of adult mice by northern blot analysis (Chavrier
et a i , 1988). Krox-20 is known to be conserved across the different classes of vertebrates,
being identified in Xenopus (Bradley et a i, 1992), chick (Nieto et a i , 1991) and fishes
(Lanfear et a i, 1991 and T. Jowett, pers. comm.), the pattern of expression similar to that
observed in mouse. Thus, in chick, a single stripe of Krox-20 is observed at 3 somite stage,
the second stripe appearing by 7 somite stage, this two stripe pattern persisting until stage
21 (Nieto et a i, 1991). Alternating domains of Krox-20 appear in the hindbrain in early
neurula stages in Xenopus, persisting until late tadpole stages (Bradley et a i , 1992).
Expression of Krox-20 is detected prior to formation of rhombomeres; in chick it is
detected

8

hours in advance o f the formation of rhombomere boundaries for the anterior

domain o f expression and approximately 3 hours for the caudal stripe (Nieto et a i , 1991).
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1,3.2

Hox series in segmentation o f the vertebrate head
A genetic system first identified in Drosophila specifying A-P positional

identity is believed to be conserved in all animals, including vertebrates (reviewed in
Lewis, 1978; Akam, 1987; McGinnis & Krumlauf, 1992), mutations of which in
D rosophila produce homeotic transformations (duplicated A-P positional values). The
conserved motif of the proteins encoded by these homeotic selector genes is termed a
"homeodomain", which is a 60 amino acid sequence (reviewed by Scott et a i , 1989). The
homeodomain sequence, bearing a helix-turn-helix motif (Kissinger et a i, 1990; Otting et
a i , 1990), has DNA binding activity and constitutes a part of proteins which function as
transcriptional regulators (reviewed in Levine & Hoey, 1988). Homeobox genes are
expressed during the early phases of development, consistent with their role in determining
the positional fate of tissues. The discovery of homeogenes in a wide variety of metazoa,
including vertebrates, led to the suggestion that these genes might play an important role
in pattern formation within the animal kingdom (McGinnis et a i, 1984).
Murine and human homologues of the Antennapedia class of homeobox
genes, termed the Hox genes, are organized in four unlinked clusters (reviewed in
Krumlauf, 1992) with homology to the Drosophila Bithorax complex {BX-C) and
Antennapedia complex (ANT-C), known collectively as the Homeotic complex (HOM-C)
in D rosophila (Lewis, 1978; Kaufman, et a i , 1980). Specific genes in each o f the different
vertebrate complexes are evolutionarily related to one another, forming a subfamily or
paralogous group (figure 1.3). In Drosophila, the homeotic genes map in the same order
in the H O M -C as their functional expression domains lie on the A-P axis; with the
exception o f Deformed (Dfd), all are transcribed in the same direction (Lewis, 1978). The
most 3 ’ gene of the complex, labial (lab), is required for the specification o f the most
anterior HOM-C functional domain, and the most 5 ’ gene of the complex, Abdominal-B
(Abd-B), is required for the normal development of posterior abdominal segments
(reviewed in McGinnis & Krumlauf, 1992). The vertebrate Hox genes are arranged
colinearly in the four clusters (termed structural colinearity), in the same 5 ’-3’ orientation
with respect to the direction o f transcription (Akam, 1989; Duboule & Dolle, 1989;
Graham et a i , 1989). In vertebrates, sensitivity to retinoic acid o f a particular Hox gene
is related to its A-P position within the cluster, both in vivo and in cell cultures
(Papalopulu et a i, 1990, 1991; Simeone et a i, 1990). Expression o f Hox genes occurs in
the central nervous system in domains extending from the caudal end to a rostral limit in
the spinal cord or hindbrain (Holland & Hogan, 1988a). Successive members o f the Hox
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gene clusters have increasingly anterior boundaries of expression, the more 3’ m em bers
having a more rostral anterior limit of expression, termed spatial colinearity (figure 1.3,
Duboule & Dolle, 1989; Graham et a i, 1989). This suggests they may specify m ore
anterior structures, analogous to the situation in Drosophila with the H O M genes.
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Hindbrain
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Neural
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Surface
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F ig u re 1.4;
H ox code for the branchial region of the head. Establishm ent of the lim its
o f H ox gene expression in the hindbrain neuroepithelium and transm ission to branchial
arches and cranial ganglia by migrating neural crest in 9.5 dpc mouse em bryos, follow ed
by subsequent upregulation in arch ectoderm. The identical pattern of H ox subfam ily
expression is indicated by shading, the shaded arrows representing specification of
em igrated crest. Open arrows indicate crest emigrated from rostral hindbrain lacking H ox
label. C hrom osom al relationship o f relevant subfam ilies are indicated below. Adapted from
K rum lauf et a i , 1991.
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The class o f Antennapedia-Yike, homeobox genes of the HOM -C complex of
D rosophila specify segment phenotype according to position along the A-P axis o f the
embryo, with boundaries of gene expression correlating with specific segments (Akam,
1987, 1989; Gehring, 1987; Akam et a l , 1988; Ingham, 1988). Each parasegment
expresses a unique combination of genes or has a unique level o f distribution of
expression. A similar segment-restricted pattern of expression of genes of the Hox-2 cluster
is obsei'ved in the vertebrate hindbrain, there being a two-segment periodicity in the
anterior limit of expression in the hindbrain corresponding to rhombomeres (Wilkinson et
a l , 1989b). Expression studies o f Hox-2 genes in the hindbrain aie consistent with the idea
that Hox-2 genes are involved in patterning the crest from the same axial level o f the
neural tube it is derived from (Wilkinson et a l, 1989b; Hunt et a i , 1991b). Also,
pai alogous members of the same family are known to be expressed in the neural tube and
crest-derivatives from the same level, consistent with a suggested Hox code for the
branchial region of the head (Hunt et a i, 1991a). These observations are summarised in
figure 1.4.
Thus, the rostral limit of the most 5 ’ Hox-2 gene, Hox-2A, is at the riiombospinal border, the more 3 ’ ones, Hox-2.6 at r6/r7, Hox-2.1 at r4/r5 and Hox-2.% at r2/r3
(Wilkinson et a i , 1989b). An exception to the rule that more 3’ genes have a more rostral
boundary is Hox-2.9: it has an anterior limit caudal to the rostral limit o f the gene more
5 ’ to it, Hox-2.% (Murphy et a l, 1989; Wilkinson et a i, 1989b). Hox-2.% and its paralogue
H o x -\A i

are expressed in r3-r5, and crest from r4 (both the neurogenic and

ectomesenchymal component) also expresses these genes (Hunt et a l, 1991a, b). Hox-2.9
is restricted to r4, only neurogenic neural crest components being marked by this gene
(Murphy et a i , 1989; Frohman et a i, 1990; Hunt et a l, 1991a, b; Morriss-Kay et a l,
1991). The patterning o f neural crest according to its rhombomeric origin (Noden, 1983,
1988; Lumsden & Keynes, 1989) is in agreement with the expression o f the Hox genes,
leading to the proposition of a combinatorial Hox code for the branchial region of the head
(Hunt & Krumlauf, 1991; Hunt et a i, 1991a), similar to the proposed Hox code for the
mesodermal structures in the trunk (reviewed in Kessel, 1991). The inter specific
orthotopic grafting experiments o f Noden, 1983, resulting in arch one structures being
formed ectopically in arch two, could be explained by presumptive crest being imprinted
with arch one code, thus producing arch one structures even if grafted in a different
position. A similar explanation may also be put forward for the amphibian experiments
described in section 1.2.2.1 (reviewed in Hall & Horstadius, 1988).
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Previously it was thought that anterior boundaries o f expression o f
paralogous members of a sub-family were conserved, especially those genes more 3 ’ in
location within clusters (reviewed in Gaunt, 1991). Recently evidence has been emerging
that all paralogous members may not be extending to similar limits rostrally in the
hindbrain or in mesodermal derivatives (reviewed in Kessel, 1991). Studies by Geada et
a i , (1992) report the anterior limit of expression of Hox-3.5 (a member of the Deformed
sub-family, paralogous to //ojc-2.6,-1.4 and -4.2) to be caudal o f the Hox-2.6 domain in the
hindbrain at 9.5-10.5 dpc, whereas in the prevertebral column, expression increases over
pre-vertebra 5 and not pre-vertebra 2 as observed with Hox-2.6 and other Dfd subfamily
members (Gaunt et a i, 1989). The anterior limit o f hindbrian expression of the chick
homologue of H o x - l.i\ has been reported to extend to r2, a rhombomere ahead of the
anterior-most limit o f the mouse paralogue //o x - . , assuming gene expression limits are
2

8

conserved across species (I. Muchamore and R. Krumlauf, pers. comm.).
The suggested involvement of Hox genes in the positional specification of
segments and both migratory and presumptive crest implies that they have a role in the
development of craniofacial structures. Gene knock out experiments by targeted disruption
of //o x - 1.5 and -1.6 in ES cells, where defects in the head region neuroectoderm, crest and
derivatives and paraxial and head mesoderm are observed, provide evidence that Hox genes
are important in craniofacial development (Chisaka & Capecchi, 1991; Lufkin et a i , 1991).
These results are not really evidence for Hox genes specifying segment identity, as no
transformation of structures is observed. However, the branchial Hox code implies
redundancy (figure 1.4). Therefore knocking out one gene may not be sufficient to produce
transformation of structures; all the paralogues having overlapping domains may have to
be disrupted for this. However, in other parts of the body where Hox gene expression do
not overlap (i.e. subfamily members do not have identical limits of expression), position
transformation is observed with disruption o f the gene, for example in vertebrae and limb
digits (Le M ouellic et a l , 1992; Morgan et a l, 1992).
In addition to colinearity o f spatially restricted domains of Hox gene
expression, temporal patterns of Hox expression are believed to display colinearity also.
Such a temporal colinearity has been shown in the mammalian limb and trunk (Dolle et
a l, 1989; Izpisua-Belmonte et a l, 1991). Thus, Hox genes do not reach their A-P
boundaries of expression at the same embryonic stage, the 3 ’ genes reaching their A-P
limits o f expression earlier than the more 5 ’ genes of the Hox-4 cluster. That such a
relationship may exist in the head is becoming more evident from recent studies. Temporal
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colinearity o f Hox-2 cluster in the head had been suggested from comparing expression at
8

.0-8.5 dpc in Wilkinson et a l , 1989b; Hunt et a l , 1991a. Assuming staging of embryos

and conditions the experiments were performed under are consistent between the two
studies, Hox-2.9 and -2.8 are at their anterior limit o f expression in the hindbrain by 8.0
dpc, but Hox-2.6 and -2.7 reach their limits half a day later. More recent data from Conlon
& Rossant, 1992 comparing some 3 ’ and 5 ’ genes o f the Hox-2 cluster are in agreement
with these assumptions. Thus, the anterior boundaries o f Hox-2.% and 2.9 are well
established by the time of formation of the first somite, though the anterior boundary of
Hox-2.6, more 5 ’ than the previous two genes, is not established clearly by this stage, and
H ox-2.\ which is more 5 ’ o f Hox-2.6, is first observed around the
& Rossant,

6

somite stage (Conlon

1992). Though other homeobox genes belonging to the Drosophila

Antennapedia complex have been reported to be expressed in presomitic gastrula stages,
like the rest o f the labial subfamily, H ox-\.5 and JTox-3.1 (Gaunt et a l, 1986; Gaunt,
1987; Frohman et a l , 1990; Hunt et a l, 1991a; Murphy & Hill, 1991; Frohman & Martin,
1992), no data is available about when they reach their anterior boundaries.
Consistent with their presumed importance in development, other homeobox
containing genes have been reported to be expressed during gastrulation. One of them is
even-skipped-1 (evx-1), known to express in mid-gastrula stage mouse embryos (Dush &
Martin, 1992). The site of expression o f another gene, goosecoid (gsd), transcribed briefly
during early gastrulation, is thought to reflect the localization o f the Spemann’s organizer
in mouse (Blum et a l , 1992).

1.4.

Aims o f study
It is known that Krox-20 and the Hox-2 genes show rhombomere-specific

restriction of their expression (Wilkinson et a l , 1989b). A lso, quantitative regulation of
Hox gene expression corresponding to the domains o f K rox-20 expression have been
reported, for example H o x - \.\\, -2.8 and -2.7 (Wilkinson et a l , 1989b; Hunt et a l , 1991a).
This led to the speculation that Krox-20 could be involved in setting Hox limits or taking
part in segment-specific regulation of Hox expression. A precise study of the timing of
establishment of A-P boundaries o f the 3 ’ Hox-2 genes compared to Krox-20 w ill help
answer the question whether the 3 ’ Hox genes appear first in the hindbrain or Krox-20,
testing the speculation of whether Krox-20 functions upstream o f Hox genes.
Having described crest formation and migration, a thorough study o f the
axial level of early crest expressing Krox-20 in different stages o f vertebrate embryos and
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the later expression in boundary caps o f cranial nerves would help to answer the question
o f whether there is a link between the two patterns. Neural crest expression o f Krox-20
suggests that possibly there is early cell-type determination o f crest. Crest explants have
been used as a possible system to analyse this. The expression patterns of Krox-20 and
Hox-2 genes in cultures of quail neural crest, have been analysed to determine the
proportion o f crest cells expressing these genes. The latter two questions relate to the more
general problem of how and when the multiple cell types that crest produce arise in
development.
In conclusion, the present study has been undertaken to address the
following problems:
The first is related to the possible relationship between Krox-20 and Hox
gene expression in the hindbrain o f vertebrates, by studying the early expression of these
genes by in situ hybridisation. Is Krox-20 expression observed prior to or following Hox-2
gene expression? Can a regulatory relationship be predicted between the early neuro
epithelial expression o f the 3 ’ Hox genes in relation to Krox-201 What is the pattern of
sharpening o f Hox-2 gene expression boundaries in the hindbrain relative to Krox-201 In
addition to the above, undertaking a precise study o f the time course of H ox-2.9 and -2.8
expression in mouse neuroepithelium w ill help in determining if there is any relation
between the modulation o f expression of Hox genes and Krox-20 at later stages of
development. It w ill also help in establishing if Hox expression is observed anterior to arch
two and if Hox expression in arches persists until mid-gestation stages. Another point to
be examined w ill be whether Hox genes are expressed in non-ectomesenchymal tissues.
The second problem is to determine the location and distribution o f Krox-20
expressing crest cells in the hindbrain, as revealed by in situ hybridisation studies. This
will provide evidence regarding the possible relationship between Krox-20 expressing
migratory crest and later expression in crest derived structures like boundary caps of
cranial ganglia. What is the identity o f the later site o f expression of K rox-20 in the
hindbrain? In the head, in addition to the boundary caps of cranial ganglia, is expression
observed at other sites? D o the craniomotor nerve boundary caps also express Krox-201
As gene expression is observed selectively in sub-populations o f crest, is it possible that
crest cell-types are determined early? Crest explant cultures have been used to study the
in vitro expression of Hox-2.6, -2.9 and Krox-20 to examine this possibihty.
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Chapter 2
Materials and Methods
2.1

Buffers and Stock Solutions

2 . 1.1

General Molecular Biology

IM Tris HCl

121.1 g of Tris base in water, pH adjusted to 7.6 and 8.0 with HCl.
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 (pH 7.5), ImM EDTA. Autoclaved. For RNA
work. Tris made up in DEPC water and filter sterilised.

Low TE

lOmM Tris Cl pH7.5, 0. ImM EDTA

3M Sodium acetate

pH adjusted to 5.2 with glacial acetic acid or to 7.0 with dil acetic
acid and

autoclaved. For RNA work, treated with 0.05% (v/v)

DEPC before autoclaving.
Lysis buffer (maxi

50mM glucose, 25mM Tris.Cl (pH 8.0),

an d mini-prep)

lOmM EDTA (pH 8.0).

Alkaline SDS

0.2M NaOH, 1% SDS.

3M K-acetate (alk

To 60 ml of 5M K-acetate, add 11.5 ml

aline lysis maxi)

glacial acetic acid and 28.5 ml water. The resulting solution is 3M
wit potassium and 5M wrt acetate.

lOOX Denhardt’s

2% (w/v) BSA (fraction V, Sigma), 2% (w/v) Ficoll (Type
400,Pharmacia), 2% (w/v) polyvinylpyrrolidone. Filter sterilised and
stored at -20°C.

20X SSC

3M NaCl, 0.3M Na citrate pH 7.0 treated with 0.05% DEPC and
autoclaved for RNA work.

lOX Ligation buffer 0.5 M Tris.Cl (pH 7.6), 0.1 M MgClj, 0.1 M DTT, 500pg/ml BSA
(Fraction V, Sigma)
Restriction enzyme buffers:
lOX Low salt

lOOmM Tris.Cl (pH 7.6), lOOmM MgCl^, lOmM
DTT.

lOX Medium salt

500mM NaCl, lOOmM Tris.Cl (pH 7.6), lOOmM
MgClz, lOmM DTT.

lOX High salt

IM NaCl, 500mM Tris.Cl (pH 7.6), lOOmM MgCI^,
lOmM DTT.

lOX Very high salt

1.5M NaCl, 500mM Tris.Cl (pH 7.6),

lOOmM

MgCl^, lOmM DTT.
lOX EcoRI buffer

IM NaCl, IM Tris.Cl (pH 7.6), lOOmM MgCl^.

lOX Smal buffer

200mM KCl, lOOmM Tris.Cl (pH 8.0), lOOmM
MgCl^, lOmM DTT.

All restriction enzyme buffers filter-sterilised and stored at - 20°C.
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lOX Gel loading buffer

0.25% bromophenol blue, 0.25% xylene cyanol FF, 15%
Ficoll (type 400, Pharmacia) in water

lOX Orange loading dye

0.25% orange G, 15% Ficoll in TE, 50%glycerol

Electrophoresis buffers:
0.8M Tris, 40 mM EDTA set pH to 8.2 with glacial

20X "Fast" TAB

acetic acid.
900mM Tris base, 900mM boric acid, 40mM EDTA

lOX TBE

(pH 8.2). For 4L 432g Tris, 222b boric acid, 59.5g
EDTA.
Ethidium bromide

10 mg/ml in TE.

NEW buffer

50% ethanol, 0 .IM NaCl, lOmM Tris pH 7.5, ImM EDTA.

DNA Phenol

11 phenol (ultrapure, BRL) mixed with 500ml of 50mM Tris-HCl
pH 7.6, 500mM NaCl, ImM EDTA, left overnight. Discarding the
aqueous phase, 50ml mCresol, 2ml PME and Ig

8

-OH quinolate

were added.
Chloroform(Sevag)

24:1 volume chloroform:isoamylalcohol

Xgal

20 mg/ml in Dimethyl form amide

IPTG

2 0

2 . 1.2

% w/v sol in distilled water, filter sterilized

In situ reagents

DEPC-treated water 0.05% (v/v) DEPC (Diethyl pyrocarbonate) was added and then
autoclaved.
DTT, IM

IM DTT made up in DEPC water and stored at -20°C.

lOX Transcription

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

buffer

spermidine.

lOX PBS

I.37M NaCl, 27mM KCl, 80mM Na^HPO^, 15mM KH PO . Treated
2

4

with 0.05% DEPC and then autoclaved. For IL, 80g NaCl, 2g KCl,
I

lOX Saline

I

.5g anhydrous Na^HPO^, g KH^PO^.
2

8.3% (w/v) NaCl. Treated with 0.05% DEPC and then autoclaved.

Radioactive in situ hybridisation:
GAC mix

2.5mM (each) of ribonucleotides GTP, CTP and ATP.

Sephadex G-50 beads

preswollen in RNA TE, autoclaved.

Elution buffer TES

lOmM Tris.Cl (pH 7.6), ImM EDTA (pH 8.0), 0.1% SDS.

Probe hydrolysis buffer

80mM NaHCO^, 120mM Na^CO^, lOmM DTT (pH 10.2).
Filter sterilised and stored at -20°C.

Probe neutralising buffer

0.2M NaOAc (pH 6.0), 1% (v/v) acetic acid, lOmM DTT.
Filter sterilised and stored at -20°C.
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Hybridisation buffer

50% deionised formamide, 0.3M NaCl, 20mM Tris.Cl (pH
8.0), 5mM EDTA, lOmM NaPO^ (pH 8.0), 10% Dextran
sulphate, Ix Denhardts, 0.5mg/ml yeast RNA.

Whole mount in situ hybridisation:
D IG -ll-U T P

Digoxygenin-11-uridine-5’-triphosphate

tetralithium

salt

(Boehringer)
PBT

IX PBS, 0.1% Tween-20

Glutaraldehyde

25% stock

Prehybridisation mix

50% formamide, 5X SSC pH 4.5 (adjusted with citric acid),
50 pg/ml yeast RNA, 1% SDS, 50 pg/ml heparin

Hybridization mix(Rosen)

50% deionised formamide, 20X SSC, 50pg/ml heparin, 0.1%
Tween

Prehyb. mix (Rosen)

- 2 0

Same as hyb. mix, but including lOOpg/ml yeast RNA and
lOOpg/ml ss sperm DNA

RIPA

150mM NaCl,

1% NP-40, 0.5% DOC (sodium

deoxycholate), 0.1% SDS, ImM EDTA, 50mM Tris
pH 8.0
NTT

0.5M NaCl, lOmM Tris.HCl pH 7.5, 0.1% Tween 20

lOX TBST

For 100ml,

8

g NaCl, 0.2g KCl, 25ml IM Tris.Cl pH 7.5,

10ml 10% Tween 20
NTMT

lOOmM NaCl, lOOmM Tris.Cl pH 9.5, 50mM MgCU, 0.1%
Tween 20

BCIP

50 mg/ml in dimethylformamide

NBT

75 mg/ml in 70% v/v dimethylform amide

2.2

Enzymes

Restriction enzymes, Boehringer Mannheim and NBL
T3, T7 and SP

6

RNA Polymerases, Promega

T4 D NA Ligase, NBL
Calf Intestinal Phosphatase, Boehringer Mannheim
D Nasel (RNase free), Boehringer
Ribonuclease A, Sigma
Ribonuclease inhibitor (RNasein), Promega
2.3

Bacterial Media, and Antibiotics

M9 medium (minimal)

Per litre,

6

g Na^HPO,, 3g KH^PO^, 0.5g NaCl, Ig NH^Cl.

Adjust pH to 7.4, autoclave. Add autoclaved IM MgSO^ and
IM CaCl , and filter sterilised
2
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2

0

% glucose.

M9 agar

As above, adding 1.5% (w/v) bacto-agar to the salts mixture
before autoclaving, allow to cool to 60°C and add 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.

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.
2.4

Cloning and DNA Methods

2 .4 .1

Bacterial strains and plasmid vectors

The following bacterial strains of Escherichia coli K12 were used in this work:
TG2
POP 101
DH5alphaF’
The plasmid vectors used in the study were :
pGEM 1
pGEM 3
pBluescript KS +/- or SK +/2.4.2

Production o f competent cells for transformation
This method is basically that of (Sambrook et a i, 1989).

Solutions and centrifuge bottles used were sterile and chilled on ice. Bacterial cells were
streaked out from the glycerol stocks on M9-agar (for TG2) or LB (for POP 101, or DH5
F’) plates and incubated overnight at 37°C. A single colony was used to innoculate 10ml
o f LB which was then grown overnight. This was incubated with shaking at 37°C until the
O .D

.5 5 0

of the culture reached 0.45 - 0.55. The culture was chilled on ice and the cells

pelleted by centrifugation at 5000 rpm for 5-8 minutes. The pellet was gently resuspended
in 1/3 volume o f lOOmM RbCl, 50mM MnCli, 30mM K-Acetate, lOmM CaCl and 15%
2

(volume/volume (v/v)) glycerol and left on ice for 15 minutes. Bacteria were again pelleted
and resuspended in 1/12.5 volumes o f MOPS (lOmM 3-[N-Morpholino] propane-sulphonic
acid), lOmM RbCl, 75mM CaCl and 15% glycerol. This was left for 20 minutes on ice
2

and then snap frozen under liquid nitrogen in aliquots of lOOpi and stored at -70°C.
2.4.3

Bacterial transformation

5pi of a ligation reaction or closed plasmid containing < 0.5pg of DNA was added to
50pl o f competent cells which had been thawed slow ly on ice. This was incubated on ice
for 10 minutes and then heat shocked at 42°C for 2 minutes or 37°C for 5 minutes. 500pl
o f LB was added and this was incubated at 37°C for 30 minutes. The culture was spun for
a minute in an Eppendorf bench top centrifuge, and the pellet resuspended in lOOpl LB
after decanting. The cells were plated on L-agar plates containing the appropriate selectable
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marker ie I00|ig/ml Ampicilln, 0.5mM IPTG and 40|ig/m l X-gal. Plates were incubated
overnight at 37°C and single colonies (recombinant white colony if colour selection
employed) were picked for subsequent processing.
2.4.4

Isolation o f plasmid DNA - Mini-prep

A 5ml overnight LB-ampicillin culture was centrifuged in a 2ml eppendorf tube at 12k
for 30seconds, and the pellet resuspended in lOOpl o f GTE. 200pl o f alkaline SDS was
added and mixed by gentle inversion. 150pl %M Na-Acetate pH 5.2 was added, the tube
vortexed vigorously and debris removed by centrifugation. The supernatant was ethanol
precipitated at -70°C for 15 minutes and microfuged for 5 minutes. After aspirating o ff the
alcohol, the pellet was resuspended in TE containing 20pg/ml of ribonuclease A (RNase
A).
2.4.5

Isolation o f plasmid DNA - Maxi-prep

Large scale isolation of plasmid DNA was used for high purity preparations. A 5ml
LB-ampicillin starter culture from a single colony was added to 500ml o f L-broth and
grown overnight with shaking at 37°C. This 500 ml culture was centrifuged at k for 10
8

minutes and the supernatant discarded. The pellet was resuspended in 10ml of lysis buffer,
5mg/ml lysozyme was added and this was incubated at room temperature for 5 minutes.
20ml o f alkaline SDS was mixed carefully with this and left on ice for 10 minutes. 15ml
of 5M KO Ac was added and the mixture incubated on ice for a further 10 minutes.
Bacterial debris were removed by centrifugation at K for 10 minutes, and the supernatant
8

was recovered by precipitation with 0.6 volumes isopropanol. The pellet was redissolved
in TE containing Ig/ml CsCl, and 0.5 mg/ml ethidium bromide. This was centrifuged in
5 ml quick seal tubes (Beckman) at 75,000 rpm in a Beckman vtiSO rotor for 2.5 hours.
The plasmid band obtained was removed with a syringe and the DNA extracted with CSCI

2

and water saturated isopropanol, until all traces of ethidium bromide had been removed.
Two volumes of water were added and the plasmid ethanol precipitated. The pellet was
redissolved in TE and the OD
2.4.6

260

was determined. The concentration was adjusted

to 1

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

chloroform extraction and ethanol precipitation) were performed as described in Sambrook
et a i , 1989. 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.
2.4.7

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. These buffers are low (L), medium (M), high (H) and very high (VH) salt buffers.
There are also specific buffers for EcoRl (R l), and Sm al (Sma).
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2.4.8

Agarose gel electrophoresis
DNA and RNA samples were analysed by electrophoresis through agarose

gels. The percentage o f each gel varied depending on the size of DNA/RNA fragments that
were to be analysed. Agarose was dissolved in Ix TAE or TBE and run in the same
buffer. Samples were dissolved in loading buffer before use. DNA fragments were
visualised under UV by staining with ethidium bromide. Fragment sizes were determined
by running ds DNA markers of known molecular weight, eg Ikb ladder or Lambda-Hindlll
marker (BRL).
2.4.9

Isolation of DNA fragments from gels

a) Fragments >500 b.p.:

The gel slice containing DNA fragment was dissolved in 4M

Nal at 37°C and adsorbed to glass beads for 5 minutes, on ice. The beads were washed 3
times in New buffer by microfuging for 5 seconds and decanting the supernatant. Bound
DNA was eluted in low TE by incubating at 55°C for 3 minutes, microfuging for 30
seconds, and then carefully pipetting out the DNA solution.
b) Fragments <500 b.p.:

A 1% low melting point agarose gel slice was resuspended

in an equal volume TE at 65°C and then an equal volume of DNA phenol at 37°C. This
was voitexed, snap chilled in liquid nitrogen, microfuged and the aqueous phase removed
and if necessary re-extracted with phenol. After chloroform extraction and ethanol
precipitation, the DNA pellet was resuspended in TE.
c) A quick procedure for extracting RNA/DNA from gel slices: Microfuge the gel slice
through glass wool at 6,000 rpm for 10 minutes. If the gel is in TAE, the spin-off can be
used directly for ligations, sequencing reactions and restriction digests, but has to be
ethanol precipitated before use in transcription reactions.
2.4.10

Sub-cloning and ligations

Fragments o f interest were subcloned in pBluescript KS or SK (Stratagene) or pGEM
(Promega) vectors for subsequent amplification and to allow in vitro transcription.
Vector D N A was digested with the appropriate restriction enzyme(s), and checked on
a gel. Single digested vectors were dephosphorylated in 50mM NaCl, lOmM Tris pH 7.5,
lOmM MgCl , ImM DTT and 0.01 Units of Calf Intestinal Phosphatase (Boehringer
2

Mannheim) per 1 pmole of DNA, for 30 minutes at 37°C. Reactions were phenol extracted
and ethanol precipitated.
"Sticky end" ligations generally used 50ng of vector DNA and upto 3-fold
molar excess o f insert DNA in lOpl reaction volume with Ix ligation buffer, ImM ATP
and 5U of T4 D NA ligase. The reaction was incubated at room temperature for 3-5 hours
for sticky ends and at 12°C overnight for blunt ends. The products were used to transform
bacteria.
2.5

Animals
The mice used in this study were of the CBA and CBA/C57 fl 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
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was found was called day 0.5 o f pregnancy. At noon the next day the embryos are 1.5 day
p.c. Embryos were staged not only by timing but also by morphological criteria, following
(Rugh, 1990; Kaufman, M., 1992). Thus the presomitic embryos were staged additionally
by the morphology of the head process. The somitic embryos were staged by somite count
and head morphology in addition to timing. It is well known that mouse embryos vary
even within the same litter, such that some embryos are morphologically more advanced
than others in the same litter. This is an important point to be kept in mind when studying
the expression patterns o f the genes studied here.
Eggs of the Japanese quail Coturnix coturnix japonica from a breeding
colony maintained in Huntingdon were used in the work. After collection, eggs were stored
at 14°C and incubated within a week of receipt, to ensure maximal fertility. They were
incubated in a humidified, forced draught 38°C incubator (Western Incubators Ltd., UK).
Staging was by morphology and somite counting, according to the developmental stages
o f Hamburger and Hamilton (Hamburger & Hamilton, 1951). Although quail embryos aie
precocious relative to chicks, they do not differentiate by more than a few hours until the
third day of incubation (Noden, 1983; Le Douarin, 1986b).
2.6

Explant cultures

2.6.1

Microdissection and explant culture
Explant cultures o f mesencephalic and rhombencephalic crest were from

Prof. Peter Thorogood. Stage HH 9-10 quail embryos were used in these experiments. The
protocol employed by him was as follows. Eggs were opened under sterile conditions and
yolks tipped out gently, blastoderm uppermost into glass petri dishes. A ring of heatsterilized paper encircling the embryo was then placed on the blastoderm. Using iridectomy
scissors and forceps, blastoderm with the embryo was lifted out and then the underlying
yolk was rinsed off twice in PBS. The extra-embryonic membranes were removed. Isolated
embryos were transferred to tissue culture petri dishes with HEPES buffered Minimal
Essential Medium (MEM) - alpha modification (i.e. containing sodium bicarbonate and
L-glutamine but without ribonucleosides and deoxyribonucleosides) (Gibco, BRL)
supplemented with 10% foetal calf serum (PCS) (Seralab Ltd., UK), 100 i.u./ml penicillin
(Gibco, BRL) and 100 pg/ml streptomycin (Gibco, BRL) was used to float out the
dissected embryos and also to culture the explants. Culture medium was pre-warmed to
37°C and equilibrated with an atmosphere of 5% CO

2

in air in a humidified CO

2

incubator. The tips o f mesencephalic and rhombencephalic neural folds containing crest
were cut free using chemically sharpened tungsten needles.
The explant comprising the neural crest plus a small amount o f cranial
ectoderm and neural tube, was rinsed in fresh culture medium and put into an autoclave
sterilized glass ring on a degreased, oven sterilized glass slide that was placed in a 9cm
plastic tissue culture petri dishes (Sterilin, UK). The slides were covered with 20 ml
culture medium and returned to the humidified incubator at 37°C with 5% CO , to allow
2
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expiant attachment and cell migration to occur. Glass rings were removed after

hours,

1 2

and incubation was allowed to proceed for the required number o f hours i.e. 12, 18, 24,
48 or 72 hours. For some later experiments, the original explant at the centre o f a 24 hour
culture was removed by a sterile tungsten needle and transferred to another slide. The
original culture (now called the "Polo" culture because o f the hole in the centre) and the
sub-culture were kept for a further 24 hours in culture medium.
2.6.2

Fixation o f explant cultures
Slides were removed from culture medium, washed in PBS and then the

cultures were fixed in 4% paraformaldehyde (see below) at 4°C for 30 minutes. The slides
were then dehydrated through 60%, 80%, 95% and 100% industrial methylated spirit for
2 minutes each. The cultures were ringed with a diamond marker pen, and then air dried
for one hour. Slides were stored dessicated at -20°C.
2.7

Radioactive in situ hybridisation fo r sections and explant cultures
In situ hybridisation was carried out by the method of Wilkinson & Green,

1990. High stringency washing was carried out following hybridization in order to achieve
low, non-specific background.
2.7.1

^^S UTP labelled riboprobe

Riboprobes were synthesised essentially as described by Melton et a/.,(1984) in
(Sambrook et a i, 1989). The in vitro transcriptions were carried out in Ix transcription
buffer and lOmM DTT, using lOpl lOmCi/ml ^^S UTP. The other three ribonucleotides
(GAC), were used at a final concentration of 0.75mM, and 25 units of RNasin were
included in each 20pl reaction. Either 20 units of T7 or T3 or 10 units of SP

6

RNA

polymerases were used, as required, to transcribe from Ipg of linearised DNA template.
The transcriptions were at 37°C for 60-120 minutes. If the probe was larger than Ikb, it
was hydrolysed in an equal volume of hydrolysis buffer at 60°C. The time of hydrolysis
was calculated by t = (L-O.l)ZO.Ol IL, where L is the original length of probe in kb.
Unincorporated nucleotides were removed by column chromatography over G-50 agarose
drip column or by 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 600pl of elution
buffer had been added after application of the transcription reaction to the mixture. The
next two

2

0

0

pl fractions usually contained the bulk of the counts, and were pooled.

Activity was determined from a 2pl sample of column eluant by liquid scintillation
counting. After ethanol precipitation using 0.5 volume of

6

M ammonium acetate or 0.1

volume 3M Na-acetate at -20°C for 2 hours or -70°C for 15 minutes, the pellet was
resuspended in 0. IM DTT to a final activity of 2 x 10^ cpm. This was dissoved in 9
volumes o f hybridisation buffer, bringing the final activity to 2 x 10^ cpm. They were
stored in aliquots at -70°C. The riboprobes used in this study are given in Table 2.1.
2.7.2

Embedding and Sectioning
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Embryos were dissected out in ice cold PBS and fixed overnight at 4°C in
4% (w /v) paraformaldehyde (Sigma) in PBS (Paraformaldehyde was dissolved in PBS at
60°C for about an hour, and then cooled to 4°C). They were then successively washed for
30 minutes at each step in saline (4°C twice), ethanol: saline (50:50) (4°C), 70% ethanol
twice (embryos could be stored at this stage until required), dehydrated by passing them
through 80%, 95%, 100% ethanol (twice) and then toluene/histoclear twice. 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 Lamb, BDH)
at 20 minute intervals (total time in wax changes: 1 hour). Fresh wax was substituted, and
the embryos orientated in the dish under a dissecting microscope, and the block then
allowed to cool and set. The embedded embryos were stored at 4°C. If tissue larger than
a 1216 day mouse embryo was embedded, times in ethanols and waxes were increased. The
ethanol used at this stage was 99.7-100% ethanol from BDH.
6

pm sections were cut on a Bright microtome and the sections were floated on to a

50°C water bath to stretch. Ribbons were lifted onto subbed slides, which were then
drained and dried on a 37°C hotplate overnight. The sections were stored dessicated at 4°C
if not used immediately.
2.7.3

Preparation o f slides for sections
Microscope slides were cleaned by passing them successively through 10%

HCl in 70% ethanol, 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.
2.7.4

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 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. Variations for explant cultures are mentioned where
relevant, especially as they do not require the initial steps.
The sections were dewaxed by passing slides in histoclear, twice for 10-15 minutes,
rinsed o ff in absolute alcohol for 5 minutes, and then rehydrated by being passed through
an alcohol series i.e. 100%, 100%, 95%, 80%, 70%, 50% and 30% ethanol. They were
washed in saline and then PBS for 5 minutes each, fixed in 4% (w/v) parafonnaldehyde
in PBS for 20 minutes in small containers, and then washed twice for 5 minutes in PBS.
The method for explant culture slides differed here, with the stored slides being brought
up to RT, washed twice for 20 minutes at 65°C and then once at RT in 2X SSC. From this
point onward, the protocol for explant culture slides and sections was identical, though
concentrations of some solutions varied. The slides were drained and placed horizontally
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with the tissue facing upwards and 1 mi of a freshly made up 20pg/ml (5 pg/ml for explant
cultures) proteinase K (Gibco-BRL) solution in 50 mM Tris pH

8

, 5mM EDTA was

overlaid on the tissue. After 5 minutes (time varied with different batches of protease K)
of digestion at room temperature, the excess solution was poured off. Explant slides were
passed through an additional step o f 5 minutes in 2mg/ml glycine (BDH), 5 minutes PBS.
The slides

were then washed in PBS for 5 minutes, and fixed in 4% (w/v)

paraformaldehyde for

minutes (the cultures hence get only one fixation step) and then

2 0

acetylated in fresh 0.25% (v/v) acetic anhydride (BDH) in O.IM triethanolamineHCl (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, and then dehydrated by passing them through an
alcohol series reverse of above. They were air dried and used for hybridisation.
2.7.5

Hybridisation and washing
10, 15, 25 or 35pl of hybridisation mix per 18X18, 22X22, 22X40 or 22X50

mm^ o f coverslip size respectively, was applied directly to the cultures/sections and a
alcohol-cleaned coverslip was lowered on top. The slides were hybridised for

8

hours-

overnight at 50°C in a moist chamber saturated with 50% formamide, 5x SSC. After
hybridisation the coverslips were dislodged by soaking in x SSC, lO-lOOmM DTT for 305

60 minutes, at the same temperature, with two changes. The slides were then washed in
50% formamide, 2x SSC, O.IM DTT in small Coplin jars at 65°C for 30 minutes (high
stringency washes and homologous probes) or at 50-60°C (if a reduced stringency wash
was desired, for heterologous probes). The slides were then equilibrated in RNase buffer
(0.5M NaCl, 10 mM Tris, 5mM EDTA) at 37°C by three 10 minute washes, and then
incubated for 30 minutes at the same temperature, with RNase A (Sigma) at 20pg/ml.
RNAse was washed off in the same buffer for 15 minutes, and then slides were transferred
to 50% formamide, 2x SSC and lO-lOOmM DTT at the required stringency temperatures,
for 30 minutes. Slides were finally washed in 2x SSC and then O.lx SSC for 15 minutes
each and dehydrated through an alcohol series - 50%, 70% 95% ethanol - containing
0.25M NH OAC, and finally twice in absolute ethanol. The slides were air dried for at least
4
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minutes and then dipped for autoradiography.

2.7.6

Autoradiography, developing and histology

Slides were dipped in Ilford K5 or Kodak NTB2 gel form emulsion melted at 42°C
and diluted 1:1 with

2

% (y/y) glycerol, at 43°C, air dried in a light-tight plastic box with

dessicant at room temperature for 4 hours or oyernight, and then transferred to a dessicated
light-tight box and placed at 4°C for the exposure period. Slides were exposed for 5 days
with most probes, although the 3 ’ Krox-20 probe required a notably longer exposure time.
After warming to room temperature for at least one hour, the slides were developed
in the dark room for 2 minutes in Kodak D19 developer ( g in 50ml water), washed in 1%
8

acetic acid, 1% glycerol in water for 1 minute and fixed in 30% sodium thiosulphate
anhydrous (Sigma) for 2-5 minutes twice. Following rinsing twice for 10 minutes in water,
slides were stained with

0

.

0

2

% (w/v) toluidine blue for
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2 - 1 0

minutes, dehydrated through

ethanol series, cleared in histoclear, and mounted under clean glass coverslip, using DPX
mountant.
2.7.7

Photography and serial reconstruction
Sections were examined and photographed, under bright field and dark field

illumination, using an Olympus Vanox-T or a Zeiss Axiophot microscope. Generally
double exposure pictures were taken, using a blue filter for bright field and a red filter for
dark field exposures, such that signal appeared as red grains on a blue background. Single
exposure pictures are mentioned where appropriate, silver grains appearing white against
a dark background in dark field pictures, with bright field single exposure shots showing
up silver grains as black dots.
Where a 3-dimensional reconstruction was required, tracings o f video images o f the
serial transverse-sections on a slide seen under an Olympus microscope were entered into
an IBM computer through a video-imaging screen and digitalising tablet, using the "VIDS"
software package. A software programme, "3D", was used to reconstruct the serial image
on VDU screen, which was then photographed directly from the screen in a light tight
setup, using a wide angle lens SLR Minolta camera on a tripod.
2.8

Non-radioactive whole mount in-situ hybridisation
A non-isotopic method of labelling the in-vitro transcription reaction by

D igoxygenin-11-UTP (Boehringer), instead of radiolabel, enables visualisation of signal
at the cellular level in tissues. A variation of D. Wilkinson’s modified protocol for whole
mount in situ hybridisation from R. Conlon and P. Ingham has been used here generally.
Younger embryos have been treated by B. Rosen’s protocol, which is similar in many steps
to the former, the variations being mentioned where appropriate.
2.8.1

D igoxygenin-ll-U T P labelled riboprobe preparation
Essentially the in vitro transcription reaction was the same, substituting DIG-

UTP for

UTP, and including the ribonuleotides GTP, CTP ATP at 1 mM each, with

0.65 mM UTP and 0.35 mM DIG-UTP. Transcription was carried out with 1 unit of RNA
polymerase for 2 hours at 37°C. A tenth of the reaction was run on an 1% agarose gel
with relevant markers to guesstimate the amount synthesized and size o f the riboprobe.
This was precipitated at -20°C for 30 minutes or -70°C for 15 minutes, by adding lOOpl
TE, 10 pi 4M LiCl and 300 pi RNA grade ethanol and microfuged at 4°C. The pellet was
dried (Speedvac, Savant, UK), resuspended in TE at 0.1

pg/ul and storedat -20°C. During

hybridisation,

0 . 0 1

2.8.2

the probe was used at a concentration o f

pg/pl o f hybridizationmix.

Fixation and pretreatment of embryos
Embryos were dissected out in ice cold PBS. Extra-embryonic membranes

were removed for all older embryos, but were sometimes kept on for very young pre
som itic embryos. Fixation was at 4°C for 2 hours to overnight in 4% paraformaldehyde.
W ashes were at room temperature for 5 minutes unless otherwise mentioned. Embryos
were washed in PBT (twice), and dehydrated through a methanol/PBT series, keeping 5-10
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minutes in each grade, on a rocking platform. Embryos could be stored at any point during
this step. After being dehydrated in absolute methanol for 2 hours-ovemight (essential for
increasing the signal), the embryos were rehydrated through the same methanol series in
reverse order. The Rosen protocol variations, applicable from here onwards, are given
below after the basic method. The embryos were washed twice in PBT, bleached for an
hour in 6% hydrogen peroxide (Sigma)/PBT and washed three times in PBT. The embryos
were then treated with 5-lOpg/ml proteinase K (depending on sizes of specimens) in PBT
for 20 minutes carefully, the digestion terminated by 2mg/ml glycine in PBT, refixed in
0.2% gluteraldehyde(Sigma)/4% paraformaldehyde for 20 minutes, and finally washed in
PBT twice. 1 found that if the embryos were acetylated in 0.4% acetic anhydride in
lOOmM triethanolamine pH 8.0 for 10 minutes, the background was much reduced. The
acétylation mix was replaced with two

1 0

minute changes of prewarmed hybridisation mix

and then the embryos were prehybridised at 70°C for 4-8 hours or overnight. A much
cleaner and higher signal is obtained if embryos are prehybridised for a long time. They
can also be stored at this point in -20°C. Increasing Tween 20 to 1% also helps in reducing
the background.
Rosen variations:

RIPA, a solution with a very high concentration of detergents, is

used to pemieabilize the embryos in absence of protease-K treatment. It results in better
retention of morphology and higher penetration of probes. After washing 3X30 minutes
in RIPA, embryos were fixed as usual, washed 3X5 minutes with RIPA, and then 3X5
minutes with PBT.
2.8.3

Hvbridisation and post-hybridisation washes
For hybridization Ipg/pl digoxigenin labelled RNA probe was added to fresh

hybridization mixture, and incubated overnight at 70°C with gentle rocking. At the end of
the period, probe was washed off in 50% formamide, 5xSSC, pH 4.5, 1% SDS, twice for
30 minutes at 70°C. Embryos were graded into RNase buffer - NTT - by using 1:1 of the
previous solution with 500mM NaCl, lOmM Tris/HCl, pH 7.5, O.l % Tween 20 (NTT),
once for 10 minutes at 70°C and then three times in NTT. lOOpg/ml RNAse A was added
to NTT and the embryos were incubated for I hour at 37°C with one change o f solution,
followed by one wash in NTT for 10 minutes at RT to remove the RNase. They were then
given high stringency washes in 50% formamide, 2xSSC, pH4.5, for 10 minutes at RT
fii'St, and then two more washes at 65°C for 30 minutes each. After the three washes in
TBST (25mM Tris/HCl, pH 7.5, l40m M NaCl, 2.7mM KCl, 0.1% Tween-20, 2mM
levim asole) the embryos were pre-blocked in TBST/10% heat treated sheep serum, which
was made by heating normal sheep serum to 70°C for 30 minutes. During the final washes
and blocking steps, in a separate tube, anti-digoxygenin Fab-alkaline phosphate conjugate
(Boehringer Mannheim) was preadsorbed to mouse or chick powder. The powder was
prepared beforehand. 16.5 dpc mouse or 5 day chick embryos were homogenized in 4
volumes o f ice cold acetone, incubated on ice for 30 minutes, centrifuged at I0,000g for
10 minutes. The pellet washed in acetone, dried and then ground to a very fine powder,
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and stored air-tight at 4 ° C 3-5mgs o f powder were heat-inactivated in 500pl IX TBST,
chilled, 5|il sheep serum and 1 pi anti-digoxygenin alkaline phosphatase conjugate (Fab
fragments)(Boehringer Mannheim) was added and the mixture shaken gently at 4°C for 1
hour to preadsorb the antibody. After pelleting the powder, the supernatant was diluted 4fold with IX TBST, 1% heat-inactivated sheep serum, to a final antibody dilution of
1:2000. The blocked embryos were replaced with the preadsorbed, dilute antibody and
incubated

8

hours - overnight at 4°C with gentle rocking.

Rosen variations:

Embryos were graded into the Rosen hybridisation buffer, including

lOOpg/ml each o f ss salmon sperm DNA and yeast RNA and prehybridised. Hybridisation
was done in fresh mix, with added ssDNA and y RNA. Afterwards, probe was washed off
with hybridisation buffer twice for 10 minutes. 2X SSC, 50% formamide, 0.1% Tween 20
was used in stringency washes twice for 5 minutes, and then for three times for 30 minutes
at 65°C. After cooling to RT, three 5 minute IX-TBST washes were given, and em biyos
taken through to pre-blocking. There was a slight variation in the preparation of diluted
anti-DIG conjugate. Several mgs of powder in TBST were heat inactivated, centrifuged,
and the pellet chilled on ice. This was resuspended in a 1:500 dilution of antibody in 1%
sheep serum/TBST and incubated with gentle shaking at 4°C for an hour. After a quick
spin, the cold supernatant was diluted four-fold as usual and used for antibody adsorption.
2.8.4.

Post antibody washes and staining
The embryos were quickly washed 3 times in IX TBST, and then 5 times

for 30 minutes to an hour each. After 3 washes for 10 minutes with alkaline phosphatase
buffer, NTMT, freshly prepared staining solutions, 4.5pl/ml NBT and 3.5pl/ml BCIP, was
added to NTMT, and the embryos transferred to glass embryo dishes (plastic tends to
induce precipitate formation). Incubation was in the dark at RT, until the dark puiple stain
had formed, and when the colour had developed to the desired extent, the embryos were
washed twice with PBT to stop the reaction. Signal appearance may be delayed if
levamisol, an alkaline phosphatase suppressor used to prevent interference of endogenous
alkaline phosphatase activity, had been included in the post antibody wash solutions. There
is generally no need to include levamisol in the Rosen protocol, as the lower pH of the
hybridisation mix and the high temperature of hybridisation is stringent enough to kill
endogenous alkaline phosphatases. If clearing of embryos was required, they were passed
through 50% and 80% glycerol. Storage in PBT or glycerol, at 4°C, including 0.02%
sodium azide in the solution, kept embryos free of growth, though signal was weakened
if stored more than
2.8.5.

6

months.

Microdissection, flatmounting and photography
A major problem encountered in this protocol is trapping o f antibody and/or

probe in embryonic cavities, like amniotic cavities, heart or brain ventricles etc. Presomitic
7.25-8.0 dpc mice were sometimes left with their membranes on, making a hole at the top,
or they were dissected out cleanly. For 8-9 dpc embryos, extraembryonic membranes were
taken o ff prior to fixation, as once fixed, the embryos became very brittle. The anterior
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brain vesicles had to be cut open in older embryos. For 10-11 dpc mice, the trunk caudal
at the level o f the forelimb bud was cut off and holes punched in the forebrain, facilitating
easier access o f probe and antibody into the brain cavities.
After the signal had been developed, the presomitic mice were dissected free
of their extra-embryonic membranes (where needed) using fine forceps. The embryos were
graded into 80% glycerol in PBT. Using chemically sharpened tungsten needles and a fine
glass holder tip, the head folds anterior to the signal and the posterior allantois were cut
off. The embryo was positioned on a microscopic slide, with dorsal side upwards. For
older mice, the zone o f interest was dissected out: the midbrain and spinal cord region
posterior to the hidbrain was cut out using tungsten needles. The ventral mesodermal
structures below the hindbrain were teased off with a sharp needle, and the tissue of
interest was orientated dorsal side up onto a slide in a drop of 80% glycerol. A clean
coverslip was very gently and carefully lowered down on this. As the coverslip settled on
to the slide, it flattened out the specimen. The edges were sealed with nail polish.
Generally bright field single exposure pictures of the whole mounts were
taken on a Leica Wild MIG stereo-microscope with photographic attachment, keeping the
embryos on an agarose bed flooded with PBT. Pictures of flatmounts were taken on a
Zeiss Axiophot microscope with neutral density filters. Cellular resolution of signal is
evident in appropriate tissues as a dark purplish-blue stain within cells, against a light
backgound.

Table 2.1 :List of riboprobes used in this work

Gene

Enzyme

Pol

Size

Reference

Krox-20 y

Hindlll

T7

600bp

Wilkinson et a i , 1989a

Krox-20 Zf

Bam HI

T3

600bp

Nieto et a l, 1991

pB240 AP2

EcoRI

T3

240bp

Mitchell et a l, 1991

Hox 2.8

EcoRI

T7

2.2Kb

Wilkinson et a i , 1989b

Hox 2.9

EcoRl

T7

800bp

Wilkinson et a l, 1989b

HOX IK

Taql

SP

860bp

Simeone et a i, 1991

cKrox-20 Zf

EcoRI

T3

2

Chox 2.9

Sail

T7

600bp

Chox 2.6

BamHI

T7

1176bp

EcoRI

SP

pC /2

Coin

6

6

2

0

bp

341 bp

50

Nieto et a i, 1991
Guthrie et a i, 1992
Sasaki & Kuroiwa, 1990
Devlin et a i, 1988

CHAPTER 3
Establishment and maintenance o f expression o f Krox-20 and 3* Hox-2 genes in the
hindbrain neuroepithelium.
3.1

Introduction
Krox-20 and Antennapedia class Hox genes are both candidates for

developmental genes important in hindbrain segmentation processes. By analogy with their
D rosophila equivalents, the vertebrate Hox genes are thought to define A-P specification
(Akam, 1989; Duboule & Dolle, 1989; Graham et a i, 1989), consistent with their pattern
of expression in a segmental manner during development (Murphy et a i , 1989; Wilkinson
et a i , 1989b). Krox-20^ cloned in mouse using the Drosophila gap gene Kriippel as a
probe, has a pattern of expression suggesting a role in setting up hindbrain segments
(Wilkinson et a i , 1989a; Nieto et a i, 1991). There is no similarity between tiie two genes
Krox-20 and Kriippel other than the conservation of linkers between the zinc fingers
(Chavrier et a i, 1988). Available data suggests Krox-20 may be setting up the anterior
limit o f Hox genes in the hindbrain, as Krox-20 domains of expression are apparently
established before Hox-2 expression is reported in the hindbrain (Wilkinson e t a l , 1989b).
This was suggested from comparing the way regulation occurred in Drosophila, involving
a positive regulatory interaction between the gap genes in establishing domains of pair-rule
genes, and the pair rule genes together with segment polarity and gap genes influencing
the expression o f the HOM-C genes which specify the phenotype o f a segment (refer to
figure 1.2, chapter 1). In Drosophila, expression limits o f the HOM -C genes are established
independent o f the pair rule genes, the latter establishing the quantitative levels in the
segment-restricted upregulation o f the HOM -C genes. There are many limitations to the
hypothesis that Krox-20 is setting up Hox-2 domains, because this prediction was made
based on the study of more 5 ’ genes like Hox-2.6 and -2.7. There may be a temporal
cascade o f expression in the hindbrain, as has been suggested to be active in the limb and
trunk (D olle et a i , 1989; Izpisua-Belmonte et a l, 1991). It is known that the expression
o f Hox genes in the central nervous system persists! i4;, quite late in development and also
undergoes a dynamic dorso-ventral modulation (Krumlauf et a l, 1987; Bogarad et a l ,
1989; Graham et a l , 1991; Murphy & Hill, 1991). Krox-20 expression is known to persist
beyond the early stages of hindbrain segmentation too (Wilkinson et a l , 1989a). The
possibility exists that one is being regulated by the other, so that the changes in expression
pattern o f one may result in alteration o f the expression pattern o f the other. Also, there
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is the case of quantitative modulation. Hox-2.% has high levels of expression in r3-5 and
Hox-2,1 in r5 - this could argue for positive regulation of Hox-2 gene expression in the
domains o f Krox-20 expression; on the other hand, expression of Hox-2.9 in r4 could arise
from negative regulation (Wilkinson et a i , 1989b). This would suggest Krox-20 is not
setting the limits but could possibly be regulating the quantitative expression of hindbrain
Hox-2 domains. Because of these two possibilities, it is important to determine whether
Krox-20 is expressed at the appropriate boundaries in the hindbrain earlier than Hox-2
genes, as would be predicted if Krox-20 is involved in establishing segments and Hox
genes are involved in segment identity, or expressing later, consistent with the second
possibility. Is the timing of appearance consistent with Krox-20 being higher in the
developmental hierarchy or cascade than the Hox genes or at the same level of hierarchy,
having only a role in quantitative upregulation? To address the above problems, a detailed
comparison of the expression of the 3 ’ Hox-2 genes and Krox-20 is presented in this
chapter, to correlate the time of onset and maintenance of expression of Krox-20 and Hox2.8, -2.9 in the neuro-ectoderm.

3.1.1

Early expression pattern o f Krox-20. Hox-2.9 and 2.8 in the neuroepithelium.
Gastrulation begins around 6.5 - 6.75 dpc in mouse, marked by the

appearance of the primitive streak (Tam & Meier, 1982). In late streak embryos
(approximately 7.5 dpc), the streak extends to the distal tip of the egg cylinder. The head
process extends anteriorly from the primitive streak along the A-P axis of the embryo
(Poelmann, 1981). The embryonic ectodermal subpopulations fated to form the forebrain,
midbrain, hindbrain and spinal cord are in correct cranio-caudal order along the A-P axis
(Tam, 1989). Homeobox containing genes like goosecoid (gsd) and evx-1 are seen to
express in the mouse during early gastrulation events (Blum et a i, 1992; Dush & Martin,
1992). Limited data is available about the establishment of early expression patterns o f
Antennapedia class Hox genes to a rostral limit in the hindbrain. Expression of the most
3’ o f the Hox-2 cluster, Hox-2.9, a member of the labial sub-family, is first detected at late
gastrula stage (7.5 dpc) in the primitive streak and posterior mesoderm of mouse (Frohman
et al., 1990), and later at 7.75 dpc (beginning of neurulation) expression is seen anterior
o f the node (Murphy et a i, 1989; Murphy & Hill, 1991). The earliest localisation of RNA
of another member o f this sub-family, H ox-i.6, has been reported in the primitive streak
at 7.5 dpc too (Murphy & Hill, 1991). Unlike the previous two labial sub-family
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paralogues, Hox^A.9 is noted only in the posterior part of the primitive streak at 7.5-7.75
dpc (Hunt et a i , 1991a; Frohman & Martin, 1992). Both Hox~\.6 and Hox-2.9 have an
anterior boundary of expression in the head by 8.0 dpc (Hunt et a i , 1991a; Murphy &
Hill, 1991), unlike Hox-A.9, the rostral boundary of which corresponds to a position near
the posterior boundary of the hindbrain (Hunt et a l , 1991a; Frohman & Martin, 1992).
Ghox 2.9 protein (the chick equivalent o f mouse Hox-2.9) has been reported in primitive
streak o f mid- to late- gastrula chick ie from HH stage 4 onwards (Sundin & Eichele,
1992). The early anterior neuro-epithelial boundary is difficult to determine with respect
to later hindbrain stinctures, though expression is later localised in r4 (Sundin & Eichele,
1990X
5 ’ to the labial sub-family is the pb sub-family, comprising H o x -\.\ 1 and
Hox-2.^. O f the two, only murine Hox-2.% has been studied, expression being observed in
the hindbrain with an anterior boundary at presumptive r3 by 0 somite stage

/ 8

dpc

(Wilkinson et a i , 1989b; Hunt et a l, 1991a). Further 5 ’ along the cluster o f 4 homeobox
com plexes is H ox-\.5, a paralogue of Hox-2.1, expression o f which has been reported in
extra-embryonic mesoderm of 6.5 dpc mouse; RNA has been detected in the allantois,
ectoderm and mesoderm in the posterior half of the embryo at 7.5 dpc, and in the
hindbrain by 7.75 dpc (Gaunt et a i, 1986; Gaunt, 1987). The anterior boundary gets
sharpened only at 8.5 dpc (Gaunt, 1987). Belonging to the extreme 5 ’ end o f the Hox
clusters is another gene, Hox-2>.\, a paralogue of Hox-2.4, whose expression is mainly
within the allantois at the time of earliest detection (7.5 dpc): it follows Hox-1.5 (which
is more 3 ’ to H ox-3.l in orientation) expression in the hindbrain after a slight delay
(Gaunt, 1988). These examples suggest the possibility of a 3 ’-5’ temporal cascade for
expression o f Hox genes relative to the 3 ’-5’ colinearity of expression domains, the 3 ’
genes probably expressing at their anterior domains earlier than the more 5 ’ ones. This
may be equivalent to the temporal colinearity shown to occur in the limb (Dolle et a l ,
1989) and trunk (Izpisua-Belmonte et a l , 1991).
In addition to the implied temporal colinearity is the progress o f spatial
domains o f expression from posterior to anterior (caudal to rostral), that is evident in many
of the gene expression patterns mentioned above. Though lab subfamily members are
expressed more caudally at 7.5 dpc, there is a more rostral spread of Hox-2.9 and -1.6
expression at 8.0 dpc, followed by a later restriction of Hox-2.9 to r4 and Hox-1.6 to the
spinal cord only by 8.5 dpc (Murphy e t a l, 1989; Hunt et a l , 1991a, b; Murphy & Hill,
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1991); the other subfamily member, Hox-A.9 is unique among Hox genes in not being
expressed in the neural tube (Frohman & Martin, 1992).
Studies o f early expression of Hox-2 genes had been done with radioactive
in situ hybridisation techniques using

labeled probes in mouse (Gaunt et a i , 1986;

Gaunt, 1987; Condie et a i , 1990; Frohman et a i, 1990; Murphy & Hill, 1991). This does
not permit a cellular resolution o f gene expression due to spread of the signal. With non
radioactive DIG probes, cellular localisation o f signal by in situ hybridisation, with the
added advantage o f 3-dimensional visualisation o f pattern, is made possible in whole
mounts. Presomite, early somite stage mouse embryos, as well as late 9.0 dpc mouse
(staging criteria described in chapter 2, section 2.5) were processed by whole mount DIG
in situ hybridisation. Dissecting out the relevant zones and making flat-mount preparations
o f them enables the visualisation of the cellular resolution of expression pattern of the
gene. Hence this method allows the study of the establishment of gene expression
boundaries at a cellular level and can be used to address the following points :-are the boundaries sharp from the onset or does boundary sharpening occur
after the onset of expression?
-within the domain of expression, are all cells transcribing the gene, or is
there a mixture of expressing and non-expressing cells? Are there
differences in levels of cellular expression, some cells expressing strongly
and some weakly? If so, does this correlate with particular cell types at later
stages of neuronal differentiation?
-when do the stripes of Krox-20 upregulate with respect to the Hox-2
genes?
Further information gained from these studies, may enable us to formulate
a more precise hypothesis concerning the regulation of the Hox-2 genes and Krox-20, as
expression pattern o f a gene can argue against, but not in favour of, possibilities. How are
these differences in regulation working - is Krox-20 directly regulating Hox-2 or is it a
more indirect pathway in the cascade of events? If Krox-20 is thought to be upstream o f
Hox-2 and involved in regulating the setting up the rostral boundary of Hox-2 expression,
Krox-20 should have attained its correct spatial distribution before the rostral limits of
Antennapedia class Hox-2 genes was set up. The other possibilities mentioned in section
3.1 may also be true. Rhombomeres are clonally restricted compartments in the hindbrain
(Fraser e t a i , 1990), and rhombomere specific expression of the putative transcription
factors, Hox and Krox-20 is well established (Murphy et a i, 1989; Wilkinson et a l.
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1989b). In view of these observations it is important to determine the relative timing of
Hox genes versus Krox-20 y the sharpness of domains o f gene expression and to see how
it relates to formation o f compartments.

3.1.2

Maintenance o f Hox-2 and Krox-20 ^ene expression in the neuroepithelium
After the establishment of the domains o f Krox-20 and the anterior

boundaries of the Hox-2 genes, expression of the genes is maintained in the neuro
epithelium, followed in some cases by down-regulation and switch-off as development
progresses. Previous studies have shown the r3 stripe of Krox-20 downregulates completely
by 9.5 dpc and the r5 stripe a day later (Wilkinson et a l, 1989a). Earlier work has shown
the H ox-2.9 expression domain in the hindbrain to be in r4, Hox-2.% being high in r3-5 and
decreasing posteriorly, and Krox-20 in r3 and r5 (Wilkinson et al.y 1989a, b). It is known
that Hox genes are expressed in the neural tube at least until 14.5 dpc (Bogarad et a i,
1989; Graham et al., 1991), though northern blots have shown Hox-2. \ expression in adult
also, in the lungs and spinal cord (Krumlauf et a l, 1987). Hox-2.9 expression is reported
to be down-regulated by 12.5 dpc (Murphy & Hill, 1991), and data until 9.5 dpc is
available for Hox-2.8 (Wilkinson et a i, 1989b). The pattern of expression o f Hox genes
in the neuroepithelium at later stages in development have been shown to be conserved in
paralogous members between different Hox clusters (Graham et a i , 1991; Hunt et a i,
1991a). Until recently the anterior limit of expression of the Hox-2.S paralogue, H ox-1.11,
was thought to be similar in the mouse neural tube at 9.5 dpc, as was the expression
pattern in the arches (Hunt et a i, 1991a), though recent evidence suggests the anterior
limit o f H o x -\.\\ may extend to the r 1/2 junction (R. Krumlauf, pers. comm.). Quantitative
differences of expression are observed between these two members o f the sub-family, with
Hox-2.S having higher expression in r3-5, but H o x - \.ll having higher levels in i*3 and r5
(Hunt et a i , 1991a).
In the present study, the fine time-course of spatial distribution o f Krox-20
and some Hox gene expression {Hox-2.%,2.9) in the neuro-epithelium, after they fust reach
their anterior boundaries, has been studied by both DIG and radioactive in situ
hybridisation. Late expression o f Krox-20 in hindbrain nuclei (Wilkinson et a i , 1989a),
after expression has down regulated in the rhombomeres, has been studied too. The onset
o f K rox-20 expression in the chick embryo has been reported by Nieto et a i , (1991). In
the next chapter studies have been carried out in quail and mouse to study neural crest
expression o f Krox-20, using a heterologous chick Krox-20 probe. Observations o f the
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neuro-epithelial expression of Krox-20 in the quail were obtained from that study. Very
little is known about the expression of Hox-2.% and its paralogue, H o x -\A \ later in
development after 9.5 dpc. In a later chapter (chapter 6) the expression of these members
of the p b subfamily will be studied at 11.5 dpc in branchial arches, when the formation
of many arch derived structures are underway. To determine if expression of Hox-2.% and
its paralogue from the Hox-\ cluster persist in the neuro-epithelum later than the
developmental stages studied previously (Hunt et al., 1991a), 11.5 dpc mouse were probed
with Hox-2.^ and the heterologous human HOX-IK probe, as the mouse probe was not
available at the time this study was carried out.

3.2

Results

3.2.1

Krox-20 expression in the hindbrain neuroepithelium
A detailed analysis o f the different somite stages in mouse have been

performed by radioactive or DIG in situ hybridisation followed by flat mount preparations
(Table 3.1 a), using the mouse 3 ’ untranslated or zinc-finger Krox-20 probes (Wilkinson
et a i , 1989a; Nieto et a i, 1991). For flatmounts a mid-dorsal slit is made along the neural
tube, and the walls pressed flat down, such that the dorsal-most part of the hindbrain is
now the lateral-most and the floor plate runs through the midline (details in chapter2,
section 2.8.5). Though extra-embryonic membranes were generally removed, in some
embryos, to maintain good morphology and reduce the likelihood of embryo disintegration
(a common problem at these stages), the presomitic embryos were processed within their
extra-embryonic membranes, leading to precipitates being trapped in the cavities. The
number o f cells in the rostro-caudal extent of expression domains, in terms of cellular
localisation of signal, is presented in Table 3.2. The hindbrain neuro-epithelial expression
of Krox-20 in the quail has been studied with a heterologous chick probe (Nieto et a i ,
1991), the different stages examined presented in Table 3.1 b.
At earlier stages of development, physical subdivision of the hindbrain is
not apparent other than the POS and the sulcus caudal to it. At later stages the appearance
of rhombomeres is noted. Accurate staging of rhombomere formation is available in the
chick (Vaage, 1969), but such data is unavailable in the mouse. Though morphologically
a few rhombomeres are noted in mouse embryos from 8 somite stage, all the rhombomeres
are present only from 12-13 somite stage. This lack of precise boundary formation data in
mouse can lead to ambiguity in description of the gene expression pattern. The timing of
murine rhombomere boundary formation has not been described, hence for my subsequent
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descriptions of gene expression patterns, I will refer to stages prior to m orphological
appearance of the full com plem ent of bulges as presum ptive rhom bom eres and stages
follow ing this (from 12-13 som ite stage embryos) as rhom bom eres.

F ig u re 3.1:
W hole mount in situ hybridisation of 7.5-V.9 dpc m ouse using DIG labelled
K rox-20 riboprobe, show ing the onset of the first stripe of expression in the hindbrain. A:
7.5 dpc em bryo side view; B: dorsal view of early 7.9 dpc m ouse, black airow head
indicates the just visible presum ptive r3 stripe; C: late 7.9 dpc side view, w here the stripe
is m uch stronger; D: 2 somite side view, and E-F: side and dorsal view s of a 3 som ite
m ouse. Anterio posterior (A-P) axis of embryos is indicated, fp: floor plate; fb: fore
brain; hf: head folds; POS: pre-otic sulcus. Forebrain or head folds m ark the anterior end
of em bryos. M agnification: A 50X, B-F: 80X.
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3.2.1.1

Onset of Krox-20 expression in the neural plate
Figure 3.1 shows whole mounts of early 7.5 to 7.9 dpc mouse embryos

hybridised- with digoxygenin labelled Krox-20, illustrating the onset and upregulation o f
Krox-20 in the hindbrain (for criteria used in determining stages of presomitic mouse
embryos, see Chapter 2, section 2.5). No Krox-20 signal is noticed in an 7.5 dpc mouse
embryo (figure 3.1 A). In an early 7.9 dpc mouse (when the head folds are raised), for the
first time, weak expression of Krox-20 is seen in a thin stripe of cells across the head
folds (figure 3 .IB). In a late 7.9 dpc mouse, a higher level of signal is noted in the stripe.
The rostral margin of this stripe is immediately caudal to the slight indentation of the just
forming pre-otic sulcus, POS (figure 3.1C) or Proneuromere A. This is presumed to map
to r3 when rhombomeres are distinct (Wilkinson et a i, 1989a). By the 2 somite stage, the
POS distinctly marks the rostral border of the stripe of Krox-20 expression (figure 3. ID),
as it does at 3 somite stage also (figure 3.1E,F). The sulcus caudal to POS is distinct by
the latter stage.
Figure 3.2 shows flatmount preparations of embryos, making it possible to
study the cellular localisation of expression in more detail. In an early 7.9 dpc mouse there
is a band o f expression 3-5 cells wide, that seems to be a mixture of positive (higher
expression) and negative (possibly lower level or no expression at all) cells extending fully
across the rhombomere (figure 3.2A). On the basis of this figure it is not possible to
determine if this is due to small contiguous clusters of expressing cells interspersed with
patches of non-expressing cells, or whether the positive patches themselves are a mosaic
of positive and negative cells. In a late 7.9 dpc mouse, the stripe is wider (4-8 cells), with
expressing cells being interspersed with non-expressing cells along the anterior and
posterior border of the stripe, giving it a ragged boundary, as seen from the low and high
power pictures (figure 3.2B,C). This patchy pattern, seen in one, two and three somite
embryos (figure 3.2D-F respectively), is not bilaterally symmetrical (figure 3.2B,E). It
seems from figure 3.2D that there may be variations in levels of expression, with patches
of more or less intensity within the stripe. These patches are not in the same place in
different embryos (figure 3.2B,E,F). These are not completely random - more intense
signal tends to be in the centre. Because of interkinetic migration we are effectively
looking through several cell layers and the focal plane does not resolve them. This
variability in signal may partly depend on whether the flatmount has distorted the
epithelium. These apparent quantitative differences may be genuine, but because o f the
neuroectoderm being a pseudostratified epithelium, we can not be absolutely certain that
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Figure 3.2:
Flatmount preparations of non-radioactive in situ hybridised embryos having
a single stiipe of Krox-20 expression. A: early 7.9 dpc mouse, high magnification view,
where black arrowhead marks the up-regulating first stripe; B&C: Low and high power
pictures of late 7.9 dpc mouse, showing strong stripe; D-F: high magnification pictures
of one, two and three somite embryos respectively. Anterio-posterior (A-P) axis of
embryos marked on figure, fp: Poor plate. Magnification: A,C,E 20X; B lOX; D,F: 40X.
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we are viewing always in an undistorted single plane. The band still remains 4-9 cells wide
until the 3 somites stage (figure 3.2F). Thus, the random clusters of Krox-20 expressing
cells, projecting out o f the main body of presumptive r3 band of expression, are seen in
all these stages, giving rise to a diffuse rostral and caudal line of demarcation.
Figure 3.3 are whole-mount and flatmount preparations of embryos,
demonstrating the upregulation of the second stripe of Krox-20 expression, leading to the
establishment of the two stripe pattern of Krox-20 in the hindbrain. In a 4 somite mouse
for the fust time, a second, straggly, 3-6 cells wide stripe of cells expressing the gene at
a very low level (figure 3.3A-C) is seen, very similar in appearance to the upregulating r3
stripe of a 7.9 dpc mouse (figure 3.2). The second stripe, situated at the sulcus caudal to
the POS ie proneuromere B (black arrow), is presumed to map to r5 when rhombomere
boundaries aie visible (Wilkinson et a i, 1989a). Though the anterior stripe width is now
8-11 cells across, high power shows it still displays a ragged boundary (figure 3.3C). In
a 5 somite stage embryo (figure 3.3D,E), the presumptive r3 band is much broader and has
a higher level of expression than previous stages. The presumptive r5 band of the 5 somite
embryo (figure 3.3E) is 3-8 cells wide, very similar in appearance to the presumptive r3
band of the 4-somite embryo with respect to the boundary (figure 3.3C), with clumps of
Krox-20 expressing cells projecting out of the main band giving it a ragged edge. In the
5 somite embryo (figure 3.3E), there is a less patchy mixture of expressing/non-expressing
cells at the rostral and caudal margins of r3, the 8-14 cells wide band being separated from
the r5 band by a distance of 20-25 cells (figure 3.3E).
By 6 somites (figure 3.3F), the second band of Krox-20 is seen to be
broader. High power shows the second stripe to have increased to 7-15 cells wide now
(figure 3.3G), the r3 stripe being as wide as before, separated by a similar number of cell
widths from r5. The localisation of the centre of the second stripe in proneuromere B
(within the sulcus posterior to the POS [black arrow]), is clearly noted in the top and side
view of a 6/7 somite embryo (figure 3.3H,I). In a different 7 somite embryo (figure 3.3J),
the rostial band is slightly narrower than the caudal band. Generally both stripes are
approximately equal in width in 6-7 somite embryos, with r5 expressing generally at a
higher level than r3 (figure 3.3GJ and data not shown). The boundaries of the anterior
stripe aie less ragged, with very few straggly cells projecting outwards in these 6-7 somite
stage embryos (figure 3.3G,J), but the boundaries of the presumptive r5 stripe are much
more ragged than r3. During presumptive r5 stripe upregulation, initial expression is in a
narrow strip o f apparently equal width across the hindbrain (figure 3.3C); when the band
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Figure 3.3: Whole-mount non-radioactive in situ hybridisation and fiat mount
preparations of 4-7 somite embryos showing two stripes of Krox-20 in the hindbrain. A-C
is a 4 somite embryo, D-E 5 somites, F-G 6 somites, H-I 6/7 somites and J an unrelated
7 somite embryo. A,D,F,H,I are whole mounts and B,C,F,G,J flat mount preparations. The
antero-posterior (A-P) axis is marked on the upper left hand corner of figure. Black
arrowhead marks the up-regulating second stripe of Krox-20 posterior to the first stripe,
al: allantois; fp: floor plate; fb: forebrain; POS: pre-otic sulcus; r3 & 5: rhombomeres
3 and 5. Forebrain marks the anterior end of the embryos and allantois the posterior end.
Magnification: A,D,F 50X; H,I 80X; B 20X; C,F,G,J 40X; scale bar equals lOOqm.
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Figure 3.4:
Whole mount and flat mount preparations to show maintenance of
expression of both stripes of Krox-20 following upregulation in 8.4-S.9 dpc mouse. A-B
is a 7/8 somite mouse, C-D another unrelated 7-8 somite embryo, E-H 9/10 somites and
I-K an 11 somite-stage mouse embryo. A,E-F,1 are whole mounts and B,C-D,G-H,J-K aie
flat mounts. Anterior is to the right for whole mounts and at the top for the flatmount
preparations. Numbers denote rhombomeres; fp: floor plate; nc: neural crest marked by
Krox-20, emerging caudal to r5/6 junction; r3,5: rhombomeres 3,5. Magnification: A,1
40X; E-F 50X; C,G,J 20X; B,D,H,K 40X, scale bar in D measuring 100pm at 40X.
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is widening, it appears to be narrower toward the floor plate (figure 3.3E,G,J). This may
reflect different shapes of rhombomeres. Expression is not observed extending to the
ventral midline (figures 3.1-3.3), but it is not possible to say if expression is lacking in the
floor plate, because we do not know the extent of the floor plate at these stages in
development.

3.2.1.2

Maintenance of Krox-20 expression in the neural tube
Figure 3.4 shows the cellular distribution o f Krox-20 RNA in the

rhombencephalon following the upregulation of the second stripe, between 8.4-S.9 dpc. In
7-8 somite embryos the boundaries are much more straight and well defined (figure 3.4AD and data not shown), though un-connected patches of cells expressing Krox-20 can still
be detected in the second embryo (figures 3.4C,D). These clumps of cells are not
bilaterally symmetrical (figure 3.4C). In the two 7/8 somite embryos (figure 3.4B,D),
presumptive r3 and r5 are approximately equal in width, separated by a 20-24 cell wide
distance; a similar pattern is observed in other embryos of this stage (data not shown). The
stripes of the embryo in figure 3.4B are narrower than the embryo in figure 3.4D. From
8.5 dpc onward, apparently equal levels of expression are observed in presumptive r3 and
r5 from whole mount of a 9/10 somite embryo (figure 3.4E-F), but high power flat-mount
shows the staining to be more intense in presumptive r5 than in presumptive r3 (figure
3.4G-H). This pattern is also found in the 11 somite mouse (figure 3.4I-K). In 9 to 11
somite stage embryos (figure 3.4H,K and data not shown), presumptive r3 and r5 bands
are approximately equal in width, separated by a zone of non-expressing cells, the width
of the bands being slightly greater in the older embryos. Also, the presumptive boundaiies
of expression o f Krox-20 are much more sharp and straight in 9-11 somite embryos (figure
3.4H,K) than in earlier stages (figure 3.3), but patches projecting into adjacent
rhombomeres from presumptive r3 and r5 and isolated clumps o f Krox-20 expressing cells
aie still observed (figure 3.4H,K). High power pictures show within the neat Krox-20
stripes there are patches of cells expressing Krox-20 more strongly than their neighbours,
though their distribution is not symmetrical (figure 3.4C,D,H,K): these could be interpreted
as genuine higher signal or a result of distortion, as in figure 3.2 (section 3.2.1.1). An
important observation in figure 3.4K is the spread of Krox-20 expression from the caudal
end o f the second stripe on the right side into the region of the floor plate (fp), which is
morphologically distinguishable in the figure. Thus, Krox-20 expression has not downregulated in these cells.
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Figure 3.5:
Non-radioactive whole- and flat-mount and radioactive in situ hybridisation
with Krox-20 illustrating down-regulation of expression in the hindbrain in 9.0-9.4 dpc
mouse stages, (a) and (b) are unrelated 13/14 embryos, (c-d) is 15/16 somites, (e) is an 18
somite embryo, (f,g,i) is an unrelated similar stage embryos, as is (h,j). a-c,e are whole
mounts; d,f,g,i are flatmounts; h,j are radioactive transverse sections through r3 and r5
respectively. The antero-posterior axis of the embryos and the dorso-ventral orientation of
the flat mounts and transverse sections are indicated (A-P, D-V). Numbers denote
rhombomeres; fp: floor plate; ne: neuroepithelium; ot: otocyst; r3,5: rhombomeres 3,5;
rp: roof plate. Magnification: a,e 50X; b,c SOX; d,f 20X; g,h SOX; and in h,j the 100pm
scale bar is equivalent to 5mm.
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3.2.1.3

Down-regulation of Krox-20 expression in the hindbrain and further
sharpening of expression domains
Figure 3.5 shows the pattern of down-regulation o f Krox-20 expression in

the 13 to 18/19 somites (9.0 - 9.4 dpc) mouse embryos, which occurs first in the r3 stripe
and then the r5 stripe. Whole mount embryos and their relevant flat-mounts are presented,
together with radioactive in situ hybridised transverse sections of these regions. Down
regulation of signal in r3 is initiated in a 13/14 somite whole-mount embryo (figure 3.5a),
but not in another similar stage embryo (figure 3.5b), suggestive o f the developmental
variations within a somite stage. Rhombomere 3 down-regulation starts o ff as a patch o f
slightly lower expression in the medio-lateral aspect of the rhombomere (figure 3.5a). In
a 15/16 somite whole-mount embryo (figure 3.5c), high power pictures o f flatmounts show
this medio-lateral patch of lower expression of Krox-20 in r3 (figure 3.5d), though it is not
as clear as figure 3.5a. Rhombomere 5 still shows expression all across the dorso-ventral
extent o f the neural plate this stage (figure 3.5d) as in younger stages. The boundaries o f
r3 and r5 are sharply delineated, and no isolated clumps of Krox-20 expressing cells are
seen in neighbouring areas, except for a patch of Krox-20 positive cells protruding into r6
on the right side (figure 3.5 d). The band of non-expressing cells separating the two stripes
is wider than previous stages. By 18 somite stage (figures 3.5e-g,i), the two stripes and the
intervening r4 region have increased in width rostrocaudally. At this stage down-regulation
o f expression is observed in r5 for the first time, in a ventral to dorsal gradient from the
direction of the floor plate, starting from the middle of the rhombomere, the rostral and
caudal limits of the rhombomere still having expression of Krox-20 extending to the level
o f the floor plate (figure 3.5f,i). No unconnected clumps or projections of K rox-20
expressing cells are observed in r2, r4 or r6 (figure 3.5e,f). Radioactive transverse sections
through r3 of another similar stage embryo show the medio-lateral switch off of K rox-20
expression in r3 (figure 3.5h) similar to that observed in r3 in figure 3.5a. Due to
saturating radioactive signal in the neuroepithelium, it is not possible to comment on the
level o f down-regulation of expression in sections through r5; however it can be seen that
expression of Krox-20 extends unequal distances medially towards the floor plate such that
in the right side the d-v extent of expression is shorter than on the left side (figure 3.5J).
Possibly on the right side the section was passing though the middle o f the rhombomere
and not the extreme limits (compare to the flatmount o f r5 showing down-regulation
pattern in figure 3.5i).
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Figure 3.6 shows the pattern of Krox-20 down-regulation in later stage
mouse embryos, 24-35 somites or 9.5-10.75 dpc. Flat-mount of an approximately 24 somite
mouse shows that in the r3 band the patch of down-regulation of expression has spread
further, nearly reaching the floor plate ventrally and alar plate dorsally (figure 3.6a). In r5
a ventral to dorsal gradient of expression is more obvious now (figure 3.6c), and
expression is more dorsally restricted than observed at 18 somite stage (figure 3.5f,i). This
is confirmed by radioactive in situ transverse sections through r3 and r5 o f another 24
somite embryo (figure 3.6 b,d respectively). By 29 somites, expression of Krox-20 in r3
is totally switched off, r5 expression being further dorsally restricted (data shown in
chapter 4, figures 4.6 f,l respectively). For stages older than 9.75 dpc, as the embryos are
very big, the relevant part (here the head), was dissected out and used for in situ
hybridisation. It is known that expression o f Krox-20 in r3 is down-regulated by 10.5 dpc
(Wilkinson et a i , 1989a). In agreement with this, no expression is noted in r3 in wholemounts or high power flatmounts of a 10.75 dpc mouse (figure 3.6e,f), as confirmed by
transverse sections through r3 of another 10.75 dpc embryo (figure 3.6g). The progress in
down-regulation of r5 expression results in expression being restricted to a narrow patch
in the dorso-lateral tip of the neural plate (figure 3.6e), as confirmed by radioactive
tiansverse sections thiough r5 of another 10.75 dpc embryo (figure 3.6f). No expression
is seen in the roof plate of r5 (figure 3.6f,h). The otocyst (ot) is falsely marked by trapped
reaction products. Rhombomere widths, as represented by the number o f cells expressing
(in the case of r3 and r5) and not expressing (in the case of r4) Krox-20, similar for both
the 24 and 29 somite stage embryos, are observed to have increased in dimension from
that noted in 18 somite stage embryos.

Figure 3.6 (right):
Non-radioactive whole- and flat-mount and radioactive in situ
hybridisation with Krox-20 illustrating down-regulation of expression in the hindbrain in
9.5-10.75 dpc mouse stages. A,C are flat mounts of a 24 somite embryo, A highlighting
rhombomeres 2,3,4 and C rhombomeres 4,5,6; B,D are radioactive transverse sections of
an unrelated 24 somite embryo, through rhombomeres 3 and 5 respectively. E-F are wholeand flat-mounts of a 10.75 dpc embryo respectively, the latter illustrating rhombomeres
3,4,5. G,H are radioactive transverse sections through rhombomere 3 and 5 respectively,
o f another 10.75 dpc mouse. The dorso-ventral (D-V) orientation of sections and flat
mounts are marked. Numbers denote rhombomeres; fp: floor plate; ne: neuroepithelium;
ot: otocyst; r3,5: rhombomeres 3,5; rp: roof plate. Magnification: Scale bars mark 100pm
in (A,C), (B,D), (F), (G,H); E is 50X. Spurious signal in the otocyst (Ot) is a result of
trapping of solutions within closed spaces.
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In all these later stages, the boundaries o f r3 and r5 expression are very
distinct, with no Krox-20 expression being observed in adjacent hindbrain segments. By
12.5 dpc, Krox-20 expression is downregulated in r5 too, no expression being found in any
other part of the central nervous system as seen in serial saggital sections of 12.5 dpc
mouse (data presented chapter 4, figure 4.11 d-g). This is in agreement with previous
reports for total downregulation of Krox-20 in the CNS by this stage (Wilkinson et a i,
1989a).

3.2.1.4

Krox-20 expression in the central nervous system in later stage mouse
embryos
Previous studies on the later expression pattern of Krox-20 in the central

nervous system had reported the presence of unidentified nuclei in the hindbrain expressing
K rox-20 (Wilkinson et a l, 1989a). Serial saggital sections of 14.5 dpc mouse were
hybridised with the 3 ’ Krox-20 probe (data in chapter 6, figures 6.1c,d-e, 6.2c). Krox-20
expression is seen in cells with pale, large nuclei in the hindbrain neuro-epithelium. These
may probably be neurons of motor nuclei within the medulla. Following through the series
of para- to mid- saggital sections of an embryo (figure 6.1 and 6.2), it is suggested
tentatively that these may be the motor nuclei of the fifth or trigeminal (mnV) and twelfth
or hypoglossal (mnXII) nerves, running as two columns along the wall of the medulla.

3.2.1.5

Expression of Krox-20 in quail rhombencephalon
Krox-20 expression in r3 and r5 has been analysed in quail, using a

heterologous chick Krox-20 probe on transverse sections through the hindbrain of different
stage embi-yos (Table 3.1b). No figures are presented in this chapter, data being presented
mainly in the next chapter, chapter 4 (figure 4.8) and also in chapter 6. At the 3 somite
stage (data not shown), only a single stripe of Krox-20 expression is found in the
hindbrain, in presumptive r3. In the 7-8 somite/stage 9 embryo, expression of Krox-20 is
found all across the dorso-ventral extent of the neural plate in r3 and r5, except the floor
plate (data presented in chapter 6, figure 6. lc,e). A similar pattern is observed in stage 10
(figure 4.8d,j respectively), and stage 11 embryos (data not shown). By stage 14, downregulation of expression is observed to be taking place in a ventral to dorsal manner from
the floor plate going laterally, in both r3 and r5 (figure 4.8e,k respectively). The extent of
ventral to dorsal down-regulation o f expression is greater in r3 than in r5 (figure 4.8e,k).
By stage 17, Krox-20 expression is restricted toward the dorsal aspect of the neural tube.

68

being confined to the alar plate, no expression being noted ventrally (figure 4.8f,l).
Expression is more dorsally restricted in r3 than in r5 at this stage. At stage 18, the dorsal
tip o f the neural epithelium is seen to express the gene in both r3 and r5 (data not shown).
Though it is difficult to say anything precisely about the quantitative expression levels in
r3 compared to r5 by radioactive in situs, probably there may be a lower density o f silver
grains in r3 (figure 4.8d,e,f) than in r5 (figure 4.8j,k,l). This data is consistent with the
level of expression in r3 being lower than r5. No expression is observed extending to the
floor plate in r3 or r5 at any o f the stages studied in quail.

3.2.2

Expression o f Hox-2 ^enes in hindbrain neuro-epithelium : reaching the
anterior limits and establishment o f domains o f expression in the hindbrain

3.2.2.1

Anterior boundary o f Hox-2.9 expression in the cephalic neural tube.
Figure 3.7 shows the whole mount and related flat mount preparations of

presomitic early 7.5 - early 7.9 dpc mouse embryos hybridised to Hox-2.9 digoxygenin
labeled probe. During photography o f flatmounts (the ventral side of embryo faces below),
visualising the neuroectoderm needed focussing at a higher focal plane than the cells lying
underneath.

In an early 7.5 dpc embryo (figure 3.7a) expression o f Hox-2.9 is seen to

extend rostrally from the posterior, reaching an anterior limit o f expression (marked by a
white arrowhead here and in subsequent figures) just at the beginning of the head folds.
From the side view o f the embryos in figure 3.7a,c,f, this expression seems likely to be
in the the overlying ectoderm, but it is possible that expression is in underlying tissues.
Longitudinal or transverse sections of these embryos would have detected the embryonic
layer restriction of expression, but at the time these studies were carried out, this method
was not established in the laboratory. The archenteron or Hensen’s node equivalent of
mammals, (called the node [n] from now onwards; Tam, 1989), is situated at this stage at
the distal tip o f the egg cylinder, midway through the rostro-caudal length o f the embryo.
The rostral limit of expression is seen to be posterior to the level of the node, the conical
zone o f expression being marked at the apex by the non-expressing node (figure 3.7b).
Strong expression is observed in the primitive streak (PS). The anterior limit o f expression
is very diffuse (figure 3.7b).
Top and side views of a late 7.5 dpc embryo (figure 3.7c,d) show the
anterior boundary of neuro-ectoderm al expression of Hox-2.9 extending well into the head
folds, but we do not know it has reached the prospective r3/4 boundary yet, due to the
unavailability o f an independant positional marker. The anterior cut-off o f expression is
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adjacent to the node and nearly level with the anterior-most point o f the node (figure 3.7d).
At this stage a more defined rostral limit of Hox-2,9 expression relative to the earlier stage
is noted at the cellular level (figure 3.7e and data not shown). As expression levels are not
very high, it can not be said definitively, but it seems no cells protrude rostrally from this
straight margin. The boundary delimiting the non-expressing cells surrounding the node
(n) is sharply defined (figure 3.7e). Strong expression is noted around the node and in the
primitive streak, expression levels decreasing laterally (figure 3.7e).
In a late 7.75 dpc mouse, the anterior boundary is seen to be in the posterior
third of the head folds (figure 3.7f), within the hindbrain. Though the anterior cut-off of
expression in the hindbrain is seen to be clearly defined in the whole mount (figure 3.7g),
at a higher power the flat mount reveals a less clear boundary as there is less contrast
(figure 3.7h). The rostral boundary o f neural plate expression is quite some distance
anterior from the node, unlike in the younger embryos (figure 3.7g). The regressing node
lays down the notochord anteriorly over which the neural plate is formed, with the midline
floor plate overlying the notochord; at these stages the node is not a morphologically
distinctive stiucture. It is not obvious from the data if the posterior movement of the node
is accompanied by a decrease in node size or simply that cells within the node too start
expressing Hox-2.9 from this stage onward. In addition to the neuro-ectoderm, expression
is seen in lateral mesoderm out of register with the neural plate (figure 3.7f).
The 7.9 dpc embryo in figure 3.7i has been turned inside-out during
processing. The side view and flat mount (figure 3.7i,J) show the anterior neural plate
boundary is sharp compared to Krox-20, and caudal to this a lower level of signal is
observed in the neural plate (*). This medial zone of lower expression in the neural plate,
probably caused by down-regulation o f expression, is bounded laterally on either side by

Figure 3.7 (right):
Non-radioactive in situ hybridisation of Hox-2.9 in early 7.5 - early
7.9 dpc embryos illustrating establishment of anterior boundary in the hindbrain, a-b is an
early 7.5 dpc mouse, c-e late 7.5 dpc, f-h 7.75 dpc, and i-j early 7.9 dpc mouse stages
respectively, a, c-d, f, i are whole mounts and b, e, g-h, j are the related flat-mount
preparations. Anterior (A) is towards the top and the posterior (P) end towards the bottom
of the page. Dotted line clearly demarcates the anterior margin in the early 7.5 dpc
embryo. White arrowhead denotes the anterior limit o f expression o f Hox-2.9 in all
embryos. (*) marks the zone of down-regulation of expression in the middle o f the
embryo; (p ) marks the lateral-most wings o f expression persisting in the middle region. In
’h’, (x) is a result of damaging the embryo, al: allantois; fp: floor plate; hf: head folds;
mb: midbrain; n: node; nc: notochord; pm: posterior expression; ps: primitive streak.
Magnification: a,c-d,f,i are 80X; in flat mounts, scale bar is equivalent to 50 pm in b,e,h
and 100pm in j.
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a ridge-like structure expressing the gene (marked by

which is continuous anteriorly

with the rostral zone o f expression and runs posteriorly to join a shield-shaped Hox-2.9
expressing domain in the primitive ectoderm. The allantois is free o f Hox-2.9 expression
in the stages studied (figure 3.7a,i).
Figure 3.8 shows the expression of Hox-2.9 in late 7.9 dpc to early somite
stages of mouse, where up regulation of neural tube expression is underway, following
establishment of the anterior limit of expression. In a morphologically retarded late 7.9 dpc
embi'yo, the anterior boundary of expression in the hindbrain is sharp as seen from the
side and above (figure 3.8a,b), being some distance caudal from the slight depression of
the pre-otic sulcus. A sharp anterior cut-off of Hox-2.9 expressing cells is produced, all
cells at the boundary expressing the gene (figure 3.8d), no clumps of cells projecting into
rostral areas. Unlike the other 7.9 dpc embryo (figure 3.7i,j), expression in the latter
embryo is homogeneous across the length of the rostral domain, without the middle zone
of lower expression observed in the previous 7.9 dpc embryo, and continuous with the
posterior shield shaped expression and primitive streak (figure 3.8c); this is possibly due
to the fact that this latter embryo is less advanced. The stripe of Hox-2.9 expression caudal
o f POS, is assumed to map morphologically to presumptive r4 for the first time in another
late 7.9 dpc mouse (figure 3.8e); it is not so clearly demarcated in the flat mount (figure
3.8f). The posterior border is not clear, though down-regulation of expression is observed
in the middle o f the embryo (*, figure 3.8e). In the whole mount of a one somite stage/8
dpc embryo, the anterior boundary of presumptive r4 band is more clearly marked (white
arrowhead, figure 3.8g), but the definition is lost in the flatmount (figure 3.8h), probably
because the level of expression in relation to background is not high enough to produce
a suitable contrast during processing. Expression in the primitive streak is higher than the
surrounding posterior mesoderm in all the stages studied above. Also, the level of
expression in the posterior part of the embryo is higher than the rostral domain.
Figure 3.8 (right):
Non-radioactive in situ hybridised embryos illustrating the setting up
o f Hox-2.9 expression domain in the hindbrain, a-d is a retarded late 7.9 dpc embryo, e-f
another unrelated embryo of a similar stage, and g-h is a one somite stage mouse. White
arrowhead denotes the anterior limit of expression of Hox-2.9 in all embryos. The anterior
(A) is towards the top and the posterior (P) end towards the bottom of the page. a-b,e,g
are whole mounts (magnification 80X); c,d,f,h are flat mounts (magnification - scale bar
measures 50pm in c,d and 100pm in f,h). (*) marks the zone of down-regulation of
expression in the middle of the embryo; (p ) marks the lateral-most wings of expression
persisting in the middle region, al: allantois; fp: floor plate; fb: forebrain; hf: head folds;
mb: midbrain; n: node; nc: notochord; pm: posterior expression; POS: pre-otic sulcus;
ps: primitive streak; r4: rhombomere 4.
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3.2.2,2

Establishment and maintenance o f Hox-2.9 expression domain
Figure 3.9 shows the upregulation and maintenance o f expression of Hox-2.9

in the rhombencephalon. In a one somite mouse (figure 3.9a), where the POS is distinct,
the anterior limit o f Hox-2.9 expression is clearly seen to be caudal of the POS. The flat
mount (figure 3.9b) reveals the expression pattern to resemble a much younger embryo as
in figure 3.8f, due to the variability observed within developmental stages. The anterior
boundary is sharp and straight, no clumps o f cells expressing Hox-2.9 extending rostrally
from the boundary (figure 3.9b). Expression in primitive streak and posterior mesoderm
is observed to be higher than the rostral domain of expression, as in earlier stages. A side
view o f a 1/2 somite mouse (figure 3.9c) shows the stripe of Hox-2.9 expression in the
middle, flanked by proneuromere A and B. In a flat mount it is observed that the stripe
has a clear anterior boundary (figure 3.9d). Also, a lower level of expression from
proneuromere B and caudal to it, results in the formation o f a band of Hox-2.9 expression
in the hindbrain, with a diffuse posterior boundary. This is the presumptive r4 band o f
Hox-2.9 expression. Down-regulation extends posteriorly, till expression is observed again
at the level of the first two somites and the shield shaped posterior region (figure 3.9d).
The wings of expression dorso-lateral to the neural plate observed in an earlier stage
(figure 3.7i) are seen to be conserved here too (figure 3.9d). By the 5 somite stage, the
future pattern o f r4 expression is set up definitively (figure 3.9e-g), the band having a clear
rostral and caudal boundary (white and black arrowheads respectively, figure 3.9h). The
overall pattern o f expression is similar to the 2 somite embryo, except that no expression
is seen at the axial level of the somites.
Figure 3.10 illustrates the expression of Hox-2.9 in 8.5 dpc-late 9.0 dpc
mouse. In the head region of the 8 somite stage mouse embryo, only the sharp and clear
presumptive r4 stripe of expression is observed (figure 3.10A). Homogeneous and uniform
expression of the gene within the sharp rostral-caudal boundary at r3/4 and r4/5
respectively is seen in the flatmount, no dorso-ventral restriction being evident at all
(figure 3.1 OB). This pattern is seen to occur in 10, 11 and 12 somite embryos too (data not
shown). From the lateral edges of the part of the neural plate expressing Hox-2.9, a small
population o f crest cells are seen migrating out laterally in a conical patch (figure 3.1 OB).
Unlike Krox-20, no clumps of cells with a higher level of expression are noted within this
band o f Hox-2.9 expression, the distribution of RNA appearing to be homogeneous.
Posterior expression is restricted to the region surrounding the posterior neuropore (figure
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3.10A). In these later stage embryos, expression is never seen in som ites, not even the
caudal-most ones (figure 3.10A).
In contrast to the uniform expression o f Hox-2.9 RNA within the stripe in
these 10-12 somite stage embryos, in a 9 somite mouse, the presumptive r4 band (figure
3 .IOC) exhibits a dorsally restricted pattern (figure 3.10D), very low levels o f expression
being observed in the ventral part of the neural tube as seen in the flatmount (figure
3.10D). Other embryos, one 10 somite and another 13 somite, also exhibit this pattern o f
dorsal restriction (data not shown). This variation in expression through the d-v axis o f the
neural tube does not correlate with somite-stages and may arise from a lack o f synchrony
between somite number and neural tube development. Dorso-ventral restriction of
expression in r4 is seen in 18 and 19/20 somite embryos clearly (data not shown), as also
in a whole-mount 22 somite mouse (figure 3.10E). In the high power flat-mount (figure
3.1 OF), though the picture is focussed on crest expression, the d-v restriction of neural
plate expression is visible on the right side. Crest emigrating from the edge o f the neural
tube in a tightly clustered conical shape (figure 3.10E,F), is known to be neurogenic crest
(Sundin & Eichele, 1990; Hunt et a l, 1991b).
At the stages where the domain of expression extends from the rostral limit
to the posterior part o f the embryo (7.5-V.9 dpc), the floor plate extending from the node
to the rostral limit of expression does not express Hox-2.9 (figures 3.7-3.8). From stages
when expression of Hox-2.9 is limited to the presumptive r4 band, up until the latest stage
studied (8.0-9.4 dpc), floor plate in the region of r4 is still devoid of H ox-2.9 expression
(figure 3.9-3.10).

3.2.2.3

Establishment of the anterior boundary o f Hox-2.S expression in the
hindbrain neuro-epithelium.
Figure 3.11 shows the expression pattern of Hox-2.% in early 7.5 - early 7.9

dpc presomitic embryos, where the anterior limit of hindbrain expression is just being set
up. In an early 7.5 dpc embryo (figure 3.1 la,b), expression of Hox-2.S is seen in the
posterior half of the embryo, within the posterior mesoderm, the anterior limit (marked by
a white arrowhead here and in subsequent figures) extending nearly to the base of the head
folds. In a late 7.5 dpc embryo (figure 3.1 lc,d), expression is observed in the presumptive
hindbrain region o f the head folds. The anterior cut-off is level with the anterior end o f the
node (figure 3 .li e ) , though it is not very clear from the flat mount, probably due to
insufficient signal strength (resulting from the embryo being processed within its extra-
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Figure 3.9 (left):
In situ hybridisation with DIG labelled probes showing up-regulation
of Hox-2.9 domain in the hindbrain at early somite stages, by whole-mount and flat-mount
preparations, a-b is one somite, c-d is 1/2 somite and e-h is a 5 somite stage embryo. a,c,eg are whole mounts (all at a magnification of 80X) and b,d,h are flat mounts (similar
magnification, scale bar equals 100pm). Larger white arrowhead denotes the anterior limit
of expression of Hox-2.9 in all embryos, black arrowhead the posterior limit of expression.
(<t) marks the lateral-most wings of expression persisting in the middle region. Numbers
1,2,5 denote somites, al: allantois; fp: floor plate: fb: forebrain; n: node; pm: posterior
expression; POS: pre-otic sulcus; ps: primitive streak; r4: rhombomere 4. (x) is an
artefact of processing.
Figure 3.10 (below): Non radioactive in situ hybridised embryos illustrating the
maintenance of Hox-2.9 expression domain in hindbrain of 8.5-9.0 dpc embryos. A-B is
a 8 somite embryo, C-D 9 somites, and E-F a 22 somite stage embryo. A,C,E are whole
mounts, magnification being 40X for A and 8OX for C,E. B,D,F are flat mount
preparations respectively (scale bar denotes 50pm in B,F and 100pm in D), D&F having
the same magnification. A-P marks the antero-posterior axis of embryos, fp: floor plate;
nc: neural crest marked by Hox-2.9; nt: neural tube; ot: otocyst; pm: posterior
expression; r2-5: rhombomeres 2-5; s: somites.
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embryonic membranes). This stage is comparable with the pattern observed in a similar
stage embryo with Hox-2,9 (figure 3.7e). Lateral mesoderm expression is out o f register
with the neural plate expression limit, being anterior to it (figure 3.1 Ic). The node is seen
to lack expression (figure 3.1 Id).
In an early 7.75 dpc embryo, a low power flat mount (figure 3.1 If) shows
the floor plate and node lack expression, even though the node has regressed posteriorly.
The anterior limit o f expression, which is rostral to the node, is not sharply demarcated,
probably due to the high background in the embryo. As seen with Hox-2.9 in figure 3.7e,
a high level o f expression surrounding the node is still noticed. The exact morphological
location of anterior restriction of Hox-2.^ hindbrain expression is difficult to determine in
the late 7.75 dpc embryo (figure 3.11g), as the POS is not clearly marked. Though a clear
limit of expression is seen in the side view of the embryo, it is less evident from the
flatmount (figure 3.1 Ih). Expression levels seem to be lower in the middle of the embryo
(*), flanking the floor plate. In all embryos, a high level of signal is seen in the regressing
primitive streak caudal to the node. The extra-embryonic membranes and allantois do not
express Hox-2.%.
Figure 3.12 shows expression of Hox-2.% in the hindbrain from late 7.9 dpc
to the eaily somite stages, where expression is being upregulated in the rhombencephalon
after the anterior boundary has been set up. In a late 7.9 dpc embryo, the anterior limit of
expression in the hindbrain is observed to be just behind the POS/proneuromere A (figure
3.12a), corresponding to the first stripe of Krox-20. The anterior boundary of expression
is well defined (figure 3.12b), all cells at the boundary expressing the gene as observed
at a higher power (figure 3.12c). An apparent slight dorso-ventral restriction of expression
(figure 3.12c) may be genuine or caused by greater cell density in that area resulting from
unequal flattening in the flatmount preparation (comparing left and right sides o f embryo).
Primitive ectoderm in the middle of the embryo expresses Hox-2.^ at a lower level than
the posterior zone o f expression (figure 3.12b).
In the flat mount of a 1 somite mouse embryo (figure 3.12d) where the
background is high compared to signal levels, an anterior zone of expression is separated
from the caudal part by an intervening region o f lower expression in the middle of the
embryo (*). In another 1 somite embryo (figure 3.12e), Hox-2.% expression in the hindbrain
is seen to be higher between proneuromere A and B. There is a clearly defined anterior
boundary (figure 3.12f), and it appears that all cells at the rostral limit of the band are
expressing Hox-2.S (figure 3.12g). The posterior boundary seems to be at the caudal limit
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Figure 3.11: Non-radioactive in situ hybridisation of Hox-2.H in early 7.5 - eai ly 7.9 dpc
embryos illustrating establishment of anterior boundary in the hindbrain, a-b is an early 7.5
dpc embi-yo, c-e is a late 7.5 dpc stage, f is an early 7.75 dpc mouse and g-h a late 7.75
dpc stage mouse. Dotted line clearly demarcates the anterior margin in the late 7.5 dpc
embryo. a-d,g aie whole mounts (magnification 80X) and e,f,h flat mounts (100pm equals
7.0 mm). White arrowhead denotes the anterior limit of expression of Hox-2.^ in all
embryos, though a high background noise makes it difficult i n ’t'’. Anterior end (A) is to
the left of the panel. (*) marks the zone of lower expression in the middle of the embiyo.
al: allantois; eem: extra embryonic membrane; fp: floor plate; hf: head folds; Im:
lateral mesoderm; n: node;
pm: posterior expression; ps: primitive streak.
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of proneuromere B. During flat mounting this embryo, creases were formed on the left side
o f the specimen. A band o f higher level o f gene expression is noted along the neural plate
in the region defined by the rostral limit of proneuromere A and the caudal limit of
proneuromere B (figure 3.12g). Caudal to the broad band, expression levels in the neural
epithelium are lower, continuing posteriorly to join the posterior primitive ectoderm and
primitive streak expression (figure 3.12f). The level o f expression in the streak is not very
different from the band in the hindbrain at this stage (figure 3.12f).
Lateral mesoderm expression is out of phase with expression in the neural
plate at this stage, the anterior limit being more caudal to the anterior limit of
neuroectoderm expression (black+white arrowhead, figures 3.12b-c,d,f-g respectively).

Figure 3.12 (right): Non radioactive in situ hybridised embryos illustrating the setting up
of Hox-2.% expression domain in the hindbrain, a-c is a late 7.9 dpc embryo, d is one
somite stage, and e-g a separate similar staged embryo. White arrowhead denotes the
anterior limit of expression o f Hox-2,% in all embryos, black arrowhead the posterior limit
of higher expression in the central nervous system, and black-and-white arrowhead the
anterior limit of lateral mesoderm expression. A-P denotes the antero-posterior axis of the
embryos. a,e are whole mounts (all 80X magnification); b-d,f,g are flat mounts (b,d,f lOX,
g 20X and c 3OX magnification). (*) marks the zone of lower expression in the middle of
the embryo and (<t) the dorso-lateral expression of the neural plate, al: allantois; fp: floor
plate; fb: forebrain; n: node; pm: posterior expression; POS: pre-otic sulcus; ps:
primitive streak.
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3.2.2.4

Establishment and maintenance o f Hox-2.8 expression domains in the
rhombencephalon
Figure 3.13 illustrates expression of Hox-2.% in the neuroepithelium in late

8.0-9.25 dpc mouse embryos. Expression of Hox-2.^ is noted all along the neural tube in
a 7 somite mouse (figure 3.13a,b), with a higher level of expression stretching from the
POS/proneuromere A to slightly beyond the sulcus posterior to it (proneuromere B) ie
presumptive r3-6. A small tongue o f crest cells emigrating from presumptive r4 to
presumptive second branchial arch prominence is noted at this stage. A similar pattern is
observed in the 9 somite stage too (figure 3.13c,d). By the 11 somite stage (figure 3.13e)
expression is greatly upregulated at an equal level along presumptive r3-5, presumptive r6
having a comparatively lower level of expression (figure 3.13f). The anterior boundary of
rhombencephalic expression is sharp and straight, but not the posterior boundary, the r5
expression grading down to a lower level in r6. This merges caudally into the spinal cord
//ox-2.8 expression. In the 11 somite mouse a straight, parallel stream of //ox-2.8 crest is
observed to emigrate from r4 to the second branchial arch (figure 3.13c,d), which is unlike
the tightly clustered, conical, neurogenic Hox-2.9 crest emigrating from r4 in another
embryo of a similar stage (figure 3.10a,c). Higher magnification flat mounts of the 11
somite embryo reveal a lower level o f //ox-2.8 expression in r4 than r3 or r5 (data not
shown). In the 16 somite mouse embryo, for the first time a sharp posterior boundary of
expression at r5/6 junction is observed (figure 3.13h), followed by lower level of
expression in the rostral part of r6. Thus the r3-5 wide band of //o x -2.8 expression is
delimited by the sharp rostrocaudal boundary marked by r3/4 and r5/6 respectively (figure
3.13h). Expression levels are raised at the caudal end of r6, decreasing posteriorly. No
//ox-2.8 expressing crest is observed to have emigrated from r6 at this stage.
By the 19 somite stage (figure 3.13i-k), within the three rhombomere
anterior expression domain, highest levels are observed in r5, followed by r3 and lowest
in r4 (figure 3.13k). In addition to the crest emigrating from r4 going rostral of the otic
vesicle to arch two, there is another thin stream of crest travelling caudal of the otic
vesicle, which has emigrated ventro-laterally from the caudal end of r6 (figure 3.13i,j); this
will contribute to presumptive arch three. Expression is noted in the region of the posterior
neuropore in the later stages (figure 3.13i).
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Figure 3.13: In situ hybridisation with DIG labelled probes showing up-regulation and
maintenance of higher expression domain of Hox-2.% in the hindbrain of late 8.0 to 9.25
dpc mouse, by whole mount and flat-mount preparations of embryos, a-b is 7 somites, c-d
9 somites, e-f 11 somites, g 15 somites, h 16 somites, and i-j 19 somites stage mouse, af,i-k are whole mounts, magnification of a-f being 50X, i-j 40X and k SOX. g and h are
flatmount preparations, scale bar denoting 100pm. A-P and D-V denote the antero-posterior
and dorso-ventral axes of the embryos. White arrowhead marks the anterior limit of
expression of Hox-2.^. 2-6: numbers of rhombomeres; b2: branchial arch two; fp: floor
plate; nc: neural crest marked by //ojc-2.8; ov: otic vesicle; pm: posterior expression;
r: rhombomere.
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Figure 3.14: Radioactive in situ hybridisation of near adjacent transverse sections of 11.5
dpc embryo with Hox-2.% and HOX-\K probes, illustrating the maintenance of expression
in the hindbrain and spinal cord. The left panel is Hox-2.^ and the right panel //o x -1.11
expression, A-B showing sections passing through rhombomere 3, C-D through
rhombomere 5 and E-F through spinal cord. Magnification (denoted by scale bar measuring
100pm) is same for all sections excluding ’D’. DRG: dorsal root ganglia; NE: neuro
epithelium; OV: otic vesicle; RP: roof plate; SC: spinal cord. The red blob on ’E’ is an
artefact.
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Expression o f Hox-2.% is uniform across the dorso-ventral axis o f the neural
tube in 9-11 somite embryos, no dorsal restriction being noted in the flat mount
preparations (data not shown). Modulation o f expression is noted along the dorso-ventral
axis o f the hindbrain in 13 somite stage embryos (data not shown), expression levels being
least toward the midline floor plate and increasing dorsally. This pattern is found
conserved in the 15 somite stage (figure 3.13g, showing left side o f neural tube) and 16
somite stage embryo (figure 3.13h, right side o f neural tube). N o expression is noted in the
floor plate at any stage (figures 3.11-3.13).
To determine if Hox-2.% and -1.11 are still expressing in the neuroepithelium
after 9.5 dpc, near-adjacent transverse sections of 11.5 dpc mouse were probed with Hox2.8 and a heterologous probe for H o x - \.\\, the human HOX-IK. Figure 3.14 shows the
expression pattern of Hox-2.% and its paralogue, Hox-X.W, in the neural epithelium o f a
11.5 dpc mouse. Expression was observed in r3 (figure 3.14A ), i*4 (data not shown)
through to r5 (figure 3.14C) for Hox-2.%, at a much higher level than the rest o f the neural
tube. A similar distribution along the A-P axis was noted f o r //o x -1.11 in r3 (figure 3.14B)
and r5 (figure 3.14D). Expression anterior of r3 was not studied here. Expression o f //o x 1.11 is more toward the ventricular side of the neural tube (figure 3.14B,D). As the signal
to noise ratio is high, it is difficult to say if there is a very low level o f //o x -2 .8 (figure
3.14E) expression in dorsal root ganglia (drg), but not of //o x - 1.11 (figure 3.14F).

3.3

Discussion
The fine time course of upregulation of Krox-20, //ox-2.8

expression in the hindbrain has been studied, starting from 7.5 dpc

and -2.9

(lategastrulation

stages).
3.3.1

Krox-20 expression in the hindbrain
The first stripe o f Krox-20 appears in presumptive r3 around 7.9 dpc and

the second stripe appears at presumptive r5 in approximately 4 somite stage mouse
embryos. In quail, the presumptive r3 stripe is present in a 3 somite stage embryo, both
the stripes being present by the 7-8 somite stage. In mouse, the boundaries o f the two
stripes are very straggly and isolated clumps of Krox-20 positive cells are seen outside the
main body o f expression. These clumps are not bilaterally symmetrical. Rhombomere
boundaries appear much less straggly from the 7-8 somite stage onward, being sharp from
13 somites, all cells at the boundary being observed to express the gene at the later stages.
At these stages the isolated clumps o f expressing cells are not observed any more. Both

85

the stripes are fully established by 8 somite stage in mouse and are present in 7-8 somite
stage quail embryos. Distribution o f Krox-20 message within a stripe is not uniform during
the upregulation of expression (8.0-8.5 dpc) in mouse, patches of cells with a higher level
o f Krox-20 expression being observed until 11 somite stage. An important observation is
the presence o f Krox-20 expressing cells protruding from presumptive r5 into the floor
plate in the 11 somite stage embryo, and a clump of expression projecting into r6 in the
15 somite mouse embryo.
Differences in width of the two stripes are observed from their onset and
during establishment of expression. Expression levels in r3 and r5 are seen to increase
from 5 somites stage onwards in mouse. Difference in relative levels of expression during
the maintenance of the two stripe pattern of Krox-20 is seen in both mouse and quail, with
expression levels in r5 higher than r3 (as in 9-11 somite stage mouse). This disparity in
levels is maintained until the total down-regulation of r3 expression by the 29 somite stage
in mouse.
Down-regulation of Krox-20 expression in the hindbrain is initiated in r3,
and in mouse is seen from 14 somites (9 dpc) and is underway in quail at stage 14. In the
mouse a latero-medial patch in r3 down-regulates Krox-20 expression initially, with
cessation of expression spreading in a dorsal and ventral manner in successive stages, until
only the dorsal tip o f the lateral plate of the neural tube is expressing at 24 somites: r3
expression ceases altogether between 27-29 somite stage in mouse. The patchy, lateromedial switch-off pattern observed in mouse r3 is not seen during down-regulation of
expression in r3 in quail, where a simple ventral to dorsal progression o f down-regulation
is observed. The r5 stripe starts down-regulating from 18-19 somites (9.45 dpc) in mouse,
the switch-off progressing dorsally from the basal plate. Expression in r5 persists into late
10.75 dpc, where is noted only in the dorsal-most tip of the neural tube, ceasing altogether
before 12.5 dpc. In quail, r5 has a similar ventral to dorsal down-regulation of expression,
proceeding laterally in a gradient The extent of switch-off increases with development,
first observed at stage 14, such that by stage 18, expression is observed only at the tip of
the alar plate in both r3 and r5.

3.3.2

Hox-2.8 and Hox-2.9 expression in the hindbrain
In the early 7.5 dpc mouse, Hox-2.9 and Hox-2.S expression is seen to

extend from the posterior mesoderm to the beginning of the head folds. The anterior
boundary of Hox-2.9 set up in the hindbrain by 7.75 dpc is well defined, and at a slight
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distance caudal to the POS. The anterior boundary of Hox-2.% is established in the neuro
epithelium by a similar stage, though the boundary is more rostral to Hox-2.9, the anterior
end corresponding to the just-forming pre-otic sulcus. The anterior boundary o f expression
o f Hox-2.9 and -2.8 resemble each other in their sharpness o f definition relative to the
definition o f Krox-20 boundaries. No scattered cells are seen to express the Hox-2 genes
rostral of the main body o f expression in the neural plate, expression being homogeneous
and not clumpy in the anterior region o f the embryo. Caudally, the level o f expression in
posterior primitive streak and surroundings is higher than rostral domains, being highest
at the primitive streak and its immediate neighborhood. Until late 7.5 dpc the node is
marked by absence o f expression, being situated anterior to the leading edge o f expression.
Later, at 7.75 dpc, the anterior limit of expression is rostral to the regressing node. At this
stage it is difficult to detect the node clearly, either because it has decreased in size or
expression is also seen in the node.
By 7.9 dpc the anterior limit o f expression is clearly demarcated for Hox2.9, though it is not so sharply delineated for Hox-2.^. It appears that all cells at the
boundary express the Hox-2 genes. As noted earlier, it is not possible to determine the
precise position of the anterior boundary of Hox-2.9 or Hox-2.% because o f the absence o f
an independant cellular marker, until the formation of the pre-otic sulcus. The anterior limit
o f Hox-2.% is at the pre-otic sulcus, which is the presumptive r2/3 junction and Hox-2.9
is just caudal to this, at the presumptive r3/4 junction (Murphy et a i , 1989; Wilkinson et
a i , 1989b; Hunt et a i , 1991a; Morriss-Kay et a i, 1991; Murphy & Hill, 1991). By late
7.9 dpc the Hox-2.9 band of expression in the head folds becomes distinguishable because
of the down-regulation of expression in the middle of the embryo, mapping to presumptive
r4. A broad band of Hox-2.% expression upregulates in the hindbrain, in the presumptive
r3-6 region. The anterior boundary is sharp relative to early Krox-20 domains and is
straight for both the Hox genes at this stage.
The posterior boundary of the genes are established by 1-2 somites, Hox-2.S
reaching to the sulcus posterior to the pre-otic sulcus and Hox-2.9 finishing immediately
rostral to it. The relative timing of posterior boundary sharpening in Hox-2.9 and -2.8 may
be an artefact of different expression in caudal regions. The posterior boundary of Hox-2.9
at r4/5 junction appears sharp from 4 somite stage onwards, much earlier than Hox-2.%. As
Hox-2.9 is completely down-regulated caudally, the posterior boundary would appear to
attain sharpness much earlier relative to Hox-2.S; in the case of Hox-2.%, not downregulation, but a quantitative upregulation o f expression relative to the rest o f the spinal
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cord is observed in the hindbrain domain. The posterior limit o f Hox-2.^ at the r5/6
junction is diffuse until 15 somites, the boundary getting sharp from 16 somites only.
A temporal regulation of hindbrain expression o f Hox-2,S is noted, with
expression levels being not very high at 2 somites, and getting sharply upregulated from
7 somites onwards. Hox-2.S and its paralogue H o x -\A \ are detected in the hindbrain and
spinal cord even at 11.5 dpc. From 16-19 somites, relative expression levels of Hox-2.^
in the rhombomeres vary, being highest in r5, then r3 and lowest in r4.
In the early stages, up-regulation of expression appears to be simultaneous
across the dorso-ventral extent of the neuro-epithelium for all the genes studied. In later
stages, i.e. 9-11

somites for Hox-2.9 and 13/14 somites for Hox-2.% (9.0 dpc

approximately), a ventral to dorsal gradient of expression is observed.
The anterior limit of cephalic lateral mesoderm is not in register with the
anterior limit o f neuroectoderm expression for either Hox-2.9 or Hox-2.%, being rostral to
the anterior boundary at early 7.75 dpc, but caudal to the anterior boundary from 8.0 dpc,
as noted by Frohman et al., 1990 and Murphy & Hill, 1991. In 1-5 somite Hox-2.9
embryos, a pair of lateral wing-like expression merge into the r4 band anteriorly and the
shield shaped domain posteriorly. Crest from r4 is marked differentially by Hox-2.% and
Hox-2.9. Beginning as a small tongue of crest migrating to the eminence of the second
branchial arch at 7 somite, a broad, parallel stream of Hox-2.S crest emigrating from r4 to
the hyoid arch is noted at later stages (13 somite onwards). In comparison, Hox-2.9 crest
from r4 is located dorsally. This compact, conical mass of neurogenic crest is observed in
embryos older than 8 somite stage. The floor plate does not express either of the Hox-2
genes or H o x - \.\\.

3.3.3

Differential pattern o f setting up the domains o f Krox-20 and Hox-2
expression in the mouse rhombencephalon.
The pattern of Hox-2 expression in early to late 7.5 dpc mouse is similar

to the expression o f Ghox-2.9 in stage 4-6 (definitive streak to head fold) stage chick
embryos (Sundin & Eichele, 1992). No Krox-20 expression is seen at this stage. As
development progresses, the regressing node moves posteriorly with respect to the anterior
cut-off, such that the anterior limit o f Hox-2 expression is rostral to the node, similar to
Ghox-2.9 in stage 6-7 chick (Sundin & Eichele, 1992). Unlike chick, where the entire node
is seen to express Ghox-2.9 from after stage 7, it is difficult in the mouse at this later stage
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(as the node is not a very distinct structure) to determine if the node has decreased in size
or that most cells within and around it have started to express the Hox-2 genes.
The anterior cut-off of Hox-2.9 and Hox-2.% expression are seen to be set
up by 7.75 dpc in the mouse hindbrain when neurulation has begun, as observed for Hox1.5 and Hox-2.9 in mouse (Gaunt, 1987; Frohman et a i , 1990) and Chox-2.9 in chick
(Sundin & Eichele, 1992). Due to the absence of an independant positional marker at the
early stages, it is difficult to surmise if the anterior limit o f the murine Hox-2 genes
observed at 7.5-7.75 dpc is the final position o f these genes i.e. are they at their
presumptive anterior-most locations by then - r2/3 for Hox-2.S and r3/4 for Hox-2.91 The
anterior boundary of expression of both the genes are defined relatively clearly at a cellular
level in comparison to the domains of Krox-20 expression. By late 7.9 dpc, when the
respective anterior limits of the 3 ’ Hox-2 genes are seen to be at their future positions, the
first Krox-20 band, mapping to presumptive r3 (Wilkinson et a i , 1989a), is established,
the second band mapping to presumptive r5 appearing at 4-5 somite stage. The time o f
appearance of the one stripe and two stripe pattern in quail is similar to chick (Nieto et a i ,
1991). By late 7.9 dpc, the anterior limit of expression o f the Hox-2 genes is sharper, with
no clumps projecting beyond the main body of expression. The Krox-20 bands and Hox
expression

cut-offs

are initiated much before the rhombomeres become

visible

morphologically in mouse, as in chick, where the two Krox-20 bands are observed before
compartments are formed as defined by boundary restricting clones (Nieto et a l , 1991).
Thus, molecular demarcation of rhombomere limits are evident before morphological
boundary formation.
The Krox-20 r3 band comprises of patches o f expressing/non-expressing
cells during onset. The boundaries of the Krox-20 bands are ragged, with asymmetrical
clumps of cells protruding outside the main body of expression, unlike the relatively sharp
anterior boundary of the Hox-2 genes. Also, asymmetrical, isolated patches o f cells
expressing Krox-20 adjacent to r3 and r5, are present up to 12 somite mouse. These ragged
patches and isolated clumps do not occur in consistent positions in different embryos. The
lack of symmetry observed in these expression patterns and the inconsistency between
different embryos probably mean that it does not represent any consistent cell type marked
by Krox-20. This raggedness of Krox-20 pattern may reflect the involvement of stochastic
events in establishment and maintenance of Krox-20 expression, rather than early evidence
for cellular differentiation. Also, the first differentiation of neurons in the chick hindbrain
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(Lumsden & Keynes, 1989) are at a much later equivalent stage than manifestation of
cellular differences as seen with Krox-20 in mouse.

3.3.4

Size and appearance o f early expression domains
Cellular localisation of gene expression at different stages o f development

in the mouse allow for assessing the rostro caudal width of expression domains by the
number o f cells expressing the relevant genes (Table 3.2). The presumptive r4 band of
Hox-2.9 is 16-20 cells wide from the time the posterior delimiting boundary appears (2
somite stage), increasing to =37 cells wide by 9.5 dpc. At the 2 somite stage, the Hox-2.%
domain spanning presumptive r3-6 is 45-55 cells wide, growing to a width o f 103-110 cells
by 9.0 dpc; after the r5/6 delimiting of expression at 16 somite stage (9.25 dpc), the r3-5
stretch of Hox-2.^ expression is 75-80 cells wide rostro-caudally. Increases in size o f the
two bands of Krox-20 are also noted, both the bands starting from 3-5 cells wide and
increasing to about 30-35 cells wide by 9.5 dpc. This is consistent with the suggestion of
cell division contributing to the increase in rhombomere sizes (Morriss-Kay, 1981; Guthrie
et a i ,

1991). Cell count in rhombomeres relate to growth rate of cells in the

neuroepithelium. By 9.4 dpc the expression domains of Krox-20 and the Antennapedia
class Hox genes are known to correspond to rhombomere boundaries visible at the gross
moiphological level. From 6-11 somite stage mouse, r3 and r5 width is nearly equal to r4:
this is maintained till 18/19 somite stage (Table 3.2). By later stages in mouse (24
somites/9.75 dpc), rhombomere width is greater for r3 and r5 than for r4. The number of
cells present in mouse rhombomeres at this stage correspond to the number present in
chick at an equivalent stage ie stage 18 where a rhombomere has an approximate rostro
caudal width of 27 cells (Lumsden & Keynes, 1989). This probably reflects that a similar
number of cell divisions have undergone in the mouse hindbrain as in chick at an
equivalent stage.
From Table 3.2 it seems there is relatively little change in the size of the
r4 domain (counting r4 expression of Hox-2.9 and the deduced r4* dimensions), and also
the shape, the medial aspect of this rhombomere being narrower than the lateral aspect.
This suggests that the shape and size o f the r4 domain changes relatively less during
development, as compared to the other rhombomere domains like r3 and r5. Differences
in shape of different rhombomeres is known in chick, like r4 is narrower medially
(Lumsden & Keynes, 1989). The shapes o f the expression domains of Krox-20 from onset
to establishment o f domains may reflect this.
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The fuzzy pattern of Krox-20 is seen up to 6-7 somites for both the bands,
the boundaries becoming sharp from 13-15 somites onwards. In chick, the timing of
boundary formation and maturation is known (Vaage, 1969), the boundaries comprising
a tightly coherent and less mobile group of cells between 4-10 cell diameters wide
(Lumsden & Keynes, 1989). The occasional generation of boundaries when sometimes
evenxven (15% cases in r4:6 juxtapositions) or oddiodd (5:7) rhombomeres were
juxtaposed was suggested to depend on the maturation state of the boundaries. Markers of
rhombomere boundaries like laminin or peanut agglutinin binding protein appear later than
K rox-20 boundaries have sharpened (Layer & Alber, 1990; Guthrie & Lumsden, 1991).

3.3.5

The roles o f Krox-20 and H ox ^enes in hindbrain segm entation

From the present study it is observed that the Hox-2 genes are at their
anterior limit of expression in the hindbrain before Krox-20 expression has been initiated.
Also, the boundaries look different: a relatively sharp anterior boundary is observed in the
A ntennapedia class Hox-2 genes by late 7.9 dpc, whereas Krox-20 r3 and r5 boundaries

aie fuzzy at the onset, sharpening a day later. Additionally, when the K rox-20 two stripe
pattern has been set up, clumps of higher expression are noted within the stripes, compared
to the non-clumpy and homogeneous domain of expression of Hox-2 genes noted in the
hindbrain from the onset. The fact that the chronology of Hox-2 boundaries are different
from Krox-20, coupled with the difference in appearance of the boundary and the
expression domains suggests that different processes may be involved in regulation of these
genes. The H O M -C genes of Drosophila are expressed in overlapping domains in a
specific order along the A-P axis, and their proteins establish a combinatorial code (Lewis,
1978; Akam, 1989) that implements segmental identity by regulating sets of downstream
genes (Gould et a i , 1990). In vertebrates, over-expression or disruption of H ox genes
suggest that^pTay a comparable role in the development of specific parts of the body plan,
generating a combinatorial code of segmental specification analogous to D rosophila
(Kessel et a l , 1990; Chisaka & Capecchi, 1991; Kessel & Gruss, 1991; Lufkin et a l ,
1991; Chisaka et a i , 1992). Krox-20 might be further specifying hindbrain regions after
H ox-2 genes have set up aspects of their spatial identity in the late gastrula (7.55-7.9 dpc)

embryo. The difference in timing of establishment of Krox-20 and Hox-2 gene expression
makes it unlikely that Krox-20 is providing the positional cues during the first
establishment of Hox-2 expression at rhombomere boundaries.
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The persistence of diffuse boundaries and clumps of extraneous expression
of Krox-20 in contrast to the more precise rhombomere boundaries of the Hox-2 genes
argue against a simple model in which boundaries of Hox-2 expression are maintained by
activation or repression by Krox-20 alone. It is possible that A-P specification starts to be
initiated in the hindbrain by Hox-2 genes before Krox-20 expression and segmentation:
when segmentation occurs, the A-P specification gets coupled to the segment boundaries.
The diffuse early Krox-20 domains could establish the sharp expression limits o f another
gene with a complementary domain i.e. it may behave like a Drosophila pair rule gene,
where two antagonistic diffuse gradients with an overlap generate a sharp boundaiy at the
interface (Ingham & Martinez Arias, 1992). This mechanism occurs directly between
transcription factors within a syncytium in Drosophila. In mouse such a system would have
to be mediated by cellular interactions.
Restriction of cell lineage to specific rhombomeres occurs by 13 somites in
chick (Fraser et a i, 1990), Krox-20 domains being established 5-6 somites before this in
birds (this study and Nieto e t a l , 1991). Rhombomere boundaries are fully formed by stage
12 (16 somites)in chick (Vaage, 1969 in Lumsden, 1990). Data regarding the time of
formation of rhombomere boundaries is lacking in the mouse, but from observations in this
study, it can safely be suggested that in mouse, Krox-20 and the Hox-2 genes are at their
respective boundaries much before the rhombomeres become morphologically distinct (1213 somites). In the 5 somite stage chick, clonal analysis shows that cells are not committed
to a rhombomere (Fraser et a l , 1990). Clonal restriction is related to boundary formation,
clones always being restricted within a compartment when lineage tracer injection follows
establishment of boundaries (Fraser et a i, 1990). Extrapolating the timing of hindbrain
development from chick, our observation of the morphology of the uprcgulating r3 band
(7.9 dpc onward) and r5 band (4 somite onward) seem to agree with these suppositions.
The dispersal o f labeled progeny of a clone, and their mixing with nonlabeled clones
suggests there is considerable A-P and D-V movement of cells within the neuroepithelial
sheet, though cells do not cross rhombomere boundaries (Fraser et a i, 1990). It is not
possible to analyse the movement of Krox-20 expressing cells within or outside prospective
r3 and r5 from the data presently available. Non-ragged antero-posterior boundaries o f the
two bands of Krox-20 are noted from approximately 9-11 somites in mouse, corresponding
to the appearance of r3 and r5 boundaries in chick at 8 and 9 somite stages respectively
(Lumsden, 1990).

92

From 13 somites, murine Krox-20 expression is noted to be restricted within
r3 and r5, no patches o f expression being seen in rhombomeres 2, 4 and 6, which is in
agreement with the stage at which cell lineage restriction to r3 and r5 was observed in
chick (Fraser et a i , 1990). Cell marking at stages before rhombomere boundary formation
gave rise to three situations, clones restricted within a compartment, spreading across two
compartments or spreading from the basal plate of rhombomeres to the floor plate. Dye
injection after boundary formation gave rise mostly to rhombomere restricted clones and
som e which spread from the basal plate to the floor plate. Thus rhombomere restricted
clones arose in both situations, but clones occupying two different rhombomeres invariably
descended from cells marked before the appearance of the intervening boundary (Fraser
et a i , 1990).
There are two possible ways by which Krox-20 expression is established in
r3 and r5, schematised in figure 3.15. The first possibility is that Krox-20 expressing cells
are committed and do not contribute to r2, 4, 6 (figure 3.15A), and the second, that Krox20 expressing cells are not committed and can contribute to r2, 4 and 6 (figure 3.15B),
presumably by cell interactions leading to down-regulation. Based on timing o f expression
it can not be said if gene expression is marking commitment or not. There is no way of
knowing if the injected cells were Krox-20 positive or not, or a mixture o f committed and
noncommitted cells correspond to a mixture of Krox-20 expressing or non-expressing cells.
Recently there is evidence in Drosophila that the state o f expression o f a cell may not be
stably maintained (Vincent & O’Farrell, 1992). In Drosophila, there is interaction between
en and wg in the anterior and posterior part of a parasegment respectively, en being
essential for specifying the posterior compartment of each segment. Using a ’caged’
fluorescein lineage tracer that can be photoactivated by a laser beam selectively in en
expressing cells (after marking the whole embryo at blastoderm stage) and following their
fate, they noted absence of clones in the anterior edges of the en stripes (parasegment
border), but in the posterior edges of each en stripe, cells lost en expression, resulting in
mixed clones. This suggests that the state of en expression is not transmitted in clones, or
clones are not committed permanently. This is consistent with the idea that cell fate may
initially be responsive to cell environment and that cell fate determination probably
occurred later (Vincent & O’Farrell, 1992).
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Figure 3.15: State of committment of cell fate during rhombomere boundary formation.
A and B are the two possibilities by which the final state of expression of Krox-20 can be
achieved. Left side represents early expression (in presumptive rhombomeres) and right
side the final pattern (in rhombomeres). Solid circles represent Krox-20 positive cells and
open circles denote Krox-20 negative cells. r3,4: rhombomeres 3,4.
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The boundary sharpening seen in r3 and r5 with respect to Krox-20 could
be achieved by down-regulation of expression in Krox-20 positive cells present in
presumptive even numbered rhombomeres, or by Krox-20 expression ceasing in these stray
cells once they assume respective rhombomere (ie r2, r4 or r6) identity. A third possibility
may be cell sorting, the movement of Krox-20 cells themselves. In the 0-3 somite stages
when rhombomeres are increasing in size, cell signalling must be a important factor in
recruiting cells. Diffusion of cellular signals may be underlying this process, an important
potential candidate for which can be Sek, which is a receptor tyrosine kinase with a pattern
o f expression similar to Krox-20 (Gilardi-Hebenstreit et a i , 1992; Nieto et a i , 1992). This
would result in a sharp boundary being formed at the interface between expressing and
non-expressing cells. It is not known if one factor or a combination o f aU processes is
responsible for boundary sharpening of Krox-20. A s there is no clue yet as to how the
boundary sharpening o f Krox-20 is occurring, it is not possible to comment on whether
Krox-20 is marking the commitment o f cell fate within a rhombomere. In chick it is known
that Krox-20 expression is turned on before cells are committed to a particular rhombomere
fate (Nieto et al., 1991).
The Hox-2 domains in the hindbrain are homogeneous from the onset, unlike
the clumpy domains o f Krox-20. This suggests that an independant mechanism from that
used by the Hox-2 genes is involved in establishing and maintaining Krox-20 expression.
C ell-cell signalling or cellular interactions between regions o f the rhombencephalon
expressing and not expressing the gene could result in delimiting Hox-2 expression. C ell
cell interactions with gene(s) expressing more rostrally may result in Hox-2 genes being
restricted sharply, demarcating the interface zone regionalising a part of the hindbrain
neuroepithelium. Perhaps Hox-2 genes are involved in a precise A-P régionalisation
process. Possibly other cues are involved in establishing the rhombomeres and their
borders (segmentation), as the Hox-2 genes respect some cues (probably unrelated to the
segmentation cues) and have a sharp anterior cut-off from early on. Perhaps the early Hox2 boundaries are related to developing segment boundaries.
Neighbouring rhombomeres are thought to differ from each other in cell
adhesion properties which may be associated with setting up compartments within the
hindbrain (Guthrie & Lumsden, 1991). This possibly confers a two-segment periodicity on
the hindbrain (Guthrie & Lumsden, 1991), giving rise to segmentally organised motor
neurons (Lumsden & Keynes, 1989). Krox-20 may be involved in defining alternating
patterns o f cell properties within the hindbrain by regulating cell adhesion genes (as it is
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a transcription factor). Rhombomere restricted expression is seen in a diverse number of
other genes, like int-2 (a member of the FGF family, Wilkinson et a l , 1988), retinoic acid
receptors (Morriss-Kay, 1991; Ruberte e t a l , 1991; Smith & Eichele, 1991) and retinoic
acid binding proteins (Maden et a l , 1991, 1992). Other than Krox-20, higher expression
in r3 and r5 is also seen with the receptor tyrosine kinase gene Sek at similar times as
Krox-20 during development, the first stripe present at the 0 somite stage and the second
stripe at the 6 somite stage (Nieto et a l, 1992). Sek could be involved in cell signalling,
and may be the target of, or upstream of, Krox-20. HNK-1 antibody marks r3 and r5 at a
higher level from the rest of the hindbrain from stage 15 chick (Kuratani, 1991), by which
time Krox-20 expression is well established in the neural tube in quail and chick (this
study and Nieto et a l, 1991). The function of the protein which has HNK-1 as an epitope
is not known, but Krox-20 may be initiating HNK expression within r3 and r5. The HNK-1
protein is expressed too late to be involved in compartment formation, but Krox-20 may
be upregulating the gene that takes part in this. These observations also raise the possibility
that Krox-20 may be taking part in a later process associated with producing a twosegment periodicity involved in neuronal development or other segmental properties.

3.3.6

Maintenance and modulation o f expression o f Krox-20 and Hox sen es in
the neural tube.
Krox-20 expression begins to down-regulate in the neural tube at the same

time as the boundaries of the r3 and r5 bands become sharp. Down-regulation staits first
in r3 at 13/14 somites (9.0 dpc) and then in r5 from 18 somites (9.4 dpc). Expression
down-regulates in a latero-medial patch in r3, this patch increasing dorso-ventrally with
time, until expression persists only in the dorsal tip of the neural plate by 27 somites,
disappearing completely by 29 somites (9.9 dpc). A ventral to dorsal switch-off is noted
in r5, persisting till 10.75 dpc in the dorsal-most tip of r5, no expression being observed
by 12.5 dpc. In quail, a simple ventral to dorsal switch off pattern is noted with Krox-20
in both r3 and r5, the down-regulation being more advanced in r3 than r5 at stage 14.
Axons o f reticular neurons, which are the first to appear, are abundant all across the dorsovential extent o f the neural plate in alternating rhombomeres 2, 4 and 6 at stage 13-14 in
chick, the cell bodies of newly differentiated neurons in rl,3 and 5 being more ventrally
located towards the floor plate in chick (figure Ic in Lumsden & Keynes, 1989). The
pattern o f differentiating neuronal cell bodies in r3 and r5 correspond to the pattern of
down-regulation of Krox-20 expression in these rhombomeres, in a ventral to dorsal
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fashion. Neurons undergo their final cell division and differentiate in a ventral to dorsal
progression, the motor neurons confined to the ventral region o f the lateral plate being
bom first, followed by the sensory axons from the periphery entering the dorsal region o f
the neural tube, with relay neurons in the intermediate mid-lateral regions (Altman &
Bayer, 1984; Jacobson, 1985). Perhaps Krox-20 down-regulation is linked to maturation
o f motor neurons in a complementary manner, Krox-20 down-regulating in the presence
of maturation motor neurons. Expression of Pax-6, a mouse paired box gene, is restricted
to post mitotic cells (neurons) in the ventral part of the neural tube, beginning from 8.5
dpc (Walther & Gruss, 1991), consistent with it being related to the generation o f neurons,
proceeding down-regulation of Krox-20 from 13/4 somites (9 dpc). Krox-20 downregulation pattern may be related to the pattern of maturation o f motor neurons in the
hindbrain (as opposed to birth of neurons marked by Pax-6), the post-mitotic cells
excluding Krox-20 expression in a ventral to dorsal fashion, possibly overlapping the
domain o f Pax-6 expression. Such a supposition may be verified by hybridising K rox-20
and Pax-6 to near adjacent sections at the r3 and r5 regions o f hindbrain in 13-18 somite
stage mouse. A marker of maturing motor neurons, islet-1 (Ericson et a i , 1992), may be
used alternately with Krox-20 also, to see if the pattern of expression is complementary
to Krox-20. An alternative idea is that this dorso-ventral pattern o f down-regulation may
not reflect cell differentiation but reflect the mechanism of Krox-20 regulation, for
example, the source of a cell-cell signalling mechanism underlying expression switch-on
or off.
The floor plate, which runs along the ventral midline o f the central nervous
system, and the notochord, has a polarising effect on the neural tube by controlling at least
in part the neuronal differentiation pattern along the d-v axis (van Straaten et a l , 1989;
Placzek et a i, 1990; Hirano et a i, 1991; Yamada et a i, 1991). A dorso-ventral restriction
of expression is also seen in the neural tube in Hox-2 genes, beginning from 9-11 somites
for Hox-2.9 and 13 somites for Hox-2.%. It is present in the latest stages studied here i.e.
22 somites/9.5 dpc for Hox-2.9, but is not evident in the radioactive in situ hybridisation
of Hox-2.% in 11.5 dpc mouse. Dorsal restriction of Hox-2.9 expression at a very reduced
level in the hindbrain has been reported at 11.5 dpc, leading to complete downregulation
by 12.5 dpc (Murphy & Hill, 1991). In contrast, other Hox-2 genes in the spinal cord are
known at later stages in development, i.e. 12.5-14.5 dpc, to show this type of ventral to
dorsal modulation of expression (Graham et a i, 1991).
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Krox-20 expressing ceils are observed to protrude into the floor plate from
presumptive r5 in an 11 somite mouse embryo and a patch o f Krox-20 expression
extending from r5 into r6 is observed in the 15 somite embryo. These observations are in
agreement with cell marking experiments (Fraser et a i, 1990) showing the existence of
clones spread into the floor plate from rhombomeres, where the parent cells were derived
from the basal plate. The cells contributed by rhombomeres to floor plate then possibly
change their phenotype from non-floor plate to floor plate cells and rapidly downregualte
Krox-20. The presence of such a boundary crossing clone is suggestive of the fact that
gene expression may not necessarily mark cell committment and restriction o f clones
within a compartment.
Cell lineage studies have shown an extensive rostro-caudal spread of
clonally related cells within the floor plate in chick, correlating with an absence of
morphological segmentation (Fraser et a l, 1990). No expression of Hox-2.S or Hox-2.9 is
seen in the floor plate (this study and as reported previously Wilkinson et a i, 1989a;
Frohman et a i , 1990; Hunt et a i , 1991a, b); possibly cells from the rhombomeres
expressing Hox-2 genes migrated into the floor plate and switched-off gene expression
after assuming a floor plate identity. As the floor plate is unsegmented, probably there is
no need for the A-P specifying properties of Hox genes in regionalising the floor plate into
clonally restricted compartments. Expression of En-2 is suppressed in the floor plate of
stage 9 chick by the presence of the notochord, consistent with the idea that early
molecular differences between the floor plate and walls of the brain are controlled by cell
cell interactions (Darnell et a i , 1992). A similar cell-cell interaction from the underlying
notochord may be involved in suppressing Hox-2 gene expression in the floor plate.
A dorsoventral pattern in the neural tube, resulting from genes expressing
in the lateral walls of the neural tube but not the floor plate is seen for other homeobox
genes as well, for example Hox-\.A (Toth et a i, 1987) and En-1 (Davis et a i, 1991;
Gardner & Barald, 1992). Pax-6 and Pax-3 patterns in the neural tube are reported to be
altered by notochord transplants, Pax-6 domains getting dorsalised (unpublished results of
Goulding, Lumsden, Gruss in Walther & Gruss, 1991). This, together with the suppression
of En-2 expression in the most ventral mid-brain neural tube by interaction with notochord
in the chick (Darnell et a i , 1992), suggests that there is a different mechanism for dorsoventral patterning o f the neural tube than for patterning of the antero-posterior axis, though
both may be coupled. Consistent with this is the fact that the floor plate is unsegmented,
even though a rostro-caudal segmentation of rhombomeres exists (Fraser et a i, 1990). It
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would be interesting to study expression of the zebrafish homologues of Krox-20 and Hox
genes in the cyclops mutants, which lack floor plate (Hatta et a i , 1991b). F-spondin, a
gene encoding a secreted protein thought to contribute to the growth and guidance of
axons, is seen to express all along the ventral midline floor plate of the central nervous
system at 10.5 dpc rat embryos (Klar et a l, 1992), which is equivalent to 9.0 dpc mouse
(M. Kaufmann, table 1 in Copp & Cockroft, 1990). This is the stage when dorso-ventral
patterning of Krox-20 and Hox-2 gene expression in the hindbrain is noted, suggesting
there may be a relationship between the gene gradients noted along the dorso-ventral axis
o f the central nervous system and expression of F-spondin. It would be instructive to study
the expression of F-spondin in relation to Krox-20 and Hox-2,% or -2.9 in 9.0 dpc and older
stage mouse.
The two hindbrain nuclei observed in the hindbrain, have been tentatively
identified as the motor nuclei of trigeminal and hypoglossal cranial nerves (see chapter 6
for figures), on comparing with figure 1 k,l of Wilkinson et a i, (1989a). The nuclei are
very difficult to classify definitively because hindbrain morphology changes during growth.
The location of the nuclei in adult brain may be quite different from the position o f the
relevant cranial ganglia in the head in younger stages. A tentative estimate of the position
can only be made by extrapolating from the adult location, keeping in mind the migration
of structures during development. These new domains of expression, following the downregulation of segmentally expressed domains in r3 and r5, are consistent with multiple
stage-specific functions of Krox-20. Activation o f Krox-20 has been reported to be induced
in adult rat brain by neuronal stimulation (Bhat et a l, 1992). AP2, a transcription factor
marking neural crest lineages, hybridises to sensory hindbrain nuclei and tracts unlike
Krox-20, three days earlier to Krox-20 expression reappearing in the central nervous system
(Mitchell e t a l , 1991).

3.3.7

Relationship o f Krox-20 to Hox-2.9 and -2.8 in the regulatory cascade.
Krox-20 can not be involved in all aspects o f setting up and maintenance

o f Hox-2 patterns, as expression of Hox-2 genes persists even after rhombomere restricted
K rox-20 expression has been down-regulated. Despite the similarities in gross expression
domains, differences in both the timing of onset and down-regulation or modulation of
expression, suggest that the initial hypothesis that Krox-20 may be initiating spatially
restricted Hox-2 expression is unlikely to be correct for the 3 ’ Hox-2 genes (Wilkinson et
a l , 1989b; Krumlauf et a l , 1991). Though upregulation of K rox-20 expression takes place
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in both the stripes from the 6 somite stage onwards, r5 has a higher level of expression
than r3 in 8-11 somite stage embryos. From 8.4 dpc, Hox-2.S pattern undergoes modulation
that may be related to Krox-20 expression. At 8.4 dpc, the r3-5 domain of Hox-2.% is
upregulated in relation to the rest o f the neural tube, which correlates with upregulation
of Krox-20 expression at similar stages. At 16-19 somite stage, maximum //ox-2.8
expression is seen in r5, followed by r3 and then r4, corresponding to Krox-20 expression
levels, which are higher in r5 than r3 at similar stages. But there seem to be differences
in the posterior boundary determination, at r5/6 junction. The posterior boundaiy of //o x 2.8 expression at r5 sharpens at 16 somites only, though it is known that the r5/6 boundary
of Krox-20 has sharpened much earlier at approximately 13/4 somites. Krox-20 binding
sites have been shown to be upstream of //o x -1.4, though the expression domains in the
hindbrain do not overlap and hence could not possibly regulate //o x -1.4 expression
(Chavrier et a/., 1990). That some sort of interaction is occurring, in spite of the
differences in expression between Krox-20 and //ox-2.8, is shown by results in transgenic
mice (Sham et a l , 1992b). Injecting a region of the //ox-2.8 gene which contain Krox-20
protein binding sites fused to a lacZ reporter construct produces an expression pattern
mimicing the Krox-20 pattern of expression in transgenic mice in the tissues studied,
suggesting a role for Krox-20 in upregulating //ox-2.8 expression. The differences could
presumably arise because it is not only Krox-20 involved in regulating the //ox-2.8 domain,
there are other domains o f higher expression that exclude the Krox-20 domains, like the
r4 and i*6 domains of //ox-2.8. Recently it has been shown using the //ox-2.8 transgene that
r4 expression is under the control of a separate element (R. Krumlauf and M-H. Sham,
pers. comm.). It is possible that Krox-20 in combination with other genes could regulate
the hindbrain domains of Hox genes like //ox-2.9, and -2.7. Based on its expression pattern
//ox-2.9 may be having an antagonistic effect on Krox-20 expression. This leads to
speculation about what effect Krox-20 mis-expression or targeted disruption would have
on the expression domains o f Antennapedia class //ox-2 genes.
Thus, the general conclusion from this chapter is that Krox-20 is not
involved in setting up boundaries in the hindbrain but is involved in upregulating
expression of at least one //ox-2 gene in hindbrain segments r3 and r5. Other factors must
be involved in establishing of boundaries. The 3 ’ //ox-2 genes are an early marker for
régionalisation o f the hindbrain neuro-epithelium, defining anterior limits (A-P boundaries)
before formation o f segments, and Krox-20 is a later marker, defining segment boundaries
which sharpen and upregulate Hox genes in particular segments. The inital anterior limits
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o f the 3 ’ Hox-2 genes are established by other mechanisms and not Krox-20. Presumably
Hox-2 genes are restricted to rhombomere boundaries as they form, K rox-20 acting as
cellular marker for a compartment. If this is true then probably K rox-20 boundary
sharpening reflects the formation of compartments. A-P specification in the hindbrain is
initiated before Krox-20 expression and segmentation occurs. Once segmentation has
occurred, A-P specification gets coupled to the segment boundaries and K rox-20 then
upregulates and as it does so, it upregulates Hox-2.% and maybe other Hox-2 genes,
perhaps having an antagonistic effect on Hox-2.9. Krox-20 may therefore be involved in
quantitative upregulation o f expression in the hindbrain. Targeted disruption o f H ox-\.S
and -1.6 in mice have resulted in phenotypes affecting the anterior domains o f expression
(Chisaka & Capecchi, 1991; Lufkin et a l, 1991; Chisaka et a i , 1992), in accordance with
the ’posterior prevalence’ model that predicts that alterations in structure would only occur
in regions anterior to the gene’s normal domain of expression. This is borne out by
misexpression studies, driving the transcription o f Hox-4.2 by the Hox-1.6 promoter, which
results in homeotic transformation of structures anterior to the domain o f Hox-4.2
expression (Lufkin et a l , 1992).
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T a b le 3.1 a :Krox-20 pattern in m ouse neuroepithelium. Radioactive and non-radioactive in-situ
hybridisation o f sections or whole mounts of
different stage m ouse embryos for Krox-20
expression at specific axial levels in the neuro
epithelium at different stages o f development. Stages
in days post coitum (dpc), or som ite counts, where
applicable, using 3 ’ or zinc-finger Krox-20 probe,
r: rhombomere; pre-r3,5: presumptive r3,5; +/-:
presence/absence o f signal; *: down-regulation of
signal.
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0
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♦

32

-
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-

*
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T a b le 3.1 b :Pattern o f Krox-20 expression in the
neuroepithelium o f quail, at rhombomeres 3 and 5,
by
radio-active
in situ hybridisation using
heterologous chick Krox-20. Staging by HamburgerHamilton (HH) criteria and/or som ite count (ss).
-f/-: presence/absence o f signal; *; down-regulation
o f signal.
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T a b le 3.2:Krox-20 and Antp. class Hox genes in the hindbrain. Cellular a-p width o f gen e expression. r4*:
cellular width o f (presumptive)rhombomere flanked by the two domains o f Krox-20; r3-5*: rhombomere
width totalling the r3+5 domains o f Krox-20+r4*; !: data not shown; ?: cellular expression domain not
counted. Discontinuity in //ox-2.8 column : onset o f clear Hox-2.S r5/6 boundary
stages

Krox-20
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7.9 early

3-5

7.9 late

45-55

1/2

c 16-18

4-9
4-9
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CHAPTER 4
Krox-20 expression in cranial neural crest and crest derived peripheral nervous system.
4.1

Introduction
The neural crest of vertebrate embryos is a transient structure which

develops at the time of closure o f the neural tube (His, 1868 in Hall & Horstadius, 1988).
Orthotopic grafting experiments using either ^H-Thymidine or heterospecific chimaeras
have demonstrated an extensive crest contribution to many tissues of the vertebrate head
(reviewed in Le Douarin, 1982). Mesenchymal crest contributes to the formation of
branchial arches, which are repeating units o f structure in the head, and repeating PNS
derivatives such as the cranial ganglia. The conservation of spatial relationships between
the hindbrain and crest derivatives in vertebrates, and lineage tracing experiments suggests
they are developmentally linked (Romer, 1971; Lumsden et a l, 1991). In addition to r3
and r5 expression in 8.5dpc mouse, Krox-20 is seen to express in the neural crest as well
(Wilkinson et a i, 1989a), suggesting that it may have a role in crest development.
Expression is seen immediately caudal to proneuromere B in the pre-migratory neural crest
at the dorsal neural epithelium and further caudally in early migratory neural crest
(Wilkinson et a i , 1989a). From 10.5 dpc till 14.5 dpc, expression was seen in some PNS
crest derivatives and other sites in the cephalic CNS. In the PNS, expression was seen in
the boundary caps of cranial ganglia: trigeminal (gV), vestibular/acoustic (gVII/VIII) and
glossopharyngeal/vagal (glX/X), situated alongside r2, r4 and r6 respectively (Lumsden &
Keynes, 1989; Wilkinson et a i, 1989a). Boundary caps are glial cells at the base o f the
cranial ganglia, derived from the neural crest o f adjacent regions of the brain, at the site
o f penetration of the sensory afferent and motor efferent neurons into the brain, and have
been suggested to have a trophic or supportive function (Altman & Bayer, 1982; D ’Am icoMartel & Noden, 1983; Lunn et a i , 1987).

4.1.1

Early migratory crest pattern
In order to understand the link between neural crest derivatives and their

point o f origin in the hindbrain, it is necessary to determine the pattern o f crest migration.
In chick and amphibian embryos, neural crest emigration is concomitant with neural tube
closure, whereas in mammals, cranial neural crest migration begins from open neural folds
(reviewed in Hall & Horstadius, 1988). In birds, where it has been studied in great detail,
the cranial neural crest first appear at HH stage 8 (4 somites) chick as a ridge on the dorsal
midline of the closing neural tube (Noden, 1975; Tosney, 1982) from the mesencephalon
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(Noden, 1978, 1980), and delaminates from the lateral edges of the neural folds by 6-7
somites (HH stage 9+ to 10). By stage 11 emigration is nearly complete (Anderson &
Meier, 1981; Tosney, 1982). In mouse, hindbrain crest is formed at 3-4somites/8dpc
(Verwoerd & van Oostrom, 1979; Nichols, 1981). In birds, crest cells condense and
migrate laterally under the surface ectoderm (Tosney, 1982), following a much more
ventral route (Noden, 1975) than the dorso-lateral path in mammals (Tan & Morriss-Kay,
1985).
Instead of a continuous sheet of cells, rhombencephalic crest migrates in
three distinct patches in amphibia (Meier & Packard, 1984), birds (Anderson & Meier,
1981) and mammals (Tan & Morriss-Kay, 1985). Though details are given in section 1.2.1
of chapter 1, a brief summary o f hindbrain crest distribution is presented here.
Anteriormost is rostral hindbrain crest (Anderson & Meier, 1981; Tosney, 1982; Tan &
Morriss-Kay, 1985), also called the trigeminal crest (Adelman, 1925; Hailey, 1955).
Rostral otic crest (ROC), also called the acoustico-facial (Adelman, 1925; Bartelmez &
Evans, 1926; Hailey, 1955) or hyoid crest (Tan & Morriss-Kay, 1985) follows the
trigeminal crest. A broad patch of caudal otic crest (COG) or vagal crest (Anderson &
Meier, 1981; Nichols, 1981; Tan & Morriss-Kay, 1985; Morriss-Kay & Tan, 1987), forms
the third tongue o f crest that merges caudally into the post-otic crest (Anderson & Meier,
1981) and the cardiac crest (Kuratani & Kirby, 1991).
By 9 somite mouse and stage 10 chick embryogenesis, SEM studies reveal
a rostial and caudal zone of reduced or arrested crest emigration flanking the rostral otic
migratory crest (Anderson & Meier, 1981; Tan & Morriss-Kay, 1985). Morphological
evidence has indicated that neural crest is made at all levels of the rhombencephalon
(Anderson & Meier, 1981), pre-migratory and early migratory neural crest cells, as marked
by acetylcholinesterase, emerging uniformly from all levels of the neuraxis (Cochard &
Coltey, 1983). Later no crest migrates from the levels o f r3 and r5 in chicken (Lumsden
et a i, 1991; Jeffs et a i , 1992), SEM data provides evidence of "crest free" zones (Tan &
M oniss-Kay, 1985) in the rhombencephalon of mouse, which by extrapolation from the
chick may be inferred to be at r3 and r5. These two zones are at the level o f the first and
second pharyngeal grooves by the 11 somite stage in the mouse (Tan & Morriss-Kay,
1985).
Programmed cell death may be involved in generating "crest-free" zones.
Enhanced cell death is known to occur along the dorsal midline of neural tube at the level
of r3 and r5 in chick (Lumsden et a i , 1991; Jeffs et a i , 1992). This shows a temporal
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pattern o f progression, appearing first in r3 at stage 10, called the "rostral necrotic zone",
and then in r5 at stage 11, the "caudal necrotic zone" (Lumsden et a i , 1991; Jeffs et a i ,
1992). By HH stage 12 extensive cell death is observed only along routes o f cranial nerves
VII & IX and the caudal half of the otocyst (Jeffs et a i , 1992).

4.1.2

Crest émigration and formation o f branchial arches and cranial ganglia
In chick, early migratory crest production ceases by stage 11 (Anderson &

Meier, 1981). Microinjecting D il into premigratory crest and associated neural tube has
enabled the precise spatial relationship between particular rhombomeres, cranial ganglia
and branchial arches to be determined in the chick (Lumsden et a i , 1991). Thus crest from
rhombomeres one and two contributes to the trigeminal ganglion (gV) and arch 1,
rhombomere 4 alone to the facial/acoustic ganglion complex (gVn/VIII) and arch 2, and
rhombomeres 6 and 7 to the glossopharyngeal/vagal complex (glX /X ) and arch 3. ROC
migration from the neural folds to arch two has already begun by 7 somites in mammals
(Verwoerd & van Oostrom, 1979; Nichols, 1981; Tan & Morriss-Kay, 1985). In the mouse
crest formation continues during and after the closure of head folds (Johnston & Listgarten,
1972), between the 8-16 somite stages, ceasing at approximately the 10 somite stage in the
mouse rostral hindbrain (Nichols, 1986a). By 9 dpc in mouse, crest formation has long
ceased and crest has migrated to form the ganglionic condensations and populate the
branchial arches (Nichols, 1981; Morriss-Kay & Tan, 1987). After crest formation has
ceased the branchial motor nerves begin to extend axons. In chick, the cell bodies of motor
neurons V, VII, IX and X lie within the basal plate o f r2-3, r4-5, r6-7 and r7-8 repectively
(Lumsden & Keynes, 1989, Baker and Noden, 1991 unpublished data). Their axons exit
through the nerve root located in the even numbered rhombomere, with no nerve roots
located in the odd rhombomeres r3 and r5 (Lumsden & Keynes, 1989). A slightly different
pattern is observed in mouse: cell bodies of V, VII, DC and X lie in rl-3 , r4-6, r6 and r7-8
respectively (unpublished data Baker and Noden, 1991).
The precise spatial relationships between branchial arches and hindbrain
have not yet been directly demonstrated in mouse, although indirect evidence suggests that
they are identical to those described above in chick. Morphological evidence from SEM
and lineage labelling studies are consistent with the above suggestion (Tan & Morriss-Kay,
1985; Morriss-Kay & Tan, 1987), as are the expression patterns o f the Hox genes which
show spatial restriction in both hindbrain and branchial arches (Hunt et a i , 1991b).
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In order to provide further supporting evidence for crest migration routes
in mice, the RNA distribution patterns of other transcription factors known to be expressed
in crest were investigated. AP2 is a transcription factor expressed in many crest cells and
their derivatives. It marks migrating neural crest and cranial and spinal ganglia, in addition
to surface ectoderm and a part of the CNS in later stages (Mitchell et a l, 1991). At 8.5
dpc AP2 expression is observed in the crest cells prior to or coincident with their
emigration (Mitchell ef a l , 1991). A day later the trigeminal and facial-acoustic ganglia
primordia are reported to express AP2,
To establish the axial level of rhombencephalic crest populations in mouse,
AP2 was used (a) as a gene expression marker to study the basic cranial neural crest
pattern, using the known neuroepithelial expression of Krox-20 as a reference for the axial
level o f crest, and (b) to study the spatial relationship o f Krox-20 crest to the rest of
cranial neural crest. Mouse embryos of 5-18 somite stage (8.0-9.25 dpc) were studied for
this purpose.

4 .L 3

Expression o f Krox-20 in the cranial neural crest
It was initially thought that there could be a link between early neural crest

expression and later boundary cap expression o f Krox-20. Does the fonner indicate an
early specification o f cell type, i.e. could Krox-20 be specifying cell lineages? The
particular cell types that crest will give rise to is not fully determined at very early stages,
as there is evidence that emergent avian crest cells consist of a mixed population of
partially multipotent and committed precursors (Bronner-Fraser & Fraser, 1988; Baroffio
et a l , 1991). Following from these reports, could Krox-20 be specifying a sub-population
of committed boundary cap cells within the crest population? The second possibility was
that the early crest expression was not related to cell type, but to spatial specification.
Neural crest precursors may acquire spatial programming according to their level o f origin
on the developing neuraxis. Heterotopic grafting experiments of premigratory crest showed
that duplication of structures derived from the first branchial arch could be obtained by
grafting presumptive first arch crest to the presumptive 2nd-3rd arch crest region (Noden,
1983). Cardiac defects resulted when mesencephalic crest was introduced in presumptive
cardiac crest (Kirby, 1989). These two experiments suggest that positional information
acquired while still part o f the neural plate is retained and used by crest derivatives during
their subsequent morphogenesis. Hox genes provide molecular evidence o f presumptive
neural crest pre-specification such that crest acquires a pattern of Hox expression according
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to its rhombomeric level of origin while still part o f the neural plate, giving rise to a
unique Hox code in each branchial arch (Hunt et a i, 1991a, b). Spatial restriction o f H ox
expression is seen in the neural plate prior to crest emigration (Sundin & Eichele, 1990;
Hunt et a i, 1991a). Could the hindbrain molecular marker Krox-20 have an expression
pattern consistent with spatial pre-specification of neural crest? To examine the above
possibilities I undertook a detailed study of different stages in mouse embryogenesis,
ranging from 0 somite stage (8.0 dpc) to 12.5 dpc, to identify Krox-20 expression in crest,
with a view to resolve whether early expression o f Krox-20 in migratory crest is a
precursor to expression in boundary caps. A similar study was undertaken in quail, where
crest expression of Krox-20 was examined in HH stage 9 to 17 embryos.

4.2

Results

4.2.1

Rhombomeric level o f migratory cranial neural crest
Mouse embryos described here have been staged by both som ite count and

morphology, as variations arose from discrepancies in developmental stages within a litter
and also differing morphology was observed in similar somite count embryos. Figure 4.1
shows the early expression pattern of AP2 in whole mount mouse embryos o f 5/6 and 7
somite stages. AP2 labelled crest is observed migrating ventro-laterally from the lateral
edges of the open neural folds (figure 4.1 A), in the region of the presumptive midbrain and
hindbrain. Due to the background levels in the embryo, it is difficult to comment on
whether there is reduced or no expression at the level of the pre-oticsulcus
proneuromere A?), between the anterior head folds o f the midbrain and

(POS, or

the posterior

hindbrain. Caudal to this region, at the flexure demarcating hindbrain from lateral
segmented mesoderm is another sulcus, proneuromere B. A slightly lower level o f
expression than surrounding tissues is observed in proneuromere B in this embryo (figure
4.1 A) as in another (figure 4.1C). Figure 4.1C is a higher magnification o f a flatmounted
6/7 somite embryo, where expression can be studied in more detail. In a broad region o f
midbrain-anterior hindbrain rostral to POS, pre-migratory and migratory A P2 expressing
crest cells are seen at the edges of the neural epithelium. High expression o f A P2 is also
observed in pre-migratory and migratory crest from an axial level caudal to the POS, in
the region between the POS and the caudal limit of the head folds, that would correspond
to the future r4. At the POS, a lower level of AP2 expression is observed compared with
the rest of the head region. Expression o f AP2 is only observed at the edges o f the neural
plate and never more dorsally in the neuroepithelium (figure 4.1B,C). A similar stage
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F ig u re 4.1:
Pattern o f AP2 in the crest of late 8.0 dpc mouse com pared to Krox-20, to
deteiTnine the neuraxial level of AP2 expression, using non-radioactive in situ
hybridisation. A-B is 5 somites, C is 6/7 som ites and D is a 5 somite stage em bryo. A-C
aie probed with A P 2 and D is a Krox-20 mouse. C is a flatm ount preparation, the rest are
all whole m ount embi"yos. fb: fore brain; hb: hindbrain; mb: midbrain; POS: pre otic
sulcus; pB: proneurom ere B. Anterior end of em bryos marked by forebrain or m idbrain.
M agnification: A-B is 50X, D is 80X; 100pm is equal to 2.0mm in C.
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F ig u re 4.2:
Pattern o f AP2 crest expression in relation to the neuraxial level m aiked by
K rox-20 in the hindbrain of 8.4-9.0 dpc mouse, by non-radioactive whole m ount in situ
hybridisation. A-B is 12/13 som ite, C and D are both 15/16 som ite stage em bryos. A-C
are probed with A P2 and D with Krox-20. 1,2,3: branchial arches one, two and three;
V,V II: trigem inal and facial/acoustic ganglia respectively; fb: fore brain; h: heart; mb:
m idbrain; nc: neural crest m arked by Krox-20; nf: neural folds; np: neural plate; o,ot:
otocyst; r3,r5: rhom bom ere 3,5. Fore brain marks the rostral end of the em bryo.
M agnification: A-B 40X , C lOOX, D SOX.
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embryo showing Krox-20 expression in crest (figure 4 .ID) will be discussed in a later
section.
To obtain the pattern of AP2 expression in later stages, whole mount in situ
hybridisation o f 9 dpc mice were carried out. Figure 4.2A,B shows top and side views of
a whole-mount 12/13 somite embryo. AP2 expressing crest rostral to the otic vesicle,
presumably corresponding to r4, is observed migrating ventrally in a solid band to
branchial arch 2 (2, figure 4.2A). Gaps in AP2 expression are noted beside the neural tube,
rostral and caudal to the r4 stream of crest along the neuraxis. Expression of AP2 is seen
in branchial arch 1 mesenchyme coming from the anterior rhombencephalon (1, figure 4.2
A). In a 15/16somite embryo (figure 4.2C) a very high background makes it difficult to
infer whether there is weak expression of AP2 in crest from the hindbrain posterior to the
otic vesicle migrating ventro-laterally (white arrowhead, figure 4.2C). A similar stage
embryo showing Krox-20 expression (figure 4.2D) will be discussed in a later section.
The problem of identifying the neuraxial level of origin of crest expressing
AP2 had to be resolved and it was especially difficult in young embryos where
morphological landmarks were yet to be formed. As simultaneous visualisation of two
different probe signals is yet to be successfully established and comparing similar stage
whole mount embryos probed with two different probes is not accurate, one solution is to
probe near adjacent sections of an embryo side by side, with two different probes. Krox-20
and AP2 were used to probe near adjacent transverse sections of 7, 13 and 18 somite
mouse embryos (Table 4.1) to define precisely the rhombomeric axial level of the sites of
AP2 expressing crest.
Figure 4.3 shows near adjacent sections of an unturned 7 somite embryo,
with slightly retarded morphology. Sections pass through the embryo obliquely, at the
planes shown (figure 4.3h). The anterior-most broad patch of migratory crest on the right
side in figure 4.3a (section passing through the middle of presumptive r2 on the right side
and further caudal on the left) was located rostral to the first stripe of Krox-20 expression
in proneuromere A or presumptive r3 (figure 4.3b, left side presumptive r3, right side
presumptive r2). As observed in figure 4.3c, only premigratory crest at the tip o f the neural
fold is observed on the left side (presumptive r3), no migratory crest being present. The
right side o f the section passing through the middle of presumptive r4, has pre-migratory
crest at the tip o f the neural fold and migratory crest mesenchyme from the neural plate
labelled with AP2. In figure 4.3d, presumptive r5 is on the right (as identified by the
second neuroepithelial band o f Krox-20 on the right) and the r4/5 border on the left. In the
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F ig u re 4.3:
Radioactive in situ hybridisation using AP2 and K rox-20 on near adjacent
transverse sections of a mouse 7 som ite embryo, denoting the axial levels o f the neural
crest m aiked by AP2. The left panel is AP2 and the right side panel is Krox-20. Plane of
sections is show n schem atically in ’h ’. 2-7: rhombom ere num bers; ha: hyoid arch; ma:
m andibular arch; nc: neural crest; np: neural plate; oe: outer ectoderm ; pnc: pre
m igratory neural crest. M agnification: 100pm is equal to 4.2m m.
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F igure 4.4:
Radioactive in situ hybridisation using AP2 and Krox-20 on near adjacent
transverse sections of a mouse 13 somite embryo, demarcating the axial levels of the
neural crest marked by AP2. The left panel is AP2 and the right side panel is Krox-20.
Sections A-B pass through rhombomere 2, C-D through rhombomere 3, E-F through
rhombomere 4, G-H through rhombomere 5 and I-J through rhombomere 6. b 1,2,3:
branchial arches 1,2,3; ec: ectoderm; nc: neural crest; ne: neuro-epithelium; op: otic
placode; r2-6: rhombomeres 2-6. Magnification: Scale bar marks 100pm.
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next figure, 4.3e (right side is presumptive r5 and left side at the border of r5/6),
premigratory crest is observed on the right. The second Krox-20 band marks presumptive
r5 on the right in figure 4.3f, the left passing through r6. Premigratory crest at the tip of
the neural folds is seen to express Krox-20 (pnc, figure 4.3f) and AP2, as observed in the
region of presumptive r6 on the right side in the following plate (pnc, figure 4.3g).
Figure 4.4 shows serial transverse sections passing through the hindbrain of
a 13/14 somite mouse embryo co-probed with Krox-20 and AP2, which is representative
of the pattern observed for the older stages. Migratory neural crest from r2 expresses AP2,
but no mesenchymal expression of Krox-20 is observed at all (figure 4.4A,B). In r3, the
neuro-epithelium, except at the dorsal edge and the floor plate, is positive for Krox-20; no
Krox-20 or AP2 expression is observed in adjacent mesenchymal regions (figure 4.4C,D).
Migratory crest at r4 expresses AP2, but not Krox-20 (figure 4.4E,F). The plane of section
is tilted in figure 4.4G, passing through r4 on the left and r5 on the right. Here, AP2
expression is observed in r4 migratory crest on the left, but on the right, which is r5, no
expression being noted between the otic placode and the neuro-epithelium (as the otic
placode is immediately adjacent "to the neural plate at this stage, with no cells being
present in the intermediate space). Krox-20 is seen to express only in the neural plate
excluding the floor plate (figure 4.4H). Some cells expressing AP2 were seen at the lateral
edge of the neural plate in r3 and r5 (figure 4.4C,G); these are probably prospective crest
cells. At the level of r6, a patch of migratory crest cells expresses AP2 (nc, figure 4.41);
Krox-20 expression is also seen in crest at the same axial level (nc, figure 4.4J). Surface
ectoderm (oe, figure 4.3 e; ec, figure 4.4C) and the otic placode (op, figure 4.4G) also
express AP2.
In figure 4.4, the relation between the rhombomeric axial level of AP2 crest
and the branchial arches they contribute to is deduced from Lumsden et a i, 1991. Thus,
the slightly oblique section in figure 4.4A shows on the right side trigeminal crest from
r2 which contributes to branchial arch one. At the level of r3 (figure 4.4C) crest
presumably from r2 is seen in arch one. In the next rhombomeric level (figure 4.4E),
migratory AP2 crest from the tip of r4 extends into the second branchial arch. Following
this, in figure 4.4G, AP2 crest from r4 is observed going to arch two on the left. The
destination of the r6 AP2 crest (figure 4.41) can not be determined yet as the embryo is too
young for third arch formation.
Referring back to the whole mount embryos, figure 4. ID shows a side view
of a 5 somite whole mount Krox-20 embryo with presumptive r3 and r5 expressing Krox-
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20. It can only be suggested tentatively that no other population of cells, premigratory or
migratory, are expressing the gene in presumptive r2, r4, and r , because the Krox-20
6

signal is weak. Comparing this to the wholemount 5 somite embryo hybridised with AP2
probe (figure 4.1 A), the region o f neural plate slightly caudal to the POS, having a very
low level o f AP2 expression along the edge o f the neural plate, corresponds to the anterior
band o f Krox-20. The second band o f Krox-20 which spans proneuromere B (figure 4. ID)
therefore coincides with the second caudal zone of reduced AP2 expression along the edge
of the neural plate (figure 4.1A,C). Likewise, in an older 15/16 somite Krox-20 embryo
(figure 4.2D), crest from r2 and r4 does not express Krox-20 at this stage, expression only
being seen in crest from the caudal end of r5 and rostral end of r , which runs alongside
6

r . At this stage, streams of AP2 expressing crest are observed emigrating from the
6

neuraxial levels excluding the sites of Krox-20 expression in the neural epithelium (figures
4.2C,D).
Thus, AP2 probe recognises early migratory crest (Mitchell et a l, 1991) at three levels
in the hindbrain. In 5-7 somite embryos, pre-migratory crest were identified all along the
neuraxis, though differing in levels of expression. In all the stages studied (5/6, 7, 13,
13/14,

15/16,

18

somites)

two

broad

streams

of

migratory

AP2

crest,

the

trigeminal/mandibular and facial-acoustic/hyoid, were found to be alternating with the two
neuroepithelial bands of Krox-20 expression along the A-P axis. The third stream o f
migratoiy crest caudal to r5, the crest adjacent to r , was seen migrating subjacent to the
6

surface ectoderm, beside the neural tube and otocyst. Crest recognized by Krox-20 is also
observed at this axial level, though from the present data it is not possible to say if this
crest is a subset of the crest that is expressing AP2. Also, AP2 expressing crest migrates
from r2 and r4 as two broad bands to arch one and two respectively, with no crest
emigration occurring adjacent to r3 and r5 (corresponding to the two bands of Krox-20).
It is only at r that both genes are expressed in the dorsal migratory crest, which form the
6

third stream o f crest seen in early 9 dpc embryos. No expression of AP2 is observed at any
stage in the neural plate, other than the premigratory crest at the edges of the neural folds
in

8

dpc mouse. Hence, the domains of expression of AP2 in the crest are complementary

to the regions o f Krox-20 expression in the neuroepithelium, no AP2 hybridisation being
noted adjacent to r3 and r5.
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4.2.2

Pattern o f migratory cranial crest expression o f Krox-20.
Keeping in mind the questions posed at the beginning of this chapter, a

detailed study of the time course and precise location of Krox-20 expression in the crest
in the m ouse was then undertaken. Transverse and saggital sections or whole m ounts of
different stages of mice, were probed with the mouse Krox-20 zinc-finger probe, or the 3 ’
probe, and expression patterns studied. To determine the first appearance of K rox-20 in the
cranial neural crest, serial transverse sections and whole m ounts of 8.0-8.4 dpc m ice (0-7
som ites) were undertaken. No Krox-20 crest has been observed in 0-3/4 som ites old
em bryos (Table 4.2 and data not shown), and in a 5 som ite em bryo (figure 4 .ID).
C om pared to this, on the other hand, in another 5 som ite em bryo, expression o f K rox-20
is noted at the dorsal most tip of the neural plate in transverse sections passing through a
level im m ediately caudal to proneuromere B or presumptive r5, probably in pre-m igratory
crest from the rostral part of presumptive r6 (figure 4.5), the second stripe of Krox-20
m arking the extent of presumptive i5 (data not shown).

F ig u re 4.5:
Expression of Krox-20 in premigratory crest in the 5 som ite stage unturned
m ouse embryo by radioactive in situ hybridisation.
ne: neuroepithelium ;
pnc:
prem igratory neural crest. M agnification: Scale bar marks 100pm.
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Figure 4.6:
W hole mount in situ hybridisation with DIG labelled murine Krox-20 probe,
show ing expression in the neural crest from rhombomere 5/6 junction of a 8.5 dpc/8
som ite stage and a 9.25 dpc embryo, in addition to neuro epithelial expression. Crest
positive for Krox-20 com es off the junction of rhombomeres 5 and 6 (r 5/6). h: heart; ot:
otocyst; nc: neural crest marked by Krox-20; r2-6: rhombomeres 2-6. Antero-posterior
axis is marked by (a-p). M agnification: A is 80X, C-D is 50X; in B 100pm is equal to
4.0m m .

18

Figure 4.6 shows two representative stages o f K rox-20 expression, an
unturned 8 somites em bryo and a 9.25 dpc embryo w hose trunk had been dissected out fo r
easier penetration o f probe. W hole mount in situ hybridisation in the younger em bryo
(figure 4.6A,B) showed Krox-20 expressing crest cells em erging from the edges o f the
neural plate, imm ediately caudal to proneuromere B, going caudad, m igrating laterally and
slightly ventrally between the neural plate and the otic placode. H igher m agnification o f
a tlatm ount preparation clarifies the above observation, showing crest em erging as a
diffuse stream of cells (nc, figure 4.6 B) from the edge of the neuroepithelium at the
caudal end of r5, by the presumptive r5/6 junction, and running adjacent to r6 region.
K rox-20 positive crest from the same axial level (r5-6 junction) is also seen to have
em igrated caudally in a postero lateral manner from the caudal end o f i*5 in the older
em bryo (nc, figure 4.6C,D ). No Krox-20 expression is noted in r2 and r4, or in regions
lateral to them at this stage (figure 4.6A-D).

F ig u re 4.7;
Transverse sections caudal of rhombom ere 5 in 18 and 27 som ite m ouse
probed with radioactive AP2 and Krox-20 riboprobes, showing restriction of K rox-20
expression to the dorsal sub-population of branchial arch three crest m esenchym e, which
is A P 2 positive, a and b are two different 18 somite em bryos, the form er probed with AP2
and the latter with Krox-20', c is a full view of the section of a 27 som ite em bryo in figure
4.6 N. a3: third branchial arch artery; acv: anterior cardinal vein; b l-3 : branchial arches
1-3; e: surface ectoderm ; gnc: glosso-pharyngeal neural crest; nc: neural crest caudal o f
r5; nt: neural tube; ot: otocyst; r2-6: rhombom eres 2-6. M agnification: scale bar is
100pm.
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Figure 4.7 illustrates the position (dorso-ventral or medio-lateral) o f crest
adjacent to r in different stage mouse embryos (18 and 26/27 somites), when migratory
6

crest has already moved into branchial arches. Figure 4.7A shows a section through the
caudal end o f r in a retarded 18 somite embiyo probed with AP2: crest arising from r
6

6

caudal to the otocyst and migrating ventrolaterally expresses AP2. This is the axial level
from which presumptive arch three would be derived (Lumsden et a i, 1991). In another
18 somite embryo which is more advanced morphologically than the previous one, and
where the section passes obliquely through r (figure 4.7B), probing with Krox-20 shows
6

a more dorso-lateral sub-population of the r crest migrating to presumptive branchial arch
6

three between the anterior cardinal vein and arch three artery on the left (arch three being
not observed as a discrete structure until approximately 24 somites). A section passing
through the caudal end of r in a 26/27 somite embryo (figure 4.7C) clarifies the above
6

point. Along the D-V axis of the embryo, Krox-20 is observed only in a more dorsal sub
population o f r migratory crest, the message not being detected in the more ventral sub
6

population in branchial arch three.
In order to look in more detail precisely how and when this crest expression
ceases and boundary cap expression upregulates, radioactive and non-radioactive in situ
hybridisation was carried out on serial transverse sections and whole mount mouse
embryos of different stages (Table 4.2). Figure 4.8 shows transverse sections going through
the A-P axis at the levels of r2, r3, r4, r5 and r for three of the representative stages,
6

26/7 and 29 somite stages, arranged in three panels respectively. Considering the

8

8

,

somite

embryo on the extreme left panel initially, the expression profile at the level of the even
numbered rhombomeres is described first. No Krox-20 expressing crest is seen at the level
of r2 (figures 4.8A). The plane of section in figure 4.8G is tilted, so it passes through r3
on the left and r4 on the right. Expression is not seen in crest emerging from the tip of r4
neural plate on the right side (figure 4.8C), as evident also in the flatmount preparation of
the

8

somite embryos (figure 4.6B). Migratoiy crest cells caudal to r5, from the 5/6

boundary, and going caudal along r , are the only sites of Krox-20 crest expression in the
6

8

somite embryo (figure 4.8M) and in the whole mount (4.6A,B). No sites of Krox-20

expression are observed adjacent to the odd numbered rhombomeres r3 and r5 expressing
Krox-20 (figure 4.8D,J respectively). This pattern, maintained from the 5 somite embryo
onwards, persists until 26/27 somites or 9.8 dpc (Table 4.2). In the 26/27 somite embryo,
shown in the middle panel of figure 4.8, there is no expression of Krox-20 in the head
mesenchyme adjacent to r2 and r4 (figure 4.8B and H respectively), or migrating from the
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F ig u re 4.8:
Serial transverse sections through different axial levels in the
rhom bencephalon of 8, 26/27 and 29 somite stage mouse probed with
labelled Krox-20,
illustrating the de novo upregulation of Krox-20 in the boundary caps beside even
rhom bom eres. The panel on the left is 8 somites, the middle one is 26/27 som ites and tlie
right side one of 29 somites. A-C denotes rhombomere 2, D-F rhom bom ere 3, G-1
rhom bom ere 4, J-L rhom bom ere 5 and M -0 rhombom ere 6 respectively, b 1,2,3: branchial
arch 1,2,3; bc: boundary cap; fp: floor plate; nc: neural crest m arked by Krox-20; np:
neural plate; op: otic placode; ov: otic vesicle; rp: roof plate. M agnification: scale bai
m arks 100pm, the two panels on left having same m agnification and differing from tlie
panel on the extrem e right.
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neural tube at the odd rhombomeres r3 and r5 (figure 4.8E and K respectively). Krox-20
expression is seen only in a sub-population of crest which has migrated ventro-laterally
away from the neural plate posterior to r5 (figure 4.8N), from a position similar to that
observed in younger embryos (figure 4.8M).
The third column is a 26/27 somite stage mouse embryo, where due to
sections passing obliquely through the embryo, one side is more rostral than the other, and
thus a section may span two different rhombomeres. Transverse sections through r2, r4 and
r (figures 4.8C ,1,0 respectively), show that Krox-20 is expressed in the boundary caps
6

(bc) of the ganglia of cranial nerves V (trigeminal), VII/VIII (facial/acoustic) and IX & X
(glossopharyngeal & vagal) in that order. In figure 4.8C, the boundary cap of the
trigeminal ganglion adjacent to r2 is seen on the right side. The boundary caps o f the
facial/acoustic nerve ganglia are visible on both sides of r4 (figure 4.81) and on the left
side of figure 4.8L. On the right side of figure 4 .8 0 , the boundary cap of the IX/X nerve
ganglion is observed caudal to the otic vesicle, beside i .
6

To determine if the crest expression patterns described above were
conserved in another class of vertebrates, different stages of developing quail embryos
were examined. Developmental stages can be extrapolated from chick to quail, though
development is more rapid in quails (Noden, 1980). A heterologous chick Krox-20 zincfinger region probe was used for these experiments under conditions of reduced stringency.
The pattern o f expression obser\ ed in the mouse seems to be conserved in the quail (Table
4.3). In a 3 somite stage embryo, no Krox-20 expression is obseiwed in presumptive neural
crest (Table 4.3 and data not shown). In a 7-8 somite stage embryo, expression is observed
at the lateral-most edges of the neural plate at a level caudal of presumptive r5, in pre
migratory crest (data presented in chapter 5, figure 5.1g).
Figure 4.9 shows the pattern of quail Krox-20 crest expression in serial
transverse sections going through different rhombomeric levels in an A-P direction, at
representative stages in development; the left-most panel represents stage

1 0

, the middle

panel stage 14 and the panel on the extreme right stage 17. There is no evidence of Krox20 expression in r2 and r4 crest in stage 10 (figure 4.9A and G respectively), or at the
level of r3 (figure 4.9D). In a section passing through the rostral part of r5, expression of
Krox-20 is noted all across the neuroepithelium, but crest cells at the dorsal midline o f the
neural tube are seen not to express Krox-20 (figure 4.9J). Migratory Krox-20 expressing
crest is seen by the rostral end of r (figure 4.9M). This crest population going lateral and
6

posterior alongside the region of r6/7, is sub-ectodermal in position. A more detailed
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F ig u re 4.9;
Expression of Krox-20 at different neuraxial levels of the rhom bencephalon
in three different stages in quail, HH stages 10, 14 and 17, by radioactive in situ
hybridisation on transverse serial sections, illustrating the de novo upregulation o f K rox-20
in the boundary caps beside even rhombom eres in avians also. The three stages are
represented by the three panels, the one on the left being stage 10, m iddle one stage 14
and stage 17 on the right. Sections A-C represent rhombomere 2, D-F rhom bom ere 3, G-1
rhom bom ere 4, J-L rhombomere 5 and M-O rhombomere 6 respectively, bc: boundary
cap; fp: tJoor plate: gV,VIl: cranial ganglia V, VII; n: notochord; nc: neural crest
expressing Krox-20: np: neural plate; op: otic placode; ov: otic vesicle; r2-6:
rhom bom eres 2-6; rp: roof plate. M agnification varies in the three different panels, scale
bar m easuring 100pm.
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F ig u re 4.10: Expression of Krox-20 in stage 10 quail: three-dimensional reconstruction
of serial transverse sections and detailed study of crest expression by radioactive in situ
hybridised . A is a dorsal view and B a side view of the reconstructed image. C-G are high
pow er pictures of sections, C passing through rostral part of r5, D through the r5/r6
junction, E im m ediately caudal to the r5/6 junction, and F and G more progressively
caudal through the r6-r7 region. Large white arrowhead in C-G mark neural crest.
N um bers 2-6 denote rhombom eres 2-6; n: notochord; nc: neural crest expressing Krox-20;
nt: neural tube; op: otic placode. Sections are 18pm apart in r6 and 30p apart in the rest
of the hindbrain. Magnification: scale bar marks 100pm, sections D,F,G are the sam e
m agnification. In A, nt=blue, nc=red, op=green; in B, nt=green, nc=red, op=blue.
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analysis o f the region flanked by figures 4.9J and M will be described below in figure
4.10. The rest o f figure 4.9, comprising the stage 14 and stage 17 embryo will be described
after figure 4.10 and figure 4.11 respectively.
Figure 4.10 illustrates the appearance of Krox-20 expressing crest in the
stage 10 quail embryo in more detail. Figures 4.10A and B show top and side view o f a
three dimensional image reconstructed from the serial transverse sections o f a stage

1 0

quail embryo shown in the first panel on the left in figure 4.9. Sections o f all axial levels
other than r are 30pm apart, the r sections being separated by 18pm. Neural crest (nc)
6

6

is noted from the r5/6 junction proceeding medio-laterally in a continuous stream, making
its way between the otic placode and r , in a caudal direction (figure 4.10A& B). A more
6

detailed view of the mid-dorsal crest caudal of r5 and rostral of r is provided in figure
6

4 . lOC-G (marked by white arrowhead). Figure 4 .IOC is a higher power image o f figure
4.9J, passing through the rostral part of r5. Though crest is observed on the dorsal midline
o f the neural tube, expression of Krox-20 can not be detected in this crest (large white
arrowhead). The section in figure 4.10D passes obliquely through the r5/6 junction, such
that the dorsal part is more rostral and passes through the caudal end o f r5, and the ventral
part is passing through the rostral end of r . In contrast to figure 4 . OC, strong expression
6

1

o f Krox-20 is noted in the crest condensed at the dorsal midline o f the neural tube,
continuous with the strong expression in the dorsal pait of r5 (nc, figure 4.10D). Following
caudally from the r5/6 junction, in figure 4 .iOE, expression of Krox-20 is noted at the
dorsal-most tip of the neural tube at the junction of r5/6 and in crest which has started to
migrate out from the dorsal midline. Posterior to figure 4 .IOE is figure 4.1 OF, which is a
high power view of the section through r in figure 4.9M. It shows K rox-20 expresses only
6

in the crest emigrating from the dorsal most part of the neuro-epithelium in r , following
6

a sub-ectodermal ventro lateral path. Proceeding caudally, Krox-20 expressing crest is
observed running beside the neural tube in the r6/7 region (figure 4. lOG).
Returning to figure 4.9, the second panel shows the stage J 4 embryo. Crest
formation stops by stage 11 and by stage 14 crest has emigrated laterally to contribute to
arch mesenchyme, condense as ganglion an 1age, or go to other destinations. The r5/6
junction Krox-20 crest pattern is found to be present at stage 14 too (figure 4.9 second
column). No Krox-20 expression is seen in crest at the level o f r2 and r4 (figure 4.9B,H)
or flanking r3 and r5 (figure 4.9E,K). A broad patch o f Krox-20 crest is seen beside r ,
6

following a ventro lateral path away from the neural epithelium, and proceeding caudal o f
the otic pit (figure 4.9N). The more lateral stream of crest does not express Krox-20^ while
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a more medial population, consistent with the position of the proximo-dorsally located
"anterior tract o f cardiac crest (Ar)" described in figure 5 of Kuratani & Kirby, 1991, does
express the gene. Thus, a proximally restricted population of caudal otic crest is marked
by K rox-20 in birds.
Figure 4.11 shows transverse sections through the hindbrain of tlie stage 15
quail at the level of r2 and r4. An important observation is the presence of condensing
cranial ganglia beside the even rhombomeres r2 and r4 (figure 4.11A and C respectively),
lacking K rox-20 signal on the boundiu-y caps (figure 4 .1 1B,D respectively). The pattern of
Krox-20 expression in the neuro-epithelium and crest at different axial levels, as seen in
stage 14, was found to be conserved in stage 15 also (data not shown).

F ig u re 4.11: Absence of Krox-20 expression in the boundary caps of cranial ganglia
adjacent to even rhom bom eres in stage 15 quail, by radioactive in situ hybridisation on
transverse sections. Sections a-b are at the level of rhombomere 2 and c-d rhom bom ere
4. Sections a,c are single exposure bright field pictures showing the histology of boundary
caps. gV , VII: cranial ganglia V, VII; n: notochord; ne: neuro-epithelium. Scale bar is
100pm.
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Going back to figure 4.9, the third panel illustrates the latest stage (HH
stage 17) studied in quail. In the stage 17 quail embryo, where the crest has already
migrated out from the hindbrain, very well formed cranial ganglia are visible in the head
mesenchyme at the level of the even numbered rhombomeres (figure 4.9C,I). As in the
mouse, there is expression of Krox-20 in the boundary caps of cranial nerve ganglia
alongside r2, r4 and r (figure 4.9C ,I,0 respectively).
6

4.2.3

Late expression o f Krox-20 in cranial ganglia
To illustrate the later sites of Krox-20 expression in the boundary caps in

more detail, transverse sections o f 10.5 dpc mice and serial saggital sections o f older mice,
ranging from 12.5-14.5 dpc were hybridised (figure 4.12 A-G and data presented in chapter
6

, figures

6

. ,
1

6

. ), in addition to transverse sections through the midbrain and anterior
2

regions for stage 17 quail embryos (figure 4.12H). In the 34/35 somite (10.5 dpc) mouse
embryo, Krox-20 expression is seen in the boundary caps of gV at r2 (figure 4.12A ),
gVII/VIII at r4 (figure 4.12B) and glX/X at r (figure 4.12C). Boundary caps of cranial
6

nerve ganglia V, V ll/V lll and IX/X in mid-saggital sections of a 12.5 dpc mouse (figure
4 . 12E) are seen to hybridise Krox-20 RNA. A similar pattern is noted in parasaggital
sections of two other 14.5 embryos, for the V and V ll cranial ganglia (gVbc, gV llbc, data
presented in chapter , figures .1C, 6.2A).
6

6

In addition to the cranial branchiomotor nei-ve ganglia reported here and by
Wilkinson et a i, 1989a, other cranial nerve ganglia aie also seen to transcribe K rox-20
RNA. Expression is observed in boundary cap cells present in the branched roots o f the
X ll/hypoglossal cranial nerve ganglion in the caudal most part of the rhombencephalon,
in a parasaggital section of a 12.5 dpc mouse (figure 4.12G). The semilunar boundary caps
o f a purely motor cranial nerve, the oculomotor/IB, on either side o f the neural tube in a
transverse section of the midbrain/forebrain region of the stage 17 quail embryo, are also
observed to express Krox-20 (figure 4.12H). This nerve is situated in the region o f the
cephalic flexure.

4.3

Discussion

4.3.1

Krox-20 and AP2 pattern in the early m 'w a to iy cranial neural crest
AP2 is suggested to be a molecular marker for crest cells, as the timing o f

AP2 expression correlates precisely with crest appearance as defined by morphological
criteria (Mitchell et a i , 1991). We have used Krox-20 to define the neuraxial levels o f AP2
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Figure 4.12: Radioactive in situ hybridisation on serial transverse and saggital sections
illustrating expression of Krox-20 in the boundary caps of cranial ganglia in late stage
mouse and quail. A-C are transverse sections through rhombomeres 2, 4 and 6 respectively,
of a 34/35 som ite mouse; D-G are saggital sections of a 12.5 dpc mouse, D,F being single
exposure daik field low power pictures, the areas within the boxes being highlighted in
E,G respeetively (D-E is more parasaggital than F-G); H i s a transverse section through
the forebrain/m idbrain region of the cephalic flexure of a stage 17 quail, open and closed
white arrow heads denote boundary caps of cranial ganglia. Ill, V, V ll, IX/X, X l/X ll:
cranial nerves; be: boundary cap; fb: forebrain; g: ganglia; hb: hindbrain; li: liver; mb:
m idbrain; ne: neuro-epithelium; t: telencephalon marks the rostral end of the embryo.
Diffraction noted in the liver is false signal. Magnifications: D and F are 19X; scale bar
m arks 100pm in A-C,E,G,H, A-C being sim ilar and E identieal to G. 100pm equals
1.75mm for A-C, 1.4 mm for H, 1.2mm for D,F and 0.8mm for E,G.
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expression (summarised in figure 4.13), which we find to be consistent with the
morphological SEM studies in mammals (Verwoerd & van Oostrom, 1979; Nichols, 1981;
Tan & Morriss-Kay, 1985). In 5-7 somites

( 8

dpc) mouse, the distribution o f AP2 RNA

was observed to be unequal along the neuraxis, there being two regions of lower
expression corresponding to the two bands o f neuroepithelial expression o f Krox-20 at
presumptive r3 and r5 (figure 4.13A). Crest migration from rhombencephalon is well under
way by then (Nichols, 1981), with two zones o f migratory crest expressing AP2 RNA, one
from the rostral hindbrain anterior to the presumptive r3 stripe of Krox-20, and one rostral
to the second band of Krox-20 expression at presumptive r5/proneuromere B. A third zone
of pre-migratory and migratory crest hybridising to both AP2 and Krox-20 was noted at
the edges of the neural plate, immediately caudal to the second band o f Krox-20, at the
level of the posterior end of the otic placode. Hence, AP2 recognises the three bands of
hindbrain crest observed in mammals, similar to the early pattern observed in chick
(Anderson & Meier, 1981; Lumsden et a i, 1991), this observation consistent with its being
a molecular marker for early migratory crest. Though Krox-20 is clearly in a subset o f total
crest expressing AP2. from the data presented it is not clear if these crest cells are a subset
of the post-otic crest, unlike in Xenopus where AP2 is shown to mark a bigger population
of crest, the true r and r7 crest (Bradley et a i , 1992).
6

In older stages of mouse (9 dpc), the three bands of rostral hindbrain
(trigeminal), rostral otic (facial-acoustic) and caudal otic (glossopharyngeal-vagal) crest
emigrate from r2, r4 and r respectively (figure 4.13B). The pattern o f AP2 expressing
6

crest in the head with respect to the neural plate expression of Krox-20 (figure 4.13) is
consistent with the morphological observations of crest contribution to branchial arches in
mammals (Nichols, 1981, 1986a; Tan & Morriss-Kay, 1985) and cell marking studies in
birds (Lumsden et a i, 1991). Thus, the trigeminal crest from r2 contribute to branchial
arch one and hyoid crest from r4 to branchial arch two (figure 4.13C). Expression seen in
the third arch in coronal sections of 9.5 dpc mouse (Mitchell et a i , 1991), which is much
older than the stages studied here, would come from the vagal crest caudad to r observed
6

in this study (figure 4.13C). The rhombomeric levels of the anterior rhombencephalic,
rostral otic and caudal otic crest of birds seen by SEM (Anderson & Meier, 1981) may be
inferred to be r2, r4 and r by the lineage tracing experiments o f Lumsden et a i , 1991.
6

From the present study it appears that murine Krox-20 expression is in crest migrating
from the caudal part of r5 and rostral part o f r , unlike Xenopus, where migratory crest
6

from the whole width of r5 is positive for Krox-20 (Bradley et a i , 1992).
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F ig u re 4.13; Schematic diagram comparing the pattern of murine AP2 expression (dotted
fill) in the hindbrain pre-migratory and migratory crest in relation to expression of Krox-20
(hatched fill) in the neuro-epithelium and pre-migratory and migratory crest in mouse. A
represents 4-7 som ite stage, B 7-13 somites and C 15 somites and older mouse embryos.
Expression of A P I is noted in the crest emigrating from rhombomeres 2, 4, 6 going to
branchial arches one, two and three respectively, and in cranial ganglia VII/VIII and IX/X.
V/VII, IX/X: cranial nerve ganglia; B 1-4: branchial arches 1-4; fp: Boor plate; nc:
neural crest; np: neural plate; rl-7: rhombomeres 1-7. Dotted line marks edge of np.
Regions of reduced crest emigration or "crest free" zones were observed
beside r3 and r5 in mam mals and birds (Anderson & Meier. 1981; Tan & M orriss-Kay,
1985; Lumsden et al., 1991; Jeffs et a i , 1992). No hybridisation of Krox-20 or Hox-2.'è
has been reported in mesenchyme lateral to r3 and r5 in mice (Wilkinson et a i , 1989a;
Hunt et a!., 1991b, and in this study), a similar observation being made with A P I in the
present study (figure 4.12 B,C). Alternate probing of sections with A P I and Krox-IO
identify the regions of the hindbrain with less or no expression of A P I to con'espond to
the level of r3 and r5 respectively along the A-P axis. A possible reason for this may be
enhanced cell death in these two regions (Lumsden et a!., 1991; Jeffs et a i , 1992), so that
even if crest cells are produced, they die quickly. Another possibility is that the r3 and r5
crest may possess different properties and may not get marked by these molecular markers.
Perhaps a small amount of crest is being produced in i3 and r5, and this population splits
into a rostral and a caudal stream while emigrating, to join the crest coming from r2, r4
and r6. Our expression studies could miss these small populations from r3 and r5 that join
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the adjacent streams. Such a situation would be difficult to resolve only by studying gene
expression patterns of crest markers like AP2 in whole-mount or sections, and would need
to be carried out in conjunction with cell marking studies, to determine which rhombomere
exactly these cells were coming from.
Recently Bronner-Fraser et a i, (pers. comm.) have shown evidence o f crest
from r3 and r5 in early stages in chick. A non-phosphorylated neurofilament antibody, NFM+, is seen to detect crest transiently from r3 and r5 in 9 somites chick. Focal labelling
of r5 with Dil at

8

somites showed crest emerging from r5 and splitting into two

populations going around the otic vesicle. One travelled rostrally into branchial arch two
and one stream went caudally toward arch three, merging with the crest cells arising from
1 6

. This caudal population of r5 crest cells may be the one marked by Krox-20. In Xenopus

the otocyst is beside r4 at stage 12.5-13.0; Bradley et a i , (1992) have shown at this stage
that Krox-20 expressing crest migrates out ventro-laterally from all across r5. At later
stages, as the otic vesicle increases in size, r5 crest is seen to emigrate not from the whole
of r5, but from the caudal end of r5. If the otocyst is assumed to act as a physical barrier
in the path of the emigrating crest coming out perpendicular to the neural tube, it would
follow a course affording least obstruction, probably being diverted posteriorly by this
steric hindrance, to generate the Krox-20 expressing crest we see in mouse, quail (this
study) and chick (M.A. Nieto pers. comm.). The pattern observed in Xenopus (Bradley et
a i, 1992) is in agreement with this proposition, matching up to the post-otic crest entering
the third branchial arch demonstrated by morphological SEM studies (Sadaghiani &
Thiebaud, 1987).
Krox-20 RNA is seen for the first time in pre-migratory crest at the tip of
the neural folds in the 5 somite stage mouse embryo, at a stage when the two stripes of
Krox-20 in presumptive r3 and r5 have been established in the neuro-epithelium (chapter
3 and Wilkinson et a i, 1989a). The signal is located immediately caudal to the
presumptive r5 expression of Krox-20. This suggests spatial specification o f crest before
it has started to delaminate from the neuro-epithelium. In stage

1 0

quail, condensed, non-

migratory crest from the caudal part of r5 transcribes Krox-20, but crest more rostral to
this within the r5 domain does not. These data suggest that caudal and rostral r5 crest have
already been determined before migration and only the former express Krox-20. This
implies a subdivision of crest within a rhombomere, otherwise why does the rostral r5 crest
not express Krox-201 However, the Xenopus data, suggest very strongly that all r5 crest
expresses Krox-20. A possible explanation of the difference o f chick \Niih Xenopus is that
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in the latter all o f the r5 crest is seen to enter the third branchial arch. In chick, only the
caudal part of r5 crest enters third arch (Bronner-Fraser et a i, pers. comm.). This
correlates with Krox-20 expression and suggests that those populations are already
specified. Taking the Xenopus (Bradley et aL, 1992) and chick (Bronner-Fraser et a i , pers.
comm.) data in conjunction with present observations, it seems Krox-20 expressing crest
may originate from r5, but our observations suggest migratory crest arise from the rostral
end o f r also. This is unlike the case in Xenopus (Bradley et a i, 1992) and this difference
6

in origin of Krox-20 expressing crest may be a genuine evolutionary difference between
amphibians and higher vertebrates. The site of origin of Krox-20 crest may be resolved by
cell marking experiments, focally injecting fluorescent lineage tracers to follow the path
of the crest cells.
In transgenic mice with the Hox-2.% regulatory element containing Krox-20
binding sites fused to lacZ (where the expression pattern of transgene closely resembles
Krox-20), crest expressing lacZ is seen to emigrate from the caudal region of r5 into the
third arch (Sham et a i, 1992b). The -galactosidase protein may persist longer than Krox6

20 RNA, and thus mark cells after the down-regulation of Krox-20 expression. Crest
emigrating into the third branchial arch expresses in Xenopus (Bradley et a i, 1992). In
mouse and quail, on the other hand, not all crest caudal to the otic placode/vesicle express
Krox-20. Expression is seen in the dorsal crest caudal of the otic vesicle and is not
detected in the more ventral crest in arch three itself in mouse (figure 4.7) or the anterior
tract of the circumpharyngeal crest in quail (figure 4.9 N, Hunt et a i, 1991a). The simplest
interpretation of these data is that there is a transient expression of Krox-20 in the crest
being delaminated from the neural tube, which is down-regulated prior to emigration into
the third aich in avians and mammals. This population of crest is not vagal crest (which
is known to undergo extensive migration and contributes to heart and gut formation [Le
Douarin, 1982; Kuratani & Kirby, 1991]), as no staining is noted in these regions
(Wilkinson et a i , 1989a and this study), together with the fact that lacZ expression is also
not observed in these tissues in the line of Hox-2.% transgenic mice closely mimicing Krox20 expression (Sham et a i, 1992b and R. Krumlauf, pers. comm.).
Could the r3 and r5 crest cells be caused to apoptose by Krox-20, thus
generating the "crest free" zones? This seems highly unlikely in view of the observations
in Xenopus and Hox-2.% transgenic mouse experiments, where r5 crest cells are noted to
contribute to arch mesenchyme (Bradley et a i, 1992; Sham et a i, 1992b and R. Krumlauf,
pers. comm.).
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4 3 .2

Pattern o f Krox-20 expression in cranial crest
The events of migrating and non-migrating crest expressing K rox-20 in the

mouse and quail from the detailed analysis done in this study are summarised in figure
4.13.

4.3.2.1

Pattern of Krox-20 in migratory crest
Premigratory crest posterior to proneuromere B hybridises to K jox-20 in the

5 somite stage mouse embryo and 7-8 somite stage quail. It is only from >7 somite stage
mice and stage 10 quails, when hindbrain crest migration is well underway (Verwoerd &
van Oostrom, 1979; Anderson & Meier, 1981; Nichols, 1981), that Krox-20 crest
expression is observed in migratory crest. This narrow stream of Krox-20 expressing cells
caudal to r5 mark only a subset of the cranial crest. This is maintained until 27 somites
(9.8 dpc) in mice and stage 15 in quails (figure 4.13 B,C and table 4.2) and hence has
been named the early pattern of Krox-20 crest expression.

4.3.2.2

Pattern of Krox-20 in crest derivatives
In the detailed study done above, Krox-20 signal is found to be restricted

to the more dorsal crest cells caudal of r5 (running alongside r ), no expression being
6

noted in more rostral crest populations (figure 4.14 A-C and tables 4.2, 4.3). At 29 somites
(9.9 dpc) in mice and stage 17 quails, Krox-20 expression is seen at the boundary caps of
the three major cranial branchiomotor nerve ganglia V, VII/VIII & IX/X, located ventrally
beside r2, r4 and r

6

respectively (figure 4.13 D-E) and in the branched roots of the

hypoglossal (XII) (Wilkinson et a i, 1989a and this study). In addition, expression of Krox20 in another cranial nerve is reported for the first time in this study, the oculomotor (HI),
which is a purely motor nerve like the hypoglossal. These sites constitute the second phase
of Krox-20 expression in crest and derivatives in the cranial peripheral nervous system, and
hence were referred to as the late pattern o f Krox-20 crest expression.

4.3.2.3

Relation between early & late pattern o f Krox-20 crest
Boundary caps of cranial ganglia at rhombomeres 2, 4 and

6

are thought to

be derived from crest of r2, r4, and r , on the basis of the origin of their associated ganglia
6

(Lumsden et a/., 1991). No Krox-20 expression is noted in the emigrated crest or the
condensing cranial ganglia beside the respective rhombomeres until stage 15 quail or 27
somite stage mouse at the same time as there is expression in crest from the junction o f
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r5/6, running alonside r6. Krox-20 signal is noted for the first time in the boundary caps
of cranial nerves at 29 somite stage in mouse and stage 17 in quail, beside the even
num bered rhom bom eres. This is true even in r6, where crest expression restricted toward
the dorsal part o f the neural tube is observed up until 27 somite stage mouse and stage 15
quail, to be replaced by expression in the boundary caps of nerves, which are located more
ventrally. From this pattern of expression, we can infer that the boundary cap expression
of Krox-20 is an independant de novo activation, rather than the maintenance of neural
crest expression from earlier stages of development. Hence, the early pattern of Krox-20
expressing crest is not related to the late pattern of Krox-20 expression observed in the
crest denved boundary cap cells.
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F ig u re 4.14; Schematic diagram showing early pattern of Krox-20 marking m igratory
crest caudal to rhombom ere 5 is unrelated to late pattern of expression in crest derived
boLindai y caps of cranial ganglia. A represents mouse stage 4-7 somites and quail stage 9;
B represents m ouse 8-12 somites and quail stage 10; C represents 13-18 som ites mouse
and up to stage 14 quail; D represents 19-27 somites mouse and stage 15 quail; E
represents 29-35 som ites mouse and F represents 12.5-14.5 dpc mouse stages respectively.
V, VII, IX/X: cranial nerves; a,b: proneuromere a and b; be: boundaiy cap; g: cranial
ganglia; nc: m igratory neural crest caudal to rhombomere 5 marked by Krox-20; ot:
otocyst; op: otic placode; r 1-8: rhombomeres 1-8. Open sem ilunar shapes denote
boundary caps not expressing Krox-20 and hatched shapes denote expression of Krox-20
in the boundary caps. Level of neuro epithelial ATrojc-20 expression is represented by more
dense shading.
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4.3.3

Contributions of neural crest to cranial mnnlia
Neurofilament staining reveal cranial nerves V, VO, IX/X, which are

branchial nerves with sensory and visceral motor components, and somatic motor nerves,
XII and III, which are exclusively motor, are seen to be present between 10.5-12.5 dpc
(Hogan et a i, 1988 and A. Gould, pers, comm.). No expression of Krox-20 in oculomotor
has been detected in the mouse, possibly due to the plane o f sections studied. Boundary
caps of the cranial ganglia are marked by stage 17 in birds, which is in agreement with the
fact that all cranial nerves and ganglia are formed by chick stage 16 (Le Douarin et al.,
1986). Evidence abounds about the dual origin of the ganglia of the cranial branchiomotor
nerves, involving contributions from the neural crest and epidermal placodes in mammals
and birds (Verwoerd & van Oostrom, 1979; Altman & Bayer, 1982 and reviewed in Le
Douarin, 1982, 1986b). Mapping experiments confirmed the crest contribution to the
trigeminal (dorsal ganglion V), geniculate (ventral ganglion YD), and superior (dorsal
ganglion X) sensory ganglia (Lumsden et a i, 1991). The oculomotor nerve arises from the
midbrain by stage 17 (Kuratani & Tanaka, 1990) in chick, the parasympathetic pre
ganglionic part of the oculomotor joining the ciliary ganglion at later stages. The
hypoglossal nerve, which is purely motor, arises from the caudal most part o f the
hindbrain. As a general rule the glial cells of the cranial sensory ganglia and nerves are
all derived from the crest entirely (reviewed in Le Douarin, 1986b; Le Douarin et a i ,
1986). Krox-20 expresses in the crest derived boundary cap cells of the cranial nerves and
ganglia, in purely motor nerves (III and XII) and the proximal sensory ganglia o f nerves
o f a mixed sensory and motor nature.
By definition, boundary caps are structures situated at the entry/exit point
o f the ganglia o f cranial nerves in the brain and hence closely associated with the brain
wall (Altman & Bayer, 1982 and section 4.1.1). Expression of Krox-20 in cranial nerves
XI/XIl (figure 4.12 G) and ID (figure 4.12 H) is seen to extend for a much longer distance
than the dimensions defined for boundary caps as being apposed to the brain wall. Krox-20
is observed to extend along the route of the oculomotor nerve, in addition to marking the
boundary cap, in a stage 23 chick (A. Nieto, pers. comm.). These observations suggest that
expression of Krox-20 may be extending along the ventral motor roots o f the cranial
nerves. Presumably in the absence of a cell type specific marker, the boundary caps were
defined purely on gross morphology. Krox-20 is marking the actual distribution o f the
boundary cap cells; in other words, the original definition o f a boundary cap is limited by
the technique o f looking at them and perhaps should be redefined. It does not mean that
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Krox-20 is expressed outside o f this cell type, simply that the distribution of the cell type
had not been recognized before.
AP2 expression is seen all over the crest derived ganglia of branchial nerves
caudal to the otocyst and in dorsal root ganglia, and has been suggested to be involved in
recognizing sensory components (Mitchell et a i, 1991). Sensory spinal ganglia are also
mai'ked by Hox genes like Hox-2A, -2.6 (Graham et a i, 1988; Holland & Hogan, 1988b),
H o x -\A , -1.4, -1.5 (Fainsod et a i, 1987; Toth et a i, 1987; Mahon et a i, 1988), proto
oncogene trk (Martin-Zanca et a l, 1990), and the mouse homolog of Drosophila notch,
motch (Del Amo et a i , 1992). Some of these genes probably mark subsets of cells within
ganglia (e.g. tik), though it is not possible to resolve this by radioactive in situs. Krox-20
maiks only a subset of cells in these ganglia, the boundary caps, and this cell-type specific
mai king is probably more clear because boundary caps do not intermingle with the rest of
the ganglia.

4.3.4

Role o f Krox-20 in crest derivatives: boundary cap expression
Cranial visceral motor neurons are seen from stage 13 in chick. The cell

bodies of the motor nerves V, VII, IX-X arise from r2/3, r4/5, r6/7, with the facial nerve
developing first, then the glossopharyngeal-vagal and finally the trigeminal (Chang et a i,
1992; Guthrie & Lumsden, 1992). By stage 15-16 the motor nuclei are well formed and
the efferent sensory neurons and afferent motor neurons enter or exit at points in the
neuro-epithelium, beside which the boundary caps of the ganglia are thought to form from
crest cells (Lumsden et a i, 1991). In the chick trigeminal ganglion, axons of the sensory
neurons have a directive role in the migration and differentiation of outgrowing
motorneuron axons in stage 9-10 embryos (Moody & Heaton, 1983a), with motor neuron
migration occurring only after the axons from the sensory ganglia cells had penetrated the
brainstem (Moody & Heaton, 1983b). By stage 15, the sensory axons are already growing
into the brainstem and the motor axons growing out. At this stage in quail, though
condensing cranial ganglia are observed, no expression of Krox-20 is noted within them.
Also, the boundary cap expression of Krox-20 is stage-specific, being upregulated later in
development at stage 17 and not before. Thus, switching on of Krox-20 expression in the
boundary caps seems to be unrelated to defining the entry/exit point of neurons, which is
already underway by stage 10 and well defined by stage 15 (Chang et a i , 1992; Guthrie
& Lumsden, 1992). However, Krox-20 could have a later function in the development of
boundary cap cells, which have been suggested to have a trophic function. The expression
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o f K rox-20 in the crest and derivatives may also imply an involvement in initiating neuron
maturation or as one o f a number of factors involved in motor neuron maturation.

Table 4.1:
Comparison o f mouse Krox-20 and AP2 expression in the neural crest by
radioactive in situ hybridisation to near adjacent serial transverse sections, staging by
somite count (som). r : rhombomere; r5/6: r5/6 junction; +/-: presence/absence o f signal
in crest from different rhombomeric levels.
axial level of crest
som
AP2

(rox-20
2

r3

r4

r5

+

_

_

_

_

+

-

+

-

-

-

-

+

-

+

-

-

-

-

+

t2

r3

r4

r5

+

_

+

_

13

+

-

+

18

+

-

+

8

r5/6

r

r5/6

Table 4.3:
Quail Krox-20 expression in crest. Serial transverse sections of quail stages
(number of somites or HH stages) probed with
labelled chick Krox-20, The axial level
of the hindbrain or rhombomeres from where crest is migrating or has emigrated are
mentioned (r2, r4 & r5/6 junction), together with sites of expression sites later in the
boundary caps of cranial ganglia (g). +/- : presence/absence o f signal. () : be condensing,
but not expressing Krox^O.
Stage
HH/ss

boundary caps

crest
f2

r4

r5/6

g5

g7/8

g 9/10

_

_

_

-

3ss

-

7-8ss

-

-

+

-

-

-

10

-

-

+

-

-

-

14

-

-

+

-

-

-

15

-

-

+

0

0

0

+

+

+

17
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T a b le 4 2 :
Krox-20 pattern in m ouse crest Serial transverse and saggital sections o f m ice probed with
35S-UTP and w hole mount embryos probed with DIG-UTP labelled murine Krox-20. pm+m crest premigratory and migratory crest r5/6: r5/6 junction; +/-: presence/absence o f signal in the crest frcMn
rhombomeres (r), or in the cranial ganglia (g) boundary caps (be). A ge is given in days post coitum (dpc)
or som ite count.

stage
dpc

8.0

8.5

9.0

9.5

pm + m crest
som

r2

r4

ganglia be

r5/6

0

_

_

1

-

-

-

3

-

-

-

5

-

-

+/-

6

-

_

+

7

-

-

8

-

-

+

9

-

_

+

10

-

-

+

11

-

-

+

13

-

-

+

15

-

-

+

16

_

.

+

18

-

-

+

19

-

-

+

20

-

_

+

23

-

-

+

24

-

-

+

25

-

-

+

27

-

-

+

g7/8
r4

g9/10
r6/7

+

29

+

+

+

30

+

+

+

32

+

+

+

34/5

+

+

+

10.5

+

+

+

10.75

+

+

+

12.5

+

+

14.5

+

+

10.0
10.25
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CHAPTER 5

Avian neural crest cultures : Expression o f Krox-20 and Hox-2 genes in-vivo and invitro.
5.1

Introduction
Neural crest in vertebrates gives rise to a diverse range of structures

(reviewed in Le Douarin, 1982). In the vertebrate head, many craniofacial structures are
derivatives of neural crest, like sensory ganglia, most of the cephalic skelton, smooth
muscles of the face, ciliary muscles, tooth papillae and connective components of glands.
Generation of such a diverse range of cellular types from a seemingly uniform tissue is an
interesting problem in cell fate determination during development. Many genes encoding
putative transcription factors, like AP2, Krox-20 and Hox-2 genes are known to be
characteristic of cranial neural crest. It is possible that some of these molecules are
involved in the emergence of different cell lineages in the neural crest. In this chapter I
describe preliminary experiments using an avian in vitro system that could be used to
investigate the role of different transcription factors in these processes.
More is known about the expression o f murine transcription factors in the
neural crest than their avian equivalents, thus it is important as a first step to establish the
in vivo expression patterns of some homologous avian genes in the developing head which
may be involved in neural crest lineage decisions. In addition to expression observed in
r3 and r5, Krox-20 has been shown to mark the boundary caps of cranial ganglia, and at
an eai lier stage expressing crest is seen to emerge from the r5/r6 junction in both mouse
and birds (Wilkinson er aL, 1989a; Nieto et a i , 1991 and chapter 4), no expression
observed in crest from r2 or r4. Independant evidence of migratory crest from r3 and r5
has recently become available (M. Bronner-Fraser pers. comm.). It has been proposed that
the Krox-20 expressing crest may be contributing to the formation of boundary caps of
cranial ganglia beside the even-numbered rhombomeres 2, 4 and 6 (Wilkinson et a i,
1989aX
In mouse Krox-20 is expressed in a subset of cranial crest marked by Hox-2
genes (Wilkinson et a i, 1989a, b; Sundin et a i, 1990; Hunt et a i, 1991b; Morriss-Kay et
a i , 1991; Murphy & Hill, 1991 and chapter 4), Hox-2.9 marking a sub-population o f r4
crest and Hox-2.8 crest from r4 and r6. Studies made by in situ hybridisation and antibody
staining (Sundin & Eichele, 1990; Sundin et a i , 1990; Maden et a i, 1991; Guthrie et a i ,
1992) had established the domain of Chox-2.9 (Ghox-lab) expression in chick to be in r4,
as in mouse (Muiphy et a i, 1989; Wilkinson et a i, 1989b: Sundin & Eichele, 1990). The
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antibody marked a very small group of cells migrating from r4 at stage 10++ chick
(Sundin & Eichele, 1990), which is thought to be neurogenic (Hunt e t a L y 1991b). A larger
population of positive cells marking the putative neurogenic crest was observed from stage
11 onwaids in chick (Sundin & Eichele, 1990), though no r4 crest had been reported at a
similar stage by radioactive in situ hybridisation (Guthrie et û/., 1992). Expression limits
of murine Hox-2.6 are known to correspond to the r6/r7 junction, though Chox-2.6
expression domains in avians had not been studied previously.
To establish the in vivo pattern of expression in quail, a heterologous chick
probe, Chox-2.9, was used. Near adjacent sections of a stage 9 embryo were probed
alternately with Chox-2.9 and Krox-20 to establish the expression pattern at different axial
levels, their known localisation of Krox-20 expression to r3 and r5 serving as a marker for
determining the neuraxial level. Transverse sections of a stage 11 embryo were studied to
obtain more infoirnation about r4 crest expressing Chox-2.9. It was necessary to confirm
Hox-2.6 expression in avians, to determine if pattern was conserved across species, before
studying the in vitro expression (see below). The chick homologue, Chox-2.6, was used
as a heterologous probe to study expression in the neural tube and crest to generate
information regarding the pattern observed in quail.
A technique of culturing neural crest explanted before migration from the
quail midbrain and hindbrain has been established by P. Thorogood (details in chapter 2,
section 2.6), which can be used to determine the number of cells expressing particulai'
genes by in situ hybridisation. Using this technique, I proposed to assess the relative
proportion o f Krox-20 positive cells in culture, in an attempt to conelate this quantitatively
to the extent o f expression in crest derivatives such as boundary caps. This would test the
hypothesis that the boundary cap lineage is distinct in early migrating crest, maintained by
Krox-20 expression. A subpopulation of r4 crest derivatives express Hox-2.9 (i.e. the
ganglionic derivatives. Hunt et aL, 1991b), so in addition I aimed to investigate whether
there was more cellulai* heterogeneity in Hox-2.9 expression than with a gene such as Hox2.6, thought to be expressed in both mesenchymal and neurogenic crest derivatives
(Wilkinson et a l , 1989b; Hunt et a i, 1991a).
Twenty-four hour explant cultures of quail hindbrain and midbrain crest (the
latter for contiol purposes) were used in the experiments. Earlier immunohistochemical
studies have reported the abundance of type I collagen in crest derived ectomesenchyme
in vivo (Thorogood et a i , 1986). In situ hybridisation was carried out using a heterologous
chick probe for type 1 collagen mRNA, CJ2 (Devlin et a i, 1988), as a positive control.
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5.2

Results

5.2.1

Expression ofK rox-lO and Chox-2.9 in cephalic crest and neuroepithelium
o f Quaii
Expression of Krox-20 in the hindbrain and neural crest has already been

reported for stage 10 quail (Chapters 3 and 4, Tables 3.1 b, 4.3). No expression o f Krox-20
has been observed in the midbrain, either in the neuro-epithelium or in the neural crest at
the stages studied (data not shown).
A comparison of Chox-2.9

and Krox-20 expression in midbrain and

hindbrain has been carried out in HH stage 9 (7-8 somites) quail (figure 5.1). The plane
o f sections being oblique, a schematic diagram of the different sections are given in figure
5.1 a. No Krox-20 or Chox-2.9 expression is noted in the midbrain (data not shown).
Neural plate and migratory crest at the level o f r 1-2 lack Krox-20 and Chox-2.9 expression
(data not shown). In the hindbrain, absence of Chox-2.9 expression is noted in r2/3 (figure
5.1 b). In a near-adjacent section passing though r3 on the right and r4 on the left, Krox-20
is noted in r3 and not in r4, the mesenchyme beside both r3 and r4 lacking gene expression
(figure 5.1 c). Caudal to this, Chox-2.9 expression is noted across the neural plate in r4,
but no crest cells emigrating from r4 are distinguishable at this stage (figure 5.1 d).
Rhombomere 5 shows the second stripe of Krox-20 expression (figure 5.1 e). A very low
level o f Chox-2.9 expression, just slightly above background, is detected in the neural plate
in a near adjacent section passing through r5/6 (figure 5.1 f). Krox-20 expression is
observed only at the edges of the neural folds, in the pre-migratory crest caudal to r5
(figure 5.1 g). Expression of Chox-2.9 is strongly observed in the neural plate from the
level o f r6, expression also being observed in the surface ectoderm (se) at this level (figure
5.1 h). The pharyngeal region expression marked by white arrowhead in figure 5 .If and
(p) in figure 5.2c-d will be discussed in the next chapter.
Figure 5.2 represents transverse sections through the midbrain and r4 region
o f the hindbrain in a stage 11 quail. No expression of Chox-2.9 is seen in the midbrain
neuro-epithelium (m) or emigrating crest (figure 5.2A). Chox-2.9 RNA is present in high
levels only in the neuro-epithelium of r4 (figure 5.2B). In the neural crest (nc) com ing
away from r4, the signal to noise ratio is such that it is difficult to comment on the level
o f expression seen in the crest and whether expression is restricted to a particular subset
o f r4 crest or not (figure 5.2B). It is also difficult to comment on (non)expression of Chox2.9 in r5 neuro-epithelium from figure 5.2C, due to the high background in the section.
Caudal to the otocyst, a high level of Chox-2.9 expression is noted in the neural tube, no

141

Figure 5.1 (right):
Expression of Chox-2.9 and Krox-20 in stage 9 quail hindbrain.
Radioactive in situ hybridisation using
labelled chick Krox-20 and Chox-2..9 on serial
transverse sections. Plane of sections and neuraxial levels are schematised in ’a’, as the
sections are oblique. Panel on the left is Krox-20 and on the right Chox-2.9. White
arrowhead marks pharyngeal endoderm. n: notochord; nc: neural crest; ne: neuroectodeiTn; se: surface ectoderm. Magnification: 20X; 100pm is equivalent to 1.68mm.
Figure 5.2 (Below): Chox-2.9 in stage 11 quail: modulation of expression in the hindbrain
and absence in midbrain region crest and neural tube. Radioactive in situ hybridisation

using chick K rox-20 and Chox-2.9 probe showing transverse sections through midbrain and
hindbrain level. A passes through the midbrain, B through rhombomere 4, C through
rhombomere 5 and D through rhombomere 6. h: heart; m: midbrain neuro-epithelium;
n: notochord; o: otic cup; p: pharyngeal endoderm; r 4-6: rhombomeres 4-6; s: surface
ectodeiTn. Scale bar marks 100pm. A,B are the same magnification.
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Figure 5 3 (left):
Non-radioactive whole mount in situ hybridised stage 14 quail
showing expression o f Chox-2.6 in the neuro-epithelium and other embryonic tissues.
A,C,E are dorsal views, B,D lateral and F a ventral view o f the embryo. Low power
picture A, and its higher magnification C, show the anterior limit o f neuro epithelial
expression to be at r6/7 junction. B is a low power lateral view. White arrowheads mark
the anterior limits of expression in neuro-epithelium and paraxial mesoderm to be out o f
register. D is a higher magnification o f B, showing the anterior most limit o f mesodermal
expression to be in the caudal end o f somite . E is another view showing this more
clearly. F shows endodermal expression in the third pharyngeal slit and in more caudal
tissues,
h: heart; o: otocyst;
p: phaiyngeal slit; r: rhombomere;
s: somite.
Magnification: A is 30X, B 25X, C-E 80X and F 40X.
6

crest expression being observed at this level (figure 5.2D). Surface ectoderm (s) caudal to
the otocyst is seen to express Chox-2.9 (figure 5.2D).

5.2.2

Expression o f Chox-2.6 in giiail.
Figure 5.3 illustrates the expression o f Chox-2.6 in the stage 14 quail

embryo. The anterior boundary of neuro-epithelial expression is very diffuse, located just
caudal to the otocyst at the r6/7 border (figure 5.3A,C). A gradual increase in expression
levels is noted along the axis in a caudal direction, with expression levels increasing from
the caudal part of r7 going posteriorly (figure 5.3E). Crest expressing Chox-2.6 is not
detected beside r , r7 or r (figure 5.3C,E). No expression is noted in r and anterior to
6

8

6

it in the neural tube or its associated crest (figure 5.3A). The anterior-most limit o f
expression in the paraxial somitic mesoderm is seen to be caudal to the anterior limit in
the neural tube (figure 5.3B). No expression is noted in somite 1-5 (considering the first
somite is not clearly defined any more at this stage), Chox-2.6 beginning to express only
from the caudal end of somite

5.2.3

6

and all over the somites caudal to it (figure 5.3D,E).

Krox-20 and Chox-2 ^enes in cephalic crest explant cultures o f q u a il
Figure 5.4 shows rhombencephalic and mesencephalic crest explants o f stage

9-10 quail cultured for 24 hours and probed with heterologous chick Krox-20^ Chox-2.9, 2.6 and type I collagen probes. Positive control experiments are presented initially. The
heterologous chick type I collagen (pCJ2, Devlin et a i, 1988), which is known to express
in cells present at sites undergoing epithelio-mesenchymal interactions (P. Thorogood, pers.
comm.), served as a positive control in these and later experiments. As seen from the 24hour rhombencephalic culture (figure 5.4A), type 1 collagen is expressed abundantly in
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Figure 5.4 (Left):
Expression of CJ2, Krox-20 and Chox-2.9 in 24 hour cultures of
rhombencephalic and mesencephalic crest explants in vitro using radioactive probes. A and
B are rhomben- and mesen- cephalic cultures respectively probed with CJ2. C,D are low
and high power respectively, of mesencephalic explant culture probed with Krox-20. E is
a rhombencephalic and F-G low and high magnification views of a mesencephalic culture
respectively, all three probed with Chox-2.9. H is a mesencephalic culture showing Chox2.6 expression in vitro. B,F,G are bright field single exposure pictures. White arrowheads
mark cells expressing CJ2 at sites of epithelio-mesenchymal interaction. Black arrowheads
mark cells at the periphery of the explant cultures expressing the Chox-2 genes, exp:
explant. Scale bar marks 100pm in the figure, magnification of C is same as A and E same
as D.
Figure 5.5 (Below): In vitro expression of Chox-2.9 in different duration mesencephalic
crest cultures and "Polo" cultures. A is 12 hours, B is 18 hours and C is 48 hours cultures
probed with Chox-2.9. D is a "Polo" culture, the inner edge being marked by the dotted
circle. All are single exposure bright field pictures. Black arrowheads mark the peripheral
cells of the culture expressing Chox-2.9. exp: explant. Scale bar marks 100pm; C and D
having the same magnification.
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cells around the explant (exp), particularly in cultures where traces of epithelial tissue
persist in explanted crest (large white arrowheads). A similar pattern is observed with the
24-hour mesencephalic culture where the crest explant has traces of epithelial tissue (figure
5.4B), and in 48-hour rhombencephalic and mesencephalic cultures (data not shown). This
is not the case in explants from different axial levels lacking epithelial contamination,
where no hybridisation of probe is noted in any part of the culture (data not shown).
In a 24 hour mesencephalic culture, no expression of Krox-20 is observed
in any pail of the explant or the crest cells migrating away from it (figure 5.4C), a higher
density of silver grains being noted in the area surrounding the culture, but not on the the
cells within the culture itself, even though it is known that the probe works on tissue
sections (chapters 3 and 4). The higher magnification view (figure 5.4D) reveals silver
grains to be at the outer edge, but not on the peripheral cells, of the culture, and thus are
likely to be due to a non-specific edge-effect of autoradiography. A similar non-specific
hybridisation

is

obtained

in

24-hour

rhombencephalic

cultures

and

48-hour

rhombencephalic and mesencephalic cultures probed with Krox-20^ producing a high
background (data not shown).
In marked contrast, Chox-2.9 is strongly expressed in the large, flattened
cells at the periphery of 24-hour rhombencephalic cultures (figure 5.4E, black arrowheads
in this and successive pictures), no expression being noted more centrally within the
explant or in the smaller, slightly spindle shaped crest cells in the immediate proximity of
the explant. A similar pattern is observed in 24-hour mesencephalic cultures (figure 5.4F).
A higher magnification image of the later shows the slightly spindle shaped migrating cells
proximal to the explant as not expressing the gene, but silver grains are seen on the
flattened cells at the periphery of the culture (figure 5.4G). Another Hox-2 gene, Chox-2.6,
showed a similar in vitro up-regulation of expression in peripheral cells of 24-hour
mesencephalic explant cultures (figure 5.4H).
Chox-2.9 expression was observed in vitro from axial levels not normally
expressing the gene. Figure 5.5 shows the expression of Chox-2.9 in mesencephalic crest
explants cultured for different periods of time and in the "Polo" cultures (see chapter 2,
section

2

. ), to determine if this expression is transient and whether it results from cells
6

being at the edge of the outgrowth or an ’edge artifact’. A pattern similar to those
observed in 24-hour mesencephalic cultures was observed in all the time courses studied,
from the earliest (12-hour, figure 5.5A) to the latest (72-hour, data not shown), as also in
the intermediate stages (18-hour and 48-hour cultures, figures 5.5B, C respectively). The
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level o f expression in the peripheral cells is very low in 72-hour cultures (data not shown).
It was important to test if the signal at the leading edge o f the culture was
false or an ’edge artefact’ or whether the presence of silver grains was due to a genuine
’edge effect’ produced by peripheral cells of the culture expressing Chox-2.9. A new edge
w as created within the culture, producing a "polo" culture. In the "polo" culture, the
explant is removed from the centre of the culture after 24 hours, and the mother culture
grown for a further 24 hours. Crest cells fill in the gap left by the plucked out original
explant (dotted circle, figure 5.5D), but no Chox-2.9 expression is noted in the cells
situated at the newly created inner edge of the culture. The outer edge expression o f this
48-hour parent culture (figure 5.5D) is similar to the 48-hour culture shown in figure 5.5C.
Further experiments, where the explant excised from the parent culture is seeded sepaiately
to produce a new leading edge o f culture, have been carried out, but the results are not
conclusive yet and have to be repeated.

5.3

Discussion

5.3.1

Expression patterns o f Krox-20 and Chox-2 genes in the cranial neuroepithelium and crest o f quail
The general pattern of crest emigration in birds has been discussed in

chapter 4. Here I will discuss the patterns of Chox-2 genes in relation to Krox-20 in avian
cranial neural crest.
In the quail hindbrain, Krox-20 is seen to mark r3, r5 and migrating crest
caudal to r5, no migrating r4 crest being marked at any stage (this chapter and chapters
3 & 4). Chox-2.9 expression is high in r4, crest not being marked strongly at the stages
studied (HH 9 & 11), unlike chick (Sundin & Eichele, 1990; Sundin et a i , 1990; Maden
et a l , 1991; Guthrie et a i, 1992). Expression o f Chox-2.6 is lacking in the midbrain neural
epithelium and crest, similar to chick (Sundin & Eichele, 1990). Unlike mouse, where
expression is down-regulated caudal to r4 in the neural tube, persisting only around the
posterior neuropore and unsegmented mesoderm (chapter 3 and Murphy et a i , 1989;
Frohman et a i, 1990), expression in quail persists caudal to r4, as in chick (Sundin &
Eichele, 1990; Guthrie et a i, 1992). Though neuroepithelial expression is down-regulated
immediately caudal to r4, the level of expression is higher than background at r5, in stage
9 and 11 quail, the expression levels increasing caudal to the otocyst from r . There is a
6

difference between quail and chick in the developmental stage at which modulation o f
Chox-2.9 expression in the neural tube takes place. Modulation occurs earlier in quail, the
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down-regulation o f expression caudal of r4 being just apparent in stage 9 quail, comparable
to what is observed in stage

1 1

+ chick; similarly, the stage

1 1

quail pattern resembles

autoradiographical results with similar stage chick (Guthrie et a i y 1992), corresponding to
the stage 12- chick pattern observed immunohistochemically (Sundin & Eichele, 1990). It
seems to be a rather modest difference and may reflect just slight differences in
developmental rates, as there is very little to distinguish quail from chick around this phase
of embryogenesis (Le Douarin, 1986b). A delay in the translation of protein in relation to
tianscription o f mRNA may be responsible for this apparent disparity in timing, though the
time lag seems to be greater. Other than that, it may reflect the differences in the relative
degree of sensitivity of the immunohistochemical method to the detection of mRNA.
The expression of Chox-2.6 in birds has been established for the first time
in this study. Chox-2.6 expression in the neural tube is seen along the spinal cord, going
rostrally up to the r6/7 junction in the hindbrain, as in mouse (Wilkinson et a i, 1989b).
It is difficult to distinguish the cells of neural crest origin from those of lateral plate
mesoderm in the ventro-lateral part of the post-otic region mesenchyme. No expression is
noted in the crest emigrated from r7 or caudal rhombomeres, even though contribution of
crest from r and r7 to third and fourth branchial arch, and to the formation of the IXJX
6

cranial ganglia, is deduced from Lumsden et a i, 1991 and the Hox code (Hunt et a i ,
1991b). At HH stage 14 (the stage studied), the third arch is just visible, the other arches
not being fomned yet. Hence, it is not possible to comment on expression in more posterior
ajches, though it is known that Chox-2.6 expression is seen in arch 4 of a stage 18 chick
by radioactive in situ hybridisation (P. Hunt, pers. comm.). This discrepancy could be due
to the difference in sensitivity of the two methods employed or species-specific sensitivity
aiising from the fact that a heterologous chick probe was used on quail. Branchial arches
one and two do not express Chox-2.6 at stage 14. Arch one is supplied by crest from
midbrain and rhombomeres 1+2, and arch two by crest from r4. By corollary, crest at the
level of midbrain-r2 and r4 would have been negative for the gene at the earlier stages,
because the mesenchyme populating the respective arches emigrated from neuraxial levels
not originally expressing the gene. No Chox-2.6 expression is noted in the midbrain region
in the neural tube or crest emigrated from it, which is important in context of the in vitro
results. The mesodeimal boundary at the caudal end of somite , is in agreement with the
6

boundary noted in older stage mouse at the second cervical prevertebra (Gaunt et al., 1989;
Kessel & Gruss, 1991; Whiting et a i, 1991).

150

5.3.2

In vitro expression o f Krox-20 and Hox-2 series in crest expiant cultures:
Rhombencephalic and mesencephalic crest cultures
The procedural controls undertaken to study the expression o f genes

characteristic o f cranial crest in explant cultures worked well. In cultures where traces o f
neuro-epithelium persisted in the excised crest (from both midbrain and hindbrain levels),
type I collagen expression has been observed in cells surrounding the explant, in 24- and
48- hour cultures. Expression is lacking in cultures without persistent epithelium.
No Krox-20 expression is noted in mesencephalic or rhombencephalic
explants cultured for 24- or 48- hours. Significantly cells at the outer periphery o f both
mesencephalic and rhombencephalic explant cultures express Chox-2,9 in 24 hour cultures,
as is also the case for Chox-2.6. No expression of Hox-2 genes in the midbrain in vivo has
been reported in vertebrates (Wilkinson et a i, 1989b; Hunt et a i , 1991a and this study).
In mesencephalic explants, a persistent pattern of cells at the periphery o f the outgrowth
expressing Chox-2.9 is noted in crest cultured for different lengths o f time, i.e.

1 2

, 18, 48

and 72 hours. When a new inner edge is created is cultured for a further 24 hours, only
cells at the outer periphery of the parent culture express Chox-2.9, not the cells at newly
created internal edge. Thus, some genes are transcribed in the cells o f explant cultures for
a long time under in vitro conditions of growth, as noted by the expression of Chox-2.9,
though Krox-20 expression is not observed at all.
Like Collagen H, expression of Collagen I is restricted to sites of epitheliomesenchymal interactions in the head (Thorogood et a l, 1986; Wood et al., 1991). The
observation that a much stronger signal is obtained with CJ2 from neural crest cells
cultured in the presence of epithelium suggests that this amplification o f gene expression
is likely to be the result of an epithelio-mesenchymal interaction. Thus, in vitro expression
o f type 1 collagen in cranial crest is consistent with its expression in vivo. A relevant
experiment would be to study the expression o f Qiiox-7 (Takahashi & Le Douarin, 1990)
in these cultures, which is known to be triggered by epithelio-mesenchymal interactions
in the mandibular arch (Takahashi et a i, 1991).
Krox-20 signal is lacking in midbrain cultures, in agreement with the
absence o f Krox-20 RNA from the midbrain region (both neural epithelium and crest) in
quail, as in mouse (Wilkinson et a i , 1989a and this study). Krox-20 is expressed in the
pre-migratory crest caudal to r5 at stage 9. However, no signal is observed in cells o f the
rhombencephalic explant cultures, other than a high background produced by the presence
o f silver grains in regions excluding the area occupied by the culture. K rox-20 is activated
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transiently in fibroblast cell cultures (Leraaire et a i, 1988). This may explain the lack of
Krox-20 expression in the crest explants, as it may not be possible for the crest cells to
transcribe Krox-20 under the in vitro conditions prevailing in the culture, the originally
transcribed Krox-20 RNA present in the explant not being detectable any longer because
it has a half life of twenty minutes (Lemaire et a l, 1988). Though experiments were
undertaken in this chapter with a view to resolve the quantitative contribution o f crest
positive for Krox-20 in relation to formation of boundary caps, the results obtained in
chapter 4 suggesting that there is no relation between r5/r6 crest expression and signals
observed in crest-derived boundary caps, was not known at the time. But, these results only
indicate that the early expression pattern of Krox-20 is not maintained in these cultures.
An important observation is the upregulation of Hox-2 genes in the
periphery o f explant cultures, even in cultures from axial levels of the brain which
normally do not express those genes. Expression of Chox-2.9 is seen in midbrain explant
cultures, in direct contradiction of observations described in section 5.2.2 and Sundin et
a l , (1990), showing lack of endogenous expression in the midbrain. Retinoic acid induces
ectopic expression of Hox genes, producing alterations to craniofacial morphogenesis
(Kessel & Gruss, 1991) and anteriorisation of structural units in the head (R. Krumlauf and
H. Mai shall, pers. comm.). The in vitro expression of Hox-2 in cultures may be an ectopic
switching on of expression due to culture conditions, perhaps similar to what is observed
that observed following treatment with retinoic acid (Mavilio et a l, 1988; Boncinelli et a l,
1991). A similar event may be taking place with XTC-MIF, a Xenopus homologue of
activin A, which can induce several cell types in a dose dependant manner in cultures of
intact animal caps or dispersed blastomeres, higher doses inducing more dorso-anterior
tissues (Green & Smith, 1990; Green e t a l , 1990). Cell substratum adhesion molecules like
fibronectin (reviewed in Dufour et a l, 1988) have been implicated in the migration o f
neural crest cells in the chick (Bronner-Fraser, 1986). Some of the earliest crest cells to
migrate from the cranial and sacral levels synthesize fibronectins in a fibronectin-free
matrix (Newgreen & Thiery, 1980). The pioneer population of neural crest cells emigrating
from the explant come in contact with an in vitro environment distinct from the
suiTOundings faced in vivo by the initial migratory crest cells leaving the neural plate. The
first crest cells to move away from the explant and therefore at the periphery o f the
culture, are known to be fibronectin positive (Newgreen & Thiery, 1980; Thorogood et a l ,
1982 and P. Thorogood, pers. comm.). The migratory cells that emerged initially are to be
found at the outer edge of the culture, and these are consistent with the ones expressing
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Chox-2.9 in different duration cultures. In a confluent monolayer o f cultured fibroblasts,
wounding caused by scraping o ff an area resulted in inducing up regulation o f Hox-1.3
expression within 30 minutes in the non-contact inhibited cells of that region (Odenwald
et a i , 1987). Confluence and serum deprivation was found to down-regulate H ox-2.\
expression, serum stimulation inducing expression after 36 hours (Papalopulu et a i , 1990).
These observations suggest that cell contacts and growth factors are important in
modulating Hox activity. Eliminating contact inhibition and low cell density conditions,
which themselves parallel the conditions caused by in vitro wounding, may trigger
upregulation of expression of Hox-2 genes in these cells, even in explants derived from an
axial level not normally expressing those genes. By this reasoning, contact inhibition may
be responsible for non-expression of Hox-2 genes in the rest o f the culture, as shown for
Hox-2A (Papalopulu et a i, 1990). Alternately, the later emigrating cells simply do not
respond in this way because they are intrinsically different from the pioneer cells.
Following removal of the explant from the centre o f the culture and
controlled growth of the parent culture, expression was not detected in the new internal
edge so produced. This suggests that wounding-type conditions inducing expression of
Hox genes at the leading outer edge of the culture may have a role to play in inducing
expression, but are not singularly responsible for this. Cells of the internal edge face
conditions of low cell density, though the environment is not necessarily free of
extracellulai matrix as that faced by the pioneer cells, having been conditioned by previous
occupants. Hence inner edge cells may have a slightly different environment from the
pioneer cells at the outer leading edge, and therefore can not respond by upregulating Hox2 expression. It may be that only the pioneer cells of the culture have the ability to switchon expression under these conditions. The pioneer population o f cells leaving the explant
may have a unique property distinguishing them from the rest o f the population, that could
probably be linked to the state of differentiation of cells. In F9 cell cultures, expression
o f Hox-2 genes has been shown to be linked to the state of differentiation of the cells
(Papalopulu et a i , 1991). Hence, cells at the leading edge of the explant culture may be
differing in their state of maturation or differentiation, and can therefore upregulate Chox2.9, whereas inner edge cells may be in another pathway o f differentiation and hence
unable to upregulate expression. A way to address this problem would be removing the
original explant from the mother culture, re-seeding a secondary culture from it, to
determine what happens at the secondary leading outer edge created around the re-seeded
explant If only matrix-free, low cell density environment were responsible for switching
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on RNA transcription in cells, expression may have been observed at the secondary leading
edge created around the explant If in addition maturation states were responsible for
switch-on, then Hox-2 expression would be lacking in these cells. This suggests that
pioneer cells are intrinsically different, having the ability to respond to explantation by
inducing Hox-2 genes, in response to confluence, presence of growth factors or state of
maturation, which may be absent in the cells generated at the leading edge o f the
secondary culture or in the cells of the inner edge of the "Polo" cultures.
The possibility exists that midbrain lacks endogenous Hox-2 expression due
to repressive influences from the hindbrain, and is thus maintained in a ’basal’ state o f Hox
expression. Under in vitro conditions, explanted midbrain crest is removed from the
proximity of the hindbrain, possibly resulting in absence of repressive influences from the
environment. Thus could cause a de-repression, resulting in the expression of Hox-2 genes.
Enzymatic dissociation of approximately stage 9 quail pre-migratory
rhombencephalic crest, fixed and spread on slides (Heath et a i, 1992 and P. Thorogood,
pers. comm.), may help to determine the number of pre-migratory presumptive crest cells
expressing Krox-20 or Hox-2 genes in vivo. This would possibly circumvent the problems
(if such is the case) of crest cells being unable to transcribe Krox-20 in culture under
conditions deviating from the in vivo environment, and also the in vitro conditions upregulating ectopic expression of Hox-2 genes.
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CHAPTER 6
Late expression of Krox-20 and Hox-2 genes in mouse and quail.
6.1

Introduction
In previous chapters the expression patterns of Krox-20 and Hox-2 genes in

the cranial neural epithelium and neural crest have been established during the early stages
o f development. In this chapter,

1

will look at the later distribution of these transcription

factors, to gain a more specific understanding of how these factors, acting at a cellulai'
level, may give rise to multicellular structures.

6.1.1

Expression o f Krox-20 in mesectodermal crest derivatives
In addition to the boundary caps of cranial ganglia, expression of Krox-20

is also observed in the boundary caps of spinal ganglia (Wilkinson et a i , 1989a and
chapter 4, section 4.1.1), which are crest-derived structures in the peripheral nervous
system o f the trunk (Altman & Bayer, 1982, 1984). As expression has been noted in these
neural crest derivatives, the question arises - is Krox-20 expressed in other crest
derivatives? To study this, radioactive in situ hybridisation was carried out on serial
saggital sections of 12.5 and 14.5 dpc mouse.

6

.1.2

Branchial arch and ^ut expression o f Hox ^enes
Branchial arches are populated by crest mesenchyme migrating from

particular neuraxial levels in the head (Anderson & Meier, 1981; Tan & Morriss-Kay,
1985; Lumsden et a i, 1991). A combination of Hox genes expressing in particular
branchial arches give rise to a Hox code for each arch (Hunt et a i , 1991a, b). There aie
as yet no clues how it might be converted into final morphology. A higher level o f
expression of Hox-1.% is noted in r3-5, with the crest emerging from i*4 contributing to
branchial arch two (Wilkinson et a i, 1989b; Hunt et a i , 1991a, b and chapter 3). The
paralogue o f Hox-2.%, Hox-\A 1, was reported to express in arch two and three at 9.5 dpc
(Hunt et al., 1991a). More positional information is needed than the Hox code could
supply. Cellular resolution obtained by non-radioactive in situ hybridisation would help
provide evidence for a Hox code in particular cell populations within the arch. Therefore,
experiments to look for differences in expression domains within a branchial arch, i.e.
proximo-distal or dorso-ventral patterning, were carried out. Different stages o f mice
probed with digoxygenin labelled Hox-2.% riboprobe were dissected and flat mount
préparations made. Is H ox-\.\ \ expression detected at a later stage in development, and
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Fig u re 6.1:
Expression of Krox-20 in crest derivatives and central nervous system in
12.5-14.5 dpc mouse, following through a series of saggital sections hybridised to
radioactive Krox-20 probe. A-B is a paja-saggital section of a 12.5 dpc mouse; C is a parasaggital section of a 14.5 dpc mouse and D-E is mid-saggital section of another 14.5 dpc
mouse. A,D aie bright field and B,C,E are dark field pictures. F is a high power picture
of the area boxed in E. drg: dorsal root ganglia; fi: forelimb; g: cranial ganglia; hi:
hindlimb; ma: mandible; mx: maxilla; mo: medulla; my: myelencephalon; n V,XU:
hindbrain motor nuclei tentatively identified to be of V and XII respectively; sc: spinal
cord; to: tongue; tg: tooth germ. A-C is 18X, D-E 12X; in F, 100pm is equivalent to
0.7mm (5X).
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if so, is there any evidence o f patterning within particular tissues or o f region-specific
subsets? At a still later stage o f development, where region-specific events such as
localised apppearance of tooth germs are occurring, near-adjacent frontal sections passing
through the neural tube and first three arches of an

1

1.5 dpc mouse were probed with Hox-

2.8 and the heterologous human probe for H o x -\,\ 1, //O X -IK . Given that region-specific
morphologies are by now emerging, it is likely that Hox genes would by now be showing
spatially-restricted distribution if they were providing additional positional information
within a branchial arch.
Related to patterning of the mesenchyme and epithelium during development
is the question whether endoderm has a role in pattern formation. Due to difficulties in
peiforming grafting experiments with endoderm, very little experimental evidence for
endoderm properties during development are available. Homeobox-containing genes like
Cdx-1, the mouse homolog of Drosophila caudal (Duprey et a l , 1988), and Hox genes like
H ox-2A, -2.9 and -1.6 (Holland & Hogan, 1988b; Sundin & Eichele, 1990; Sundin et a l ,
1990; Murphy & Hill, 1991; Wall et a l, 1992) have been reported to be expressed in the
gut. Is there a Hox code for the endoderm as there is for the neural epithelium and
branchial aich crest? Serial transverse sections of stage 9 and 1

1

quail probed with

heterologous chick probes, Chox-2.9 and Krox-20 were studied to determine the axial level
of foregut endoderm expression in relation to the known r3 and r5 domains o f Krox-20.
Whole mount non-radioactive in situ hybridised embryos were examined, Hox-2.% and -2.9
expression being studied in the mouse and Chox-2.6 in quail, to determine if other Hox-2
genes were expressed in the gut.

6.2

Results

6.2.1

Krox-20 expression in mesectodermal derivatives o f crest in mouse
Figure .1 shows the sites of Krox-20 expression in the peripheral nervous
6

system of the trunk and the late sites of expression during the second phase o f upregulation
of expression in the central nervous system (Wilkinson et a l, 1989a). Figure 6.1 A and B
are bright- and dark-field photographs respectively, of a mid-saggital section, showing the
boundary caps of the dorsal root ganglia (drg) of the spinal cord expressing Krox-20 in a
12.5 dpc mouse. A similar pattern is noted in a mid-saggital section o f a 14.5 dpc embryo
(figure

6

.1 D,E; bright and dark field respectively).
Xm x-20 expression is not confined solely to the nervous system. Figure 6.2

shows saggital sections of a 14.5 dpc mouse. Low power picture of a mid-saggital section
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F ig u re 6.2:
Mesectodermal sites of Krox-20 expression revealed by para-saggital
sections of 14.5 dpc mouse. A is a low power dark field picture of a section through a 14.5
dpc mouse (same as in figure 6.1 D). B is a higher magnification of the ruea boxed in the
head region. C is a dark field picture of a very lateral saggital section of another 14.5 dpc
mouse (same as in figure 6.1 C). D is a higher power view of the snout area within the
box. A blight patch within the box is an artefact, be: boundary cap; g: cranial ganglia;
n: motor nucleus of cranial nerve; tg: tooth germ; wf: whisker fibril. Magnification: A
12X, C 9X; 100pm in B,D equals 1.8mm (12.5X).
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show s two semilunar patches o f high expression of Krox-20 in the head, in the upper and
lower jaw (boxed area, figure 6.2 A), in addition to the boundary caps o f

the V and VII

cranial ganglia. These are the tooth germs (tg), one in the maxillary half and one in the
mandibular part of the first arch. A magnified image of this boxed area reveals expression
o f Krox-20 to be consistently in the mesenchymal part, the dental papillae, and sometimes
in the epithelial part (enamel) of tooth germs (figure 6.2 B). These have been tentatively
identified as the first molars by virtue of their position (distant from the mouth and
proximal to the base o f the Jaws) and the time they are first observed. Tooth germ
expression of Krox-20 is also noted in a para-saggital section of another 14.5 dpc embryo
(tg, figure

6

.1 D and E, bright and dark fields respectively). Higher magnification of the

area within the box shows expression in the dental papilla of the tooth germs in both the
maxilla (mx) and mandibular arch (ma) (figure 6.1 f). These have tentatively been
identified as the incisors, located posterior to the oral aperture. A low power parasaggital
section running through the face shows regular rows of circular spots on the snout (boxed
area, figure 6.2 C). expressing Krox-20 at a low level. These are whisker follices (wf) or
vibrissae, which in a higher magnification view are seen to express K rox-20 in the
epithelial part, the inner root sheath and cortex, but not in the ectodermally derived outer
root sheath or in mesenchyme cells of the dermal papilla (figure 6.2 D).

6.2.2

Branchial arch and ^ut expression o f Hox-2 Rcnes
Figure 6.3 shows flat mount preparations of Hox-2.% probed embryos. In a

13 somite mouse, a parallel stream of crest emigrating to branchial arch 2 from r4 is
observed, but no expression is noted in mesenchyme, surface ectodemi or endoderm of
arch one (figure 6.3 a). No population of cells marked by Hox-2.S is observed emigrating
from r3 (r2/3 junction marked by black arrowhead) in this figure. Cellular resolution of
Hox-2.% expression reveals all the crest mesenchyme emigrating from r4 to be expressing
Hox-2.^ RNA uniformly, no restriction of expression being noted to any paiticular sub
population of mesenchymal crest cells. In a 15 somite embryo (figure 6.3 b), a difference
is noted in the mandibular arch. Careful focusing reveals the endoderm in the posterocaudal part o f arch one to express Hox-2.% (white arrowhead), though expression is lacking
in other components o f the arch such as the mesenchyme and surface ectoderm, the
expression in arch two being similar to before. No crest emigration is observed from
further rostral along the neuraxis. This pattern observed in a 15 somite mouse is
maintained in 16-19 somite embryos (data not shown).
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F ig u re 6.3;
Flat-mount prepaiations of 9.25 dpc whole mount non-radioactive in situ
hybridised mouse embryos, exhibiting Hox-2.% expression in cranial neural crest, ’a ’ shows
the left side of a 13 somites and ’b’ both the sides in a 15 somite embryo. Black
arrowhead marks the anterior limit of neuro-epithelium expression of f/ox-2.8, and white
arrowhead the arch one endodermal expression. Antero-posterior (A-P) axis of embryos
as marked. 1,2: branchial arches; r2,4: rhombomeres 2,4; sc: spinal cord. Scale bar
represents 30pm in a and 10pm in b.
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F ig u r e 6.4;
Radioactive in sim hybridisation with Hox-2.% and its paralogue, f/O X -lK ,
on near adjacent serial sections passing through the three branchial arches in the head of
11.5 dpc mouse enibi-yo, showing expression in the arches. A and B represent Hox-2.H and
H o x - \A \ expression respectively. mBl,B2-3: branchial arches one, two and three; nt:
neural tube. Scale bar marks 100pm in both A and B.
Figure 6.4 shows near adjacent frontal sections passing through branchial
arches one, two and three of a 11.5 dpc mouse, hybridised with Hox-2.% and H o x -\A 1.
Because of greater cell density in tissues of later stage embryos, non-specific background
hybridisation occurs, producing a low signal to noise ratio with many probes. Expression
o f f/ojc-2.8 is noted in the neural tube (nt), but due to the high background-to-noise ratio,
it is difficult to infer (non)expression in the three branchial arches B 1-3 (figure 6.4 a). On
the other hand, H o x - \A \ expression is distinct in the neural tube and and in branchial
arches two and three (b2,b3, figure 6.4 b). The level of expression is much higher in arch
two than in arch three, but nothing conclusive can be said of (non)expression in arch one
(mB 1), due to the problem of high signal to noise ratio of H o x -1.11 probe. In aich two and
three, the expression of H o x-\A 1 is uniform and homogeneous, no proximo-distal, rostrocaudal or dorso-ventral modulation of expression being evident. No expression of Hox-2.%
or H o x -\A 1 is noted in other parts of the arches (figure 6.4 a,b).
Evidence of gut expression of Hox-2 genes have emerged from previous
chapters, which are now collectively presented in this section. Figure 6.5 aie side views
o f whole mount DIG in situs showing expression of Hox-2.9 in the gut, just caudal to the
heart (h), of a 12 somite and a 22 somite mouse embryo (white arrowhead, figures 6.5 a
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and b respectively). Branchial arch one (1) and heart (h) are noted to be devoid of H ox-2.9
expression in both the stages. Even in 2-5 somite (8.0 dpc) embryos, expression is noted
in the gut (data presented in Chapter 3, figure 3.11). In quail, radioactive in situ
hybridisation on transverse sections with Chox-2.9 shows expression in the pharyngeal
endodem i from the level of r4 in stage 9 (figure 5.1 d). The relevant tissue is missing in
the section passing through r4 level of the stage 1 1 embryo (figure 5.2 b), though sections
more caudal of r4 show expression in pharyngeal endoderm (data not shown). Endoderm
expression persists at the level of r5 and r6 along the antero-posterior axis (figures 5.2 c,d
respectively). No expression has been observed in the heart (figure 5.2 d). Hox-2.'è
expression has been noted posted or of the arches, in the gut region just caudal to the hetm,
in 7 somite to 19 somite mouse embryos, which is the latest stage studied in whole mounts
(Chapter 3, figure 3.13). Figure 6.3 shows a similar pattern of gut expression of H ox-2.^
in flat mount preparations of 13 and 15 somite embryos respectively. Expression of Chox2.6, a chick hom ologue of Hox-2.6, is noted in the third pharyngeal slit (P3) of a stage 14
quail, and in tissues caudal to it (chapter 5, figure 5.3 F).

F ig u re 6.5 (below): Whole-mount in situ hybridisation with Hox-2.9 probe on 8.75-9.5
dpc mouse embryos, illustrating gut expression, a is 12 somites and b is 22 somite stage.
Antero-posterior (A-P) axes of embryos are marked. White arrowhead denotes gut
expression o f Hox-2.9.
1,2: branchial arches; h: heart, m: midbrain; o: otocyst.
Magnification is 45X for ’a ’ and 40x for ’b ’.
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6.3

Discussion

6.3.1

Krox-20 in mesectodermal crest derivatives: cephalic non-neural sites and
spinal mn^lia
Crest derivatives in peripheral nervous system excluding the head region

show expression of Krox-20. Only the boundary caps of dorsal root ganglia, which are
dérivâtes of trunk crest, are seen to express Krox-20 in 12.5 and 14.5 dpc mouse, no
expression being noted in the rest of the ganglia (Wilkinson et al., 1989a and this chapter).
Expression is also noted in the epithelial part of the whisker follicles in the snout, and in
both the epithelial and mesenchymal part of tooth primordia identified tentatively as
incisors and molars in 14.5 dpc mouse.
Cranial ganglia are derived from neural crest and epideiTnal placodes,
whereas spinal ganglia of the cervico-truncal region, the dorsal root ganglia, are entirely
derived from crest (reviewed in Le Douarin, 1982, 1986b). There may be very weak
expression of Hox-2.% in the dorsal root ganglia of 11.5 dpc mouse (data presented in
chapter 3), further proof of which is available from the pattern observed in lines of
trangenic mouse, with Hox-2.% expression control elements fused to lac-Z (R. Krumlauf
and S. Nonchev pers. comm.). A similar pattern is observed with other Hox genes like
H ox-2.\ and -2.6 (Graham et a i, 1988; Holland & Hogan, 1988b), A/ox-1.1,1.4,-1.5
(Fainsod et a i, 1987; Toth et a i, 1987; Mahon et a i , 1988), proto-oncogene trk, a member
o f the protein tyrosine kinase receptor family (Martin-Zanca et a i, 1990), transcription
factor AP2, a maiker of most crest derivatives (Mitchell et a i , 1991), and the mouse
homologue of Drosophila notch, Motch (Del Amo et a i, 1992). All these genes recognize
the neuronal sensory component of crest contribution to these ganglia, in contrast to Krox20, which recognises only the neural crest derived non-neuronal glial cells in the dorsal
root ganglion at the entry/exit point from the spinal cord, the boundary caps (Altman &
Bayer, 1984; Wilkinson et a i , 1989a).
Molar teeth primordia are formed earlier than the incisors, the first molar
appearing after 12.0 dpc and the first incisor at 13.0 dpc (Rugh, 1990), epithelial enamel
differentiating first and then mesenchymal papilla. The teeth are tentatively identified by
their proximo-distal orientation along the jaw, the incisors being located towards the oral
aperture and the molars further inside and away from the mouth aperture. Neural crest
contribution to the formation o f teeth in vertebrates is established, the dental papilla being
derived from neural crest (reviewed in Lumsden, 1987). Though tooth rudiments are
present by 10.5 dpc, as indicated by expression of msh-type genes involved in tooth
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development, H ox-IA and Hox-% (MacKenzie et a l, 1991, 1992), expression of Krox-20
in tooth germs is stage specific, not being observed at

1 2 . 5

dpc, even though the tooth

primordia are present. Expression of Krox-20 in tooth germs is observed only from 14.5
dpc onward, similar to fgf-3/int-2 and fgf-4 and another homeobox containing gene S8
(Wilkinson et a i , 1989c; Opstelton et a i , 1991; Nis wander & Martin, 1992), at a time
when signals from the enamel organ are going to the dental papilla (summarised in
Lumsden, 1988). Unlike homeobox containing genes Hox-IA and S8, growth factor genes
fgf-3/int-2, fgf-4 and another zinc finger gene, Egr-l/Krox-24 (Wilkinson et a l, 1989c;
McMahon et a l , 1990; MacKenzie et a l, 1991; Opstelton et a l , 1991; Niswander &
Mai tin, 1992), which are expressed exclusively in the epithelium or mesenchyme, Krox-20
is expressed in both epithelial and mesenchymal components of tooth primordia. Hox-S and
another TGF -like gene, BMP-2a show similar behaviour to Krox-20 (Lyons et a l , 1989;
6

MacKenzie et a l , 1992).
The vibrissa (sinus hair) follicles or whisker follicles of rodents are well
developed tactile sense organs, with correspondence being established between sinus hairs
and cortical banels. Primary vibrissae are elevated on the face of 13.0 dpc mouse, arranged
in rows on the snout (Rugh, 1990). Ectodemially derived tissues (inner root sheath) and
not mesenchymal components like dermal papilla, express Krox-20, similar to Krox-24 and
March (Weinmaster et a l, 1991; Del Amo et a l, 1992).
Epithelio-mesenchymal interactions are critical during different stages of
tooth formation, mandibular arch ectoderm and pharyngeal endoderm being implicated in
the induction o f teeth within the undetermined/non-differentiated mesenchyme (Slavkin &
Bringas, 1976; Lumsden, 1987). Epithelio-mesenchymal interactions between dermal
papilla and epithelial cells are also involved in vibrissa follicle differentiation (reviewed
in Hardy, 1992). The cranial non-neural sites of Krox-20 expression conespond to sites
where strong expression of genes like Krox-24/Egr-l, Hox-7.1,Hox-8, Motch and growth
factor genes like fgf-3,-4, TGF , have been reported, all of which are presumably involved
6

in epithelio-mesenchymal interactions leading to correct cellular differentiation. Although
Krox-20 expression occurs at these sites of epithelio-mesenchymal interactions, it may
perhaps not be primarily involved in the ongoing interactions as such, being secondarily
expressed in a tissue-specific manner as a consequence of the interactions. Experiments
will have to be done to prove the role o f Krox-20 in these events.
Evidence exists that sensory neurons have an influence on the development,
maintenance and patterning of such diverse craniofacial elements as brain nuclei
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(Moody & Heaton, 1977; Heaton & Moody, 1980), tooth germs (Kollar & Lumsden, 1979)
and vibrissae follicles (Van Exan & Hardy, 1980). It has been demonstrated by Kollar &
Lumsden (1979) and by Van Exan & Hardy (1980) that nerve endings from the maxillary
branch o f the trigeminal appear in regions of presumptive tooth and vibrissa follicles
before the organ primordia appear. Possession of a common source o f innervation may
explain Krox-20 expression in the two sites among other non-neural sites of epitheliomesenchymal interaction in the head, suggesting that Krox-20 is involved in coordinate
development of these two trigeminal dependent structures.

6.3.2

Hox series in the branchial arches and ^ut
A homogeneous population of crest cells expressing Hox-2.% emigrates from

1*4

to arch two in 8.5-9.0 dpc mouse. No expression of Hox-2.% is noted in arch one till 14

somites, but from 15 somite onwards, expression is observed in the proximo-caudal
endoderm of the mandibular arch, the mesenchyme and surface ectoderm being free of
expression. Expression of Hox-2.% in branchial arches of the 11.5 dpc mouse is difficult
to comment on, due to the high background to noise ratio obtained with the probe. On the
other hand, the paralogue, Hox-\. \ 1 is seen to express at a higher level in arch two than
arch three in near adjacent sections. Expression of H o x -\.\\ is homogenous across the
mesenchymal

population

of

the

arches,

no

a-p

and

d-v

or

proximo-distal

restriction/patterning of expression being evident. Endoderm and surface ectoderm seem
devoid of expression at this stage for both the genes, though the level of backgound makes
it difficult to infer conclusively.
In stage 9 and 11 quail, Chox-2.9 expresses in the surface ectoderm, caudal
o f the otocyst and going posteriorly, at an axial level that will give rise to the third
branchial arch.
Gut expression of Hox-2.9 is noted in 8.0 dpc (Chapter 3, figure 3.11)
through to 9.5 dpc mouse embryos. It is difficult to comment on whether expression is in
ectoderm, mesoderm or endoderm of the whole mount embryo without clearing or
sectioning the relevant region, due to opaqueness of embryo causing refraction o f colour
signal. In quail, Chox-2.9 expression is noted in the pharyngeal endoderm, beginning from
r4 level in stage 9 and r5 level in stage 11, persisting until the level of r in both stages
6

(chapter 5, figures 5.1 d, 5.2 C). Murine Hox-2.% is also seen to be expressed in the gut
region, but the embryonic layers expressing the gene can not be definitively deduced from
whole mounts (this chapter and Chapter 3, figure 3.13).
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6.3.2

. 1

Expression o f murine Hox genes in arch mesenchyme
By 11.5 dpc, region specific morphologies would be starting to get

established, as exemplified by spatially restricted distribution of gene products. During
tooth development, a proximo-distal gradient of Hox-% (a msh-iy^t gene) expression
preceedes the physical appearance of tooth germs, consistent with its role in specifying
tooth primordia in mandibular arch (MacKenzie et a/., 1992). The hyoid process, mainly
derived from the neural crest, is formed in arch two; it starts chondrifying by 14.0 dpc
(Rugh, 1990). By 11.5 dpc, differentiation of hyoid process would be expected to be
initiated in the hyoid arch. If Hox genes were involved in high resolution patterning of
future structural derivatives of the arches, differential gene expression localised to
paj ticular subsets of cells within an arch would have been expected much earlier than 14.0
dpc. Instead, crest mesenchyme is seen to express H ox-\.\ 1 uniformly in both arches two
and three even at mid-gestational stages, similar to the homogeneous expression of //o x -

2 . 8

in arch two much earlier at S.5-9.5 dpc (this chapter and data presented in chapter 3; Hunt
et al., 1991b). This suggests absence of an antero-posterior or proximo-distal polarity of
any paiticular type of tissue marked by Hox-2 or Hox-/ genes, similar to the uniform
distiibution of homeobox containing gene S8 in mesenchyme of arches one and two
(Opstelton et a!., 1991), and unlike the gradient observed with //o x - . Comments on spatial
8

restiiction of //o.x-

2 . 8

expression within the arches at these later stage is difficult due to

the background levels within the embryo.

6

.3.2.2

Expression o f Hox ^enes in arch endoderm and Rut
Branchial arch units are made up of surface ectoderm, pharyngeal endoderm

and mesenchyme. The neuraxial level which contributes crest to specific arches is well
established in vertebrates (Tan & Morriss-Kay, 1985; Lumsden et a!., 1991). Expression
of //ox-2.8 is noted in the caudal part of the mandibular arch of 15 somite and older
embryos, in the arch endoderm at the ventro-caudal end proximal to the first cleft, no
expression being observed in arch one before this stage. This endodermal expression of
//ox-2.8 in arch one, contrary to observations in Hunt et aL, 1991b, has been reported for
the first time in this study. A similar observation has also been reported with lines of
transgenic mice with //ox-2.8 expression control elements fused to lac-Z (R. Krumlauf, M.
Sham and S. Nonchev, pers. comm.). Confirmatory evidence could be obtained by
sectioning through the pharyngeal region of the whole mount embryos. As expression
seems not to be in the mesenchyme but restricted to the arch endoderm, it suggests an
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independant up regulation of expression at this site, unrelated to the mechanism setting up
the Hox code of branchial arches. The first endodermal pharyngeal pouch outpocketing
gives rise to the eustachian tube in terrestrial vertebrates (pp 539, Balinsky, 1981). Also,
the development of the lower ventral part of the mandibular arch is dependent on the
ectodermal stomodeal invagination (pp 542 in Balinsky, 1981), which is already present
in 15 somite and older embryos (plate 11 in Copp & Cockroft, 1990). Expression up
regulation in the arch endoderm may be related to tissue interactions being set up as a
result o f these developmental processes.
The trigeminal placode is known to be in the region o f arch one, cells deepithelialising to migrate to the trigeminal ganglion from

1 0 - 1 2

somite stage in mouse

embryos (Nichols, 1986b). Ectodermal placodes, in addition to neural crest, contribute to
the formation of branchiomotor cranial ganglia (Verwoerd & van Oostrom, 1979;
D ’Amico-Martel & Noden, 1983; Le Douarin et a i, 1986; Nichols, 1986b). Arch one
expression could perhaps be due to upregulation of Hox-2,S transcripts in the trigeminal
placode. However, the location of expression precludes it from being the trigeminal
placode, which is situated in a more dorsal and rostral position (Nichols, 1986b). The idea
that it is a transient population of early r3 crest (as reported by Bronner-Fraser et a i , in
chick [pers. comm.]), emigrated to arch one and upregulating Hox-2.S expression at a later
stage, would be true if expression was mesenchymal and not epithelial (Verwoerd & van
Oostrom, 1979; Nichols, 1981, 1986a; Serbedzija

a/., 1992). However, lack of Hox-2.^

in mandibular arch mesenchyme excludes this possibility.
Though neural epithelium, crest and surface ectoderm that will contribute
to a particular arch originate from the same axial level (Couly & Le Douarin, 1990),
expression of Hox-2.% in surface ectoderm of arch two is stage-restricted, being reported
at 9.0 dpc, but not earlier (Hunt et a i, 1991b). It has been suggested by Hunt et al., 1991b
that the surface ectoderm of arch two may be unspecified initially, positional information
encoded in neural crest inducing surface ectoderm expression later. Hox-2.^ expression in
arch one endoderm is out of phase with the neural tube/neural crest and ectoderm Hox
code (Hunt et a i , 1991a, b). The pattern is consistent with similar stage specific inductive
events that may be responsible for up-regulating endodermal expression in 15 somite and
older mouse. Arch one components may be imprinted with positional infoiTnation regarding
its level o f origin from midbrain to r3, expression of genes specifying neuraxial level being
repressed initially, only to be triggered at a particular stage in development, as a result of
interaction with underlying or neighbouring tissues. Another possibility is that arch
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endoderm is initially unspecified but specification is later imposed, as observed by the
upregulation of Hox-2.% expression in a stage-specific manner in the surface ectoderm of
ai'ch two (Hunt et a l , 1991b). This possibility could be resolved by isochronic and
heterochronic tissue recombination experiments with different components of arches, which
are technically difficult to perform with endodermal components. Though not commented
on in Hunt et a i , (1991b), expression of Hox-2.% in gut endoderm posterior of arches is
obseiwed in the coronal sections of 9.0 - 9.25 dpc mice (figures ID and 2C in Hunt et al.,
1991b, P. Hunt and R. Krumlauf, pers. comm.). Expression of Hox-2.% has been reported
throughout the foregut and in posterior lateral plate mesoderm at 8.0 dpc (Conlon &
Rossant, 1992). Gut expression of Hox-2.% posterior of arches is observed in this study also
(this chapter and figure 3.13), though it is difficult to comment on the axial level of
expression without relevant a-p markers. Studying whole mount embryos, it is not possible
to specify whether expression is in mesoderm or endoderm definitively, unless sections of
these embryos are undertaken.
Ghox-lab protein and RNA, which is homologous to Chox-2.9, was present
in foregut endoderm from stage 10 chick (Sundin & Eichele, 1990; Sundin et at., 1990).
The axial level of quail Chox-2.9 expression in foregut endoderm can be deduced from the
anatomical landmarks and alternate probing with Krox-20, to be at a level near the r4/5
junction along the a-p axis. Thus, the anterior limit of Chox-2.9 expression is in register
with the posterior part of arch two or anterior of arch three. Gut expression of Hox-2.9 is
noted in 8.25 - 9.25 dpc whole mount mice in this study, from an axial level just caudal
to the heart (figure 6.5 and chapter 3), as reported by Murphy & Hill (1991). No comments
can be made regarding the expression being in mesoderm or endoderm of the gut. Foregut
endodemi expression of murine Hox-2.9 has been reported, the anterior limit level with the
anterior edge o f the third branchial arch at 8.5 dpc (Murphy et al., 1989; Frohman et a i,
1990; Murphy & Hill, 1991),which is in agreement with expression noted at level o f r4 in
stage 9 quail (chapter 5, figure 5.1). This anterior endodermal expression boundary of
Chox-2.9 regresses caudally to be level with r5 in stage 1 quail, similar to that observed
1

in mouse, except that the 9.5-10.0 dpc murine Hox-2.9 boundary has been reported to be
more caudal (at level with the fourth arch)(Murphy et a i, 1989; Frohman et a i , 1990;
Muiphy & Hill, 1991). Mesoderm expression of Hox-2.9 has been reported in gut
associated mesenchyme at the level of the third pouch in 9.0 - 10.5 dpc mouse (Murphy
et a i , 1989; Frohman et al., 1990) and gut-associated splanchnic mesoderm of stage 10
chick (Morriss-Kay & Tan, 1987; Sundin & Eichele, 1990), in addition to presomitic
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mesoderm expression around the posterior neuropore (chapter 3 and Frohman et a/., 1990;
Murphy & Hill, 1991).
Chox-2.6 is expressed in the caudal part of the third pharyngeal pouch and
in more posterior regions in stage 14 quail, though it is not possible to comment on the
extent of germ layers expressing the gene, i.e. if it is present in mesenchyme or endoderm
o f this zone (chapter 5, figure 5.3). Endodermal tissue of the third pouch region contributes
to the formation of thymus (and parathyroid) in mammalian embryos, where expression
of Hox-2.6 has been reported by Gaunt et al., (1989) in 12.5 dpc mouse, though it is not
clear whether expression is in the endodermal component. Hox-2.6 expression has not been
reported in the foregut of 8.0 dpc mouse (Conlon & Rossant, 1992).

6

.3.2.3

Developmental significance o f endoderm: presence o f an endodermal Hox
code ?
The functional significance of endoderm during branchial arch development

is not known, primarily due to technical difficulties to perform classical grafting
experiments. In the absence of pharyngeal pouches no branchial arches are formed:
decreasing the number of pouches by removing part of the endoderm o f the branchial
region produces a related reduction in the number of arches (pp 542 Balinsky, 1981).
These experiments suggest that endoderm is important in the formation o f phaiyngeal
arches. Other Hox genes have been reported to be expressed in the pharyngeal region and
gut, eg Hox-\.A, -2.6, -5.1 (Rubin et a l, 1987; Toth et a l, 1987; Wolgemuth et a l , 1987;
Gaunt e t a l , 1989), Hox-2.\ (Krumlauf et a l, 1987; Holland & Hogan, 1988b; Wall et a l,
1992) and H ox-\.6 (Murphy & Hill, 1991). Does this imply that a Hox code exists for the
endoderm? A detailed study of the axial level of endodermal expression of Hox genes in
different stages of development would help to establish this.
The idea of a unified Hox code for all tissues is not true, because pai axial
or lateral plate mesodermal expression is out o f phase with the neuro-epithelial and neural
crest expression o f Hox genes, limits being more caudal (chapter 3 and Mon iss-Kay &
Tan, 1987; Gaunt et a l, 1989; Murphy et a l, 1989; Frohman et a l , 1990; Sundin &
Eichele, 1990; Kessel & Gruss, 1991; Conlon & Rossant, 1992). Probably there is a
distinct Hox code for the endoderm, but to what extent it is linked to the neural
crest/neural tube Hox code is unclear.
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6.3.2.4

Hox genes in axial patterning o f arches
Arch one endoderm expression of Hox-2.S implies that the Hox code for

branchial arches may be too simplistic a model for determining the final morphology of
branchial arches. Further tissue interactions and modulation of expression of Hox genes and
other genes downstream of the Hox genes must play an important role in determining the
final morphology of an arch. The spatial restriction of Hox-% is consistent with a later role
in patterning or marking subsets of cells within arches (MacKenzie et a i, 1992).
Expression of Hox genes do not show restriction to subsets of cells within an arch, or any
dorso-ventral or rostro-caudal modulation of expression. The apparent lack of positional
information encoded by the Antennapedia class Hox genes within the arches at 11.5 dpc,
when formation of organ rudiments are probably underway, suggests that there are cues
from other sources or the environment, involved in setting up the final craniofacial
morphology in this sector of the head. Neural crest fills up an arch in a distal to proximal
(or ventral to dorsal) manner (Lumsden et a i, 1991; Serbedzija et a i, 1992), the Hox code
specifying what structures they will form. It is not known that the Hox code specifies
which arch to populate; however, crest migration must be independent of the Hox code,
as suggested by arch grafting (Noden, 1983). This presumptive specification of positional
identity is established quite early in development i.e. by 9.5 dpc, gene expression being
homogenous within the arch (this chapter and chapter 3; Hunt et a i, 1991a, b). Therefore,
Hox genes probably have an early role in patterning branchial arches or a global role in
specifying a domain within the body by specifying arch identity. Hox genes are known to
be transcription factors and can hence regulate downstream genes, starting a cascade of
regulatory events. Hence, Hox genes may not have a direct role to play in determining the
structures formed later from the arches, but they can determine the pattern by regulating
targets that establish the final morphology.
Thus, Hox genes probably have a role in refining of domains within arches
by directing expression of downstream genes, possibly msh-typt genes like Hox-^. A more
extensive study o f the expression patterns of other Antennapedia class Hox genes in arch
two and more caudal arches at later stages of development, ie 11.5 - 15.5 dpc, would help
to strengthen this hypothesis.
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CHAPTER 7
DISCUSSION
7.1

Establishment o f the domains o f Krox-20 and the 3 ' H ox Renes in the
neural epithelium
The 3 ’ Hox-2 genes are at their anterior limit of expression in the hindbrain

much earlier than Krox-20 expression upregulates in the hindbrain. A lso, the Krox-20
bands and 3 ’ Hox-2 gene expression cut-offs in the hindbrain are initiated much before the
physical appearance of rhombomeres. The anterior boundaries of these Hox-2 genes are
relatively sharper than the boundaries delimiting the domains o f Krox-20 RNA at the onset
o f Krox-20 expression. Within the Hox-2 cluster, the anterior boundary o f Hox-2.9
expression is much sharper than that of Hox-2.^ at the early stages of hindbrain expression
but later both the genes exhibit clearly demarcated anterior boundaries. Sharpening of
boundaries of Krox-20 expression are observed much later, about the time rhombomeres
are clearly visible. Cellular resolution of expression domains suggest that what refines
Hox-2 expression is different from what refines Krox-20 expression. The difference in the
nature o f the boundaries and domains, together with the chronology o f establishment of
anterior limits in the hindbrain suggests that different processes may be involved in
regulation of these genes.
From present data it appears that the initial hypothesis that Krox-20 may be
initiating spatially restricted Hox-2 expression or setting up boundaiies is probably not ti*ue
for the more 3’ Hox-2 genes. Thus, Krox-20 may not responsible for setting up positional
cues that the 3’ Hox-2 gene domains respect, and Hox-2 genes may have an independent
mechanism from that used by Krox-20 in establishing and maintaining expression at this
stage in development. Recent observations of Duboule et al., (1991) and Conlon and
Rossant (1992) suggest that the more 3 ’ genes of a cluster may be expressed earlier in
development than the more 5 ’ genes of the cluster. In the hindbrain, temporal colinearity
is suggested from Hox-2.9 and -2.8 being expressed earlier than Hox-2.6 or -2.1 (Conlon
& Rossant, 1992). Therefore, we are not able to exclude the possibility that Krox-20 may
probably be involved in setting up the boundaries and domains o f the more 5 ’ Hox-2 gene
Hox-2.1, as the others are too caudal.
Some sort of ongoing interaction can be deduced from the quantitative,
spatial and temporal modulation of expression o f the 3" Hox-2 genes in relation to Krox20, and the observations in transgenic mice support this hypothesis (Sham et al., 1992b).
Thus after A-P specification of hindbrain regions by Hox-2 genes, Krox-20 may be
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upregulating expression of Hox-2 genes in r3 and r5, resulting in higher expression of //ox2.8 in these two rhombomeres, r5 expression being at a higher level than r3 as in Krox-20
(this study and Sham et a i , 1992b) or of Hox-2.1 in r5 (Wilkinson et a i, 1989b). If Krox20 is not directly involved in the initial régionalisation of the hindbrain, what could be its
function? Could the //o x genes be initially defining basic positional information along the
axis, Krox-20 providing a subsequent refining influence by more precisely localised
positional information, such that positional identity of a rhombomere was defined precisely.
Thus, rhombomere identity could be a result of interaction between both the Hox and
Krox-20 genes. Evidence exists that Krox-20 may be regulating Hox-2.% during hindbrain
segmentation in mice with a Hox-2.% transgene with Krox-20 regulatory elements fused to
lac-Z (Sham et a i , 1992b). This is consistent with the suggestion that though Hox-2.% and
-2.9 aie in the hindbrain before Krox-20, it is the latter that may be involved with further
specifying positional identity. It is possible that Krox-20 has some direct role in positional
infoiTnation; another possibility is that by upregulating Hox-2.% it is indirectly affecting
segment phenotype. The lacz///ox-2.8 data does not distinguish between these two
possiblities.

7.2

Krox-20 in neural crest and derivatives

7.2.1

Krox-20 and AP2 in early neural crest
Expression of AP2 is consistent with it being a molecular marker jb-r early

migratoi-y crest in the hindbrain, recognising the three major streams of the trigeminal, pre
otic and post otic populations which flank the two regions of reduced crest emigration
beside r3 and r5. The pattern o f AP2 expressing crest in hindbrain is consistent with
morphological observations of crest contribution to branchial arches. AP2 recognises
presumptive pre migratory crest at all axial levels in the murine hindbrain. Morphologically
prospective non-migratory crest is noted at r3 and r5 in quail also. It is not possible to say
if the crest cells expressing Krox-20 are a subset of the AP2 expressing crest population
caudal of the otocyst.

7.2.2

Origin and evolutionary significance o f migratory crest expressing Krox-20
Crest migrates from open neural folds in mouse and delaminates after

closure o f neural folds in birds. Initially Krox-20 expression is observed in presumptive
premigratory crest caudal of r5, continuous with the rostral end of r6. A pre-specification
o f crest prior to migration occurs as regards Krox-20 expression in mouse and birds, a
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clear rostro-caudal subdivision o f crest overlying r5 being apparent in the latter species.
At later stages Krox-20 expressing crest caudal of r5 runs alongside r6 in a dorso-ventral
manner, unlike Xenopus (Bradley et a i , 1992), and this difference may reflect a genuine
evolutionary difference between amphibians and higher vertebrates. Krox-20 expression in
migratory crest from r5 has also been reported in zebrafish (T. Jowett, pers. comm.). In
both Xenopus and fish, the third arch forms the first gill arch. In Xenopus^ r5 crest
contribution to arch three seems to suggest there is an evolutionary difference between the
aquatic species (frogs and fish) and the higher vertebrates (chick, mouse) in the origin and
probably final fate of crest contributing to this first gill arch. Probably r5 crest has gill
forming capacity, which became modified in the higher vertebrates when gills were lost
during evolution. By extension, it probably could be assumed that the sub-population of
migratory crest recognized by Krox-20 in the higher vertebrates may be a vestigeal
remnant o f the more ancient function of this crest in determining the first gill arch from
the two more anterior arches in fishes and amphibians. From the present data we are
unable to resolve the precise rhombomeric origin of migratory Krox-20 positive crest in
quail and mouse. Krox-20 expresses transiently in this crest population, being downregulated prior to entry into the third arch in both birds and mammals, unlike Xenopus,
where this emigrated crest is observed to contribute to arch three. Given r5 expresses
Krox-20, we might speculate that it gives rise to Krox-20 crest. But, from present data we
can not conclude what the final destination or fate of Krox-20 expressing crest cells is.

7.2.3

Relationship o f early and later expression pattern: significance o f boundary
cap expression
The early pattern of Krox-20 expression in migrating crest is independent

o f the later expression of Krox-20 obser\'ed in the boundary caps of the cranial mixed
branchiomotor and purely motor nerves or spinal ganglia. Krox-20 probably is a cell typespecific and stage-specific molecular marker o f a specific subset of cells within the cranial
and spinal ganglia, the boundary cap cells. The de novo upregulation of Krox-20
expression in the boundary caps seems to be unrelated to defining the entry/exit point of
neurons. The entry/exit of neurons across the brain wall is already underway by stage 10
and well defined by stage 15, and is dependent on some other cues, probably chemotactic
(M oody & Heaton, 1983a, b; Chang et al., 1992; Guthrie & Lumsden, 1992). If the time
o f boundary cap formation is not determined by Krox-20, what is the significance of
boundary cap expression of Kro.x-202 Krox-20 could have a later function in the
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development of boundary cap cells, perhaps a trophic function (Altman & Bayer, 1982;
Lunn et a i , 1987). The expression of Krox-20 in the crest and derivatives may also imply
an involvement in initiating neuron maturation or as one of a number of factors involved
in motor neuron maturation.

7.2.4

Mesectodermal derivative expression o f Krox-20
Krox-20 expression is also observed in mesectodermal derivatives such as

tooth germs and vibrissa follicles, which is consistent with the idea that Krox-20 may be
directly or indirectly taking part in epithelio-mesenchymal interactions occuring at some
taiget sites receiving trigeminal inneiwation.

7.3

Pattern o f Hox Renes in quail and in vitro expression o f Krox-20 and Hox
^enes
Expression of Hox-2.6 is conserved across species, the anterior limit of

neuroepithelium and mesoderm expression in quail being similar to mouse. Expression
pattern of Chox-2.9 in quail is the same as chick, though modulation of expression takes
place earlier than in chick. Expression of Krox-20 and Hox-2 genes under in vitro
conditions, in cultures of crest explanted from rhombencephalon and mesencephalon
revealed that Krox-20 expression observed in early migratory crest is not maintained under
in vitro conditions; however, peripheral cells of midbrain cultures showed in vitro
expression of Chox-2.9 and another Hox-2 gene, Chox-2.6 , even though Hox genes are not
found in the midbrain any any stage in development. In contrast, experiments with type
1 collagen suggest that its expression in vitro is similar to that observed in vivo. The first
cells to migrate from the explant are at the periphery of the culture. These pioneer cells
may be intrinsically different, having the ability to respond to explantation by inducing
Hox-2 genes, in response to confluence, presence of growth factors or state of maturation.
This ability may be lacking in the cells generated at the leading edge of the secondary
cultures or in the inner edge of "Polo" cultures.

7.4

Gut expression o f Hox Renes
Stage specific expression of Hox-2.% assumed to be in arch one gut

endoderm in mouse may be upregulated as a result of tissue interactions, possibly the
invaginating stomodeum around 15-18 somite stage, resulting in specification of endoderm
as marked by Hox-2.% expression.
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Gut expression o f Hox-2.% and -2.9 in mouse and o f Chox—2.6 and -2.9 in
quail are observed. The role of endodeim in development is as yet not clearly defined,
possibly due to practical difficulties in experimental procedures. As other Hox genes are
also expressed in endodermal tissues, it probably suggests that a Hox code may exist for
the endoderm also, though its relation to the neural tube/neural crest Hox code is not clear.

7.5

Patterning o f branchial arches by Hox series: an evolutionary viewpoint
Lack of antero posterior or proximo-distal patterning o f tissue by Hox genes

at mid-gestational stages, when commitment of tissues within an arch is definitely
underway, is suggested by the pattern of H o x -\A \ (a member o f the p b subfamily)
expression in arches two and three. This ubiquitous expression o f a member o f the pb
subfamily within branchial arches at stages when arches interact with other tissues to form
facial structures, together with the expression of another subfamily member, Hox-2.S, in
arch one endoderm, suggests that the combinatorial Hox code may be too simplistic to
determine final morphology of an arch. The apparently homogeneous, non tissue-specific
expression of Hox genes within arches is consistent with an early or ancient role of Hox
genes in axial patterning of arches or specifying arch identity. Probably H ox genes define
pattern in a broad domain, with downstream genes and other genes being involved in later
refinement or fine patterning to establish the final morphological pattern.
Thus far from data presented, Hox genes do not seem to have a later role
in restricting pattern formation of arches, but a more global role in patterning the entireity
o f an arch. Hox genes may nevertheless have other roles in later developmental contexts,
as in the tissue-specific expression of Deformed subfamily genes in mesoderm and
endoderm derived tissues at later stages of development (Gaunt et a/., 1989).

7.6

Future prospects:
The present study only refers to the establishment o f the anterior boundary

o f expression of the 3 ’ Hox-2 genes in relation to Krox-20 in the mouse. Further studies
would be required with genes more 5 ’ to these, like Hox-2.1, -2.6 and -2.1 in presomitic
to eai ly somite stages of development, to help explain the involvement o f the Hox genes
in relation to Krox-20 in the regulatory cascade responsible for establishing segmental
pattern in the hindbrain. Studying the anterior expression limits o f the other members o f
paralogous subfamilies by non-radioactive in situ hybridisation would help to establish the
existence of the assumed temporal collinearity o f Hox gene expression in the hindbrain and
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the relative sharpness of anterior boundaries, in addition to defining domains o f expression.
Analysis of near adjacent sections with Krox-20 and other Hox genes would be required
to establish the neuraxial level of expression, but at earlier stages the presence of other
molecular markers like Otx-2y which mark the caudal limits of the future midbrain at 7.5
dpc (Simeone et «/., 1992), would help to establish the location of anterior limits of
expression of the genes with the rostral-most extent of expression, the pb subfamily. It
would be interesting to see if other genes, like goosecoid or evx-1 (Blum et a i, 1992; Dush
& Mai tin, 1992) are expressed rostral of these Hox genes at a time earlier than the time
of establishment of the rostral limits of Hox genes and therefore are involved in setting up
the boundaiies of the Hox genes. The Hox genes are not known to extend rostral of r2,
H o x -\A \ being reported to be the rostral most, the anterior limit of Hox-2.% being a
rhombomere behind H o x -\A \. Would a difference in anterior limit be noted at the
presomitic stage for these two genes? Other paralogous subfamily members, for example
of the labial subfamily, are known to exhibit non-overlapping rostral domains of
expression later in development. Perhaps studying the expression of such paralogous
members would help to explain the controlling influences in establishment of segmental
pattern.
The pattern of establishment of boundaries appears to be different in Hox
genes from Krox-20. The Hox genes are homogenously expressed across their hindbrain
domain e ailier on during the establishment of the anterior limit. Recently the fushi tarazu
iftz) protein has been implicated in the establishment of a sharp anterior boundary of the
homeotic gene Ultrabithorax {Ubx) in Drosophila, by competition or transcriptional
activation with hunchback (hb), which is a repressor of Ubx protein (Muller & Bienz,
1992). Probably a short range repression involving activator-repressor binding may be
influencing this limited expression of Ubx along the antero posterior axis. A similar
situation may be occuring in mouse, the signal coming from some gene product rostral of
the anterior limits of Hox expression. Hox boundaries are sharper much earlier than Krox20, suggesting boundary delimiting mechanism are different in Krox-20 from Hox. The
details o f rhombomere boundary formation are available in chick; a straightforward
experiment would be the study of Krox-20 boundary sharpening with respect to
compartment boundary formation in chick, which would examine whether Krox-20
expression extends beyond the limits of the rhombomeres. Preliminary studies undertaken
in our laboratory point towards such being the case (A. Nieto, pers. comm.), the fuzzy
pattern persisting even after boundaries are formed. Confirmatory experiments with non
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radioactive detection of Krox~20 message on whole embryos simultaneously with
immunohistochemical detection would be necessary for a precise description.
The pattern of refining Krox-20 domains are different from Hox-2. Clumps
of Krox-20 positive cells unconnected to the r3 and r5 domain o f Krox-20 expression are
evident even after rhombomeres are visible; later when boundaries are sharpened totally,
it is not possible to say whether these clumps down-regulated Krox-20 expression and
assumed a r2,4 or 6 identity respectively or the cells died. As 6-gal protein stays longer,
studying the establishment of the Krox-20 boundaries in transgenic Hox-2.S mice mimicing
Krox-20 pattern (having fused 6-gal reporter) may tell us the fate of these clumps o f cells.
The state of commitment o f Krox-20 expressing cells during the establishment of the
alternating segmental expression in hindbrain may be studied by the caged fluorescene
method described by Vincent and O’Farrell (1992), by applying the compound to mouse
embryos at 0-5 somite stage derived from the line of lacZ tagged Hox-2.% transgenic mice
that mimic Krox-20 expression, laser activating the compound in cells of the region
approximately corresponding to presumptive r3 and r5, culturing these embryos for a day
and then visualising the fate of the fluorescent cells in relation to the domains o f K rox-20
expression (represented by lacZ stain).
If a combinatorial code of Hox genes and Krox-20 is involved in further
specifying positional information regarding hindbrain patterning, knocking out K rox-20
would drastically alter the A-P specification values and probably result in aborting the
axial patterning of the hindbrain. Would a phenotype result from such experiments?
Looking at the direct effect of Krox-20 on cranial structures would explain if K rox-20 is
important for correct regulation of the Hox genes.
In the mouse it is difficult to distinguish if Krox-20 migratory crest is
originating in r5 or from the region immediately caudal to it, or a combination of both. In
the quail it seems that probably the caudal end of r5 does have Krox-20 expression in the
non-migratory crest located in the middorsal line of the neural tube, and also at the rostral
end o f r6. It is difficult to say by autoradiographical analysis or flat mounts or sections if
crest from r5 has been displaced to come to lie beside r6. Molecular data now available
cannot distinguish small populations of crest from r3 and r5 that join the adjacent streams
and our expression studies would miss such cells. Gene expression studies would be
needed to be carried out in conjunction with cell marking studies, to determine which
rhombomere exactly these cells were coming from. An important consideration here is the
compatibility of fixing process in both these methods, as in situ hybridisation is dependent
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on fixing conditions. Focal injections of lineage tracers like LRD into the rostral and
caudal parts of r5 or into the rostral limits of r6 at stages before crest emigration and
boundaiy formation between rhombomeres may help to establish the rhombomeric origin
o f the migratory Krox-20 crest. There are some disadvantages with focal injections; there
is no way to be exactly sure where the labelled cell came from, though the general point
of injection can be recorded. Also, at the stages to be studied, it is very difficult to specify
exact locations - injection points would have to be determined empirically. Alternatively,
Dil injections into a restricted region may be a better option than LRD, as with D il the
route of migration o f the cells are visible clearly. Bronner-Fraser et a i, (pers. comm.) have
reported an early subpopulation of population of NF-M+ r5 crest. It remains to be
deteiTnined if this population corresponds to the Krox-20 migratory crest subpopulation.
If possible, co-localisation of NF-M and Krox-20 signal may be carried out on nearadjacent tissue sections running through the r5-r6 region of chick, to determine if the same
subset o f crest recognised by the antibody transcribes Krox-20 RNA also. This exercise
may be repeated with the focally injected embryos, carrying out in situ hybridisation with
Krox-20 in alternate sections, and comparing with non-hybridised sections showing Oil
fluorescence of marked migratoiy cells. A suitable stage for such manipulations would be
before boundaiy formation, like stage 9 in quail; as details about boundary formation are
not available for mouse, the 4-5 somite stage, when the second stripe is just upregulating,
may be a suitable stage for such experiments. The feasibility of such double marking
experiments is very much dependent on the compatibility of the two detection systems.
The most important consideration in co-localisation studies would be to determine whether
the processing of embryos for the immunohistochemical or lineage tracer studies are in
conditions suitable to do in situ hybridisation in.
The spatial distribution of Krox-20 raises the possibility that it might be
connected to programmed cell death. There is more cell death in r3 and r5 crest in stage
11 than in stage 10 in chick (Lumsden et a i, 1991; Jeffs et a i, 1992). The rostral
boundary of r2 and the caudal boundary of r6 is not formed by stage 10 (Vaage, 1969).
The cells of presumptive rl-2 and presumptive r6-7 region may have cell-senesence
repressive properties, hence these regions are able to repress cell death in presumptive r3
and r5 before boundary formation. By the time r6 and rl and 2 boundaries formed,
senesence repressing signals may be segregated in rl and r7 and hence unable to act on
r3 or 5, resulting in enhanced cell death in the crest produced from that region. An
experiment to test this hypothesis is explanting individual rhombomeres 3 and 5 before
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boundaries are clearly formed, and culturing them in petridishes with media individually
(to see if it results in senesence, as by this hypothesis they probably lack necrosis
repressing signals), or in combination with rl-2 and r6-7, juxtaposed to each other (which
would supposedly repress cell death resulting in proliferation o f crest). To test if short
range signals were responsible for this, these combinations could be carried out by keeping
the same combination o f rhombomeres in the media within the petridish, but not in direct
apposition to each other as before, but a small distance away. Testing expression o f Krox20 in these explanted rhombomeres would show if altered pattern of patterned cell death
can be correlated to Krox-20 expression. Such manipulative experiments would help in
understanding the mechanism o f setting up zones of reduced crest emigration.
Present data suggests that premigratory crest overlying r5 is subdivided into
population expressing Krox-20 and not expressing Krox-20. Would altering the A-P
polarity o f the region disturb this? Though technically difficult due to the absence of
morphological or other markers in that area, a 180° rotation of presumptive r5 region
before the second stripe of Krox-20 has been formed would result in altering the A-P
specification within the rhombomere. Would this result in any K rox-20 expressing crest
emigrating at all and if so from which part, the one that was the original caudal end o f r5?
Would putting the rostral end o f r5 adjacent to r6 result in another stream o f Krox-20
positive crest from the rostral end o f r6? Performing 180° rotations with a major part of
the hindbrain, extending from r2-r6, would perturb the A-P polarity in a broader region of
the hindbrain and also effectively remove r5 and r6 from physical proximity with the
otocyst. Simple surgical removal of the otic placode from the stage 9 or 10 embryo would
achieve a similar end. Would these transplants have Krox-20 expressing in crest from all
across the rhombomere in a pattern similar to Xenopusl Experiments as the ones detailed
above may provide information regarding the specification and patterning o f crest. In
Kreisler mice (Deol, M., 1964), characterised by inner ear defects, the otic vesicle is quite
distant from r5. A careful examination of crest patterns in these mice may be informative
about the effect of steric hindrance on the route taken by Krox-20 positive crest.
Unilateral rotation through 180° o f a piece of endoderm and mesoderm
lateral to the level of the Hensen’s node in stage 5 chick results in no otocyst being formed
in the operated side; at stage 10 crest expressing Krox-20 is observed emigrating laterally
from the whole width o f r5 rather than following the caudal pattern observed in wild type
(Nieto et a l, pers. comm.). Thus the steric hindrance o f the otic vesicle or signals from
the mesoderm may have a role to play in crest migration. This may be in agreement with
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the suggested role of cranial somitomeres in patterning crest migration (Anderson & Meier,
1981; Meier & Packard, 1984). It the light o f recent results it would be interesting to re
examine the arrangement o f cranial somitomeres in relation to the rhombomeres of
Xenopus, chick and mouse, to see if mesodermal arrangement affects the patterning of
migratory crest.
Another interesting study would be the clonal analysis o f this crest
subpopulation by lineage labelling or retroviral tagging of crest from an appropriate level
o f origin. lontophoric injection of LRD into single cells o f the dorsal neural tube or focal
injections of D il and following their progency through to see what structures they
contribute to would perhaps give a clue about the role of this crest sub-population. 13-gal
incorporated into retroviruses has been used to do lineage tracing studies. Progeny of
infected cells can be detected from surroundings by their blue colour. Hence this method
may be employed to study the fate of the migratory crest cells caudal of r5. Probably
whole o f r5 crest contibution to arch three reflects adaptation for aquatic life, gill
formation. Studying the expression of Krox-20 homologues of other species of aquatic
vertebrates focusing on r5 crest may help to make suggestions as to what the function of
this crest may be.

In the arches, Hox genes possibly define pattern in a broad domain, with
downsteam genes and other genes being involved in later refinement to establish the final
morphological pattern. A more extensive study of the expression pattern o f Antennapedia
class H ox genes within the arches at later stages of development, ie 11.5 - 15.5 dpc, is
needed to strengthen this hypothesis.
The expression o f Hox-2.% in arch one, assumed to be in the endoderm, may
be an upregulation of expression resulting from interactions with surrounding or underlying
tissues. There is no direct evidence whether surface ectoderm is specified in arches or gets
specified later after interaction with underlying mesoderm, and a similar situation may be
present in arch endoderm. A possible way to resolve this controversy may be performing
isochronic and heterochronic grafts with arch components and then studying the tissue
specific gene expression pattern. The technical difficulties of performing endodermal grafts
may be a major obstacle in such studies. Probably there is a distinct Hox code for the
endoderm, though its link with the branchial region neuroepithelial/neural crest Hox code
is not clear. A detailed study of the axial level of endodermal expression of Hox genes in
different stages of development, by studying co-localisation o f DIG labelled Hox gene
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transcripts with an A-P marker in serial longitudinal and transverse sections would help
to establish the cellular localisation of transcripts in the different germ layers. Though
tissue-specific expression o f H ox-IA occurred in mice containing the H o x -\A transgene,
over-expression o f the gene was observed in the gut, resulting in a megacolon (Wolgemuth
et a l , 1989). In 8.0 dpc mouse, retinoic acid treatment induces the expression of Hox-2.9
and -2.6 in a much larger domain, through out the whole length o f the foregut epithelium
(Conlon & Rossant, 1992). These differences could result from a disruption of the Hox
code in the endoderm, altering the positional specification o f the tissues, though it is
equally possible that this effect is not due to any response to the H ox code changes as no
obvious phenotype changes are produced. Comparing the expression of other Hox genes
in the endodermal tissues o f the transgenic or retinoic acid treated mice with wild type
would show whether a disruption o f the Hox code was actually taking place in the
endoderm. A probable line o f study may be to examine the fate o f endoderm derived
structures in mice where genes like Hox-2.6 and Hox-1.6 (Hox genes with expression
domains in the endoderm) have been knocked out by targetted disruption (Chisaka et a l,
1992). Argue ably the implied redundancy in the branchial H ox code which may be
responsible for paralogous members stepping in to rescue possible defects may apply to
the suspected Hox coding o f the endoderm, so that no major changes are visible.

Two Hox genes, Hox-2.9 and -2.6 are upregulated in vitro in cultures of
crest explanted from the midbrain. To explore the possibility whether all Hox genes behave
similarly or not, expression o f the paralogues of Antennapedia class genes from all the four
clusters (if the genes are available), should be studied in the 24 and 48 hour mesencephalic
and rhombencephalic cultures, especially those with expression domains in the hindbrain.
Is switching on o f Hox-2 genes at the periphery a response to explantation, the neuraxial
level o f origin o f crest being irrelevant? This can be determined by studying the expression
of Hox-2 genes with expression domains restricted to the spinal cord only, like Hox-2.5
(Wilkinson et a l , 1989b). Would cells at the inner edge o f the "Polo" cultures or the
secondary leading edge created by re-seeding an explant be activated to express these Hox
genes? Another option is to study the other homeobox genes such as chick engrailed
(Takahashi & Le Douarin, 1990) or Quox-7 (Takahashi & Le Douarin, 1990; Takahashi
et a l , 1991) in these cultures, to see if a similar in vitro effect is noted as with the Hox-2
genes. W e can compare Hox-2 expression with other neural crest markers like HNK-1
(Tucker et a l , 1984), E/C8 (Kuratani & Kirby, 1992) and NF-M (Bronner-Fraser et a l.
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pers. comm.), to establish if there is any correlation between Hox genes, Krox-20 and other
crest markers. Simultaneous visualisation of immunohistochemical and autoradioagraphical
results are as yet not possible on the same sample. If such an assay system could be
devised, it may be useful to compare the distribution and relative percentage o f antibody
positive crest cells and Hox positive cells within an explant, and statistically analyse the
data to help determine the quantitative contribution of crest in the head mesenchyme.
Pioneer cells o f the culture may be a unique population, which can respond to explantation
by upregulating Hox genes. Would a similar expression be observed in the leading edge
o f a secondary culture seeded from the primary explant? Experiments to address these
possibilities may be to culture the explant on purified matrices like matrigel, or in the
presence of growth factors, or growing the explants on a monolayer of feeder 3T3 cells
(which provide conditions favourable for survival, proliferation and differentiation of the
monolayer o f crest cells emigrating from the explant, Baroffio et a l , 1988), to see if Krox20 crest expression is maintained in vitro; probably testing the expression of avian Hox-2
genes in these cultures may give clues regarding the validity of the suggested unique
pioneer cell population.
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