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Abstract

During embryonic development the nervous system becomes 
patterned as a series of inductive interactions occurs, such that distinct cell 
populations differentiate at different positions w ithin the neural tube. 
Previous studies have shown that in posterior regions of the central 
nervous system (CNS), floor plate cells at the ventral midline play an 
im portant role in organising adjacent tissue. I have investigated the 
developm ent of ventral midline neuroectoderm cells along the 
anteroposterior axis of neurula stage rat and chick embryos and found that 
they are heterogeneous, posterior ventral midline floor plate cells are 
distinct from rostral diencephalic ventral midline (RDVM) cells.

To understand the basis for this heterogeneity I have examined the 
spatial relationship of ventral midline cells of the CNS w ith respect to 
underlying axial mesodermal cells. Posterior floor plate cells are underlain 
by notochord, while RDVM cells are underlain by prechordal mesoderm.

Previous studies have shown that notochord can induce floor plate 
cells. I have examined the inductive potential of prechordal mesoderm, 
and compared it to that of notochord, by analysing the induction of 
midline markers in neural plate tissue in vitro, using 
immunocytochemistry or in situ hybridisation techniques. My results 
reveal that, whereas notochord induces floor plate differentiation, 
prechordal mesoderm induces RDVM cells. Thus, axial m esoderm  at 
different anteroposterior levels has distinct inducing properties.

Recent studies have suggested that expression of the signalling 
molecule sonic hedgehog (SHH), by notochord cells, mediates its ability to 
induce floor plate differentiation. Since SHH is also expressed by prechordal 
mesoderm, I have analysed the requirement for SHH signalling in the 
differentiation of RDVM cells. Experiments using function-blocking 
antibodies to SHH-N suggest that SHH expression by prechordal mesoderm 
is necessary for its inducing activity. Moreover, experiments using purified 
SHH-N alone, suggest that RDVM cells are induced by a concentration of 
SHH two-fold higher than that required to induce floor plate cells.
However, prechordal mesoderm does not appear to express higher levels of 
SHH than notochord. Together these studies suggest the presence of a 
second molecule that is restricted to anterior axial mesoderm and that 
modulates SHH signalling by prechordal mesoderm.
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Introduction

1 A  general overview of early embryogenesis prior to neurulation.
The initial stages of embryogenesis are shared by all vertebrates and 

com prise variations on three themes. Firstly, im m ediately following 
fertilisation the egg undergoes cleavage - a series of rapid cell divisions, to 
form a hollow blastula. Following this, during the process of gastrulation a 
series of dram atic cell m ovements brings the cells into novel positions 
relative to one another. This process also results in the form ation of the 
three germ layers of the embryo. The outer layer - the ectoderm - will form 
the cells of the epidermis and the nervous system; the inner layer - the 
endoderm  - will form structures such as the lung and the lining of the gut; 
and the m iddle layer - the mesoderm - will give rise to the skeleton, the 
m uscles, the blood and internal organs such as the heart and kidney. 
Finally, during the process of organogenesis, cells w ithin these three germ 
layers interact to generate other body organs and the appendages.

1.1 Early aspects of regional specification.
During vertebrate embryogenesis a core issue underlying the early 

developm ental processes described above is regional specification. This 
term refers to the regulative process whereby cells in different regions of the 
developing embryo are directed to follow distinct developmental pathways. 
The end result of this process is that a fertilised egg forms a properly 
patterned embryo with the various tissues and organs in their correct spatial 
location relative to each other. There are two general processes which 
account for the events of regional subdivision: induction and cytoplasmic 
localisation. The latter involves asym m etric cell divisions du ring  
embryogenesis as a result of which daughter cells acquire different regions 
of cytoplasm. These different cytoplasmic regions are proposed to contain 
m orphogenetic determ inates that control the comm itm ent of a cell to a 
particular cell fate. In vertebrates the main evidence for determ ination of 
cell fate by cytoplasmic localisation involves the acquisition of germ plasm 
by germ cell precursors, following cleavage of the fertilised egg, in frog 
embryos (Smith , 1966). Most aspects of regional specification during early 
vertebrate development, however, involve inductive interactions whereby 
cell d ifferentiation  program m es are in itiated  in response to either 
permissive or instructive signals being passed between cells.

The regional na tu re  of cell specification relies on the p rior 
establishm ent of polarity within the egg/em bryo. In am phibian embryos, 
the anim al-vegetal axis is established during oogenesis (Danilchik and 
Gerhart, 1987) (Fig. 1). It is not clear how this axis is specified, although
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there is some evidence in Xenopus that the cytoskeleton is used to localise 
mRNAs that are differentially distributed along the anim al-vegetal axis 
(Yisraeli et al., 1990). In most embryos the prim ary axes are specified 
following fertilisation. Studies using Xenopus em bryos have provided 
m ost information on the mechanism of specification of the dorsoventral 
axis. This process is initiated by sperm  entry, w hich triggers a set of 
cytoplasmic movements referred to as cortical rotation. M oreover, this 
process establishes the dorsal side of the embryo as being opposite the point 
of sperm  entry (reviewed in (Gilbert, 1991). Isolation and recombination 
experiments performed by Nieuwkoop (Nieuwkoop, 1969), using explants 
from amphibian embryos showed that at the blastula stage, signals from the 
prospective endoderm al cells in the vegetal hem isphere induce overlying 
equatorial cells to form mesoderm rather than ectoderm. Moreover, the 
polarity  of the induced tissue depends specifically on the dorsoventral 
polarity of the inducing endoderm (Fig. 1).

These and subsequent studies in am phibia, exem plify three 
im portant aspects of regional specification. Firstly, regional specification is a 
progressive process brought about by inductive interactions which involve 
a hierarchical set of developmental decisions. For example, the induction 
and régionalisation of m esoderm  is a three step process. Initially, 
ventrovegetal cells induce the overlying ectoderm  to form ventral and 
lateral m esoderm  while the dorsovegetal cells induce the form ation of 
dorsal mesoderm in the overlying equatorial ectoderm. Once this dorsal 
mesoderm is induced, it acts to dorsalise the ventral mesoderm  adjacent to 
it thereby inducing interm ediate m esoderm . Collectively these three 
inductive interactions generate the full repertoire of mesodermal cell types 
(Dale and Slack, 1987) (Fig. 1). The dorsal m esoderm  overlying dorsal 
vegetal cells forms the organiser region of the am phibian embryo. The 
invagination  of the blastopore lip and subsequent convergence and 
extension movements comprising gastrulation are initiated at this site.

A second im portant aspect of regional specification was revealed 
through the classic transplantation studies first performed by Spemann and 
his colleagues, using am phibian embryos. They dem onstra ted  that 
transplantation of a dorsal blastopore lip to the ventral side of a host 
embryo induced the formation of a second embryo which was composed of 
a m ixture of transplant and host tissue (Spemann and M angold, 1924). 
Thus, organiser tissue changed the fate of host tissue which was initially 
specified to be ventral epidermis and mesoderm. These studies reveal that 
the regional specification of different tissues du ring  early stages of
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Figure 1.

Inductive interactions during early Xenopus development.
During oogenesis the animal-vegetal axis arises. Subsequent to fertilisation, 
rotation of the egg cortex causes cytoplasmic rearrangements which 
subdivide the vegetal region into dorsovegetal (DV) and ventrovegetal 
(W ) areas. During cleavage mesodermal induction occurs such that the 
DV region induces the organiser activity (O) in the dorsal marginal cells 
above it, while the W  induces the marginal cells above to form 
ventrolateral mesoderm. Subsequently, the organiser secretes a num ber of 
molecules that act to dorsalise the ventral mesoderm in adjacent regions of 
the marginal zone, thereby the mesoderm becomes fully patterned along the 
dorsoventral axis.
A, animal cap ectoderm; DV, dorsovegetal; O, organiser region; V, vegetal 
endoderm ; W ,  ventrovegetal.
(After [Smith, 1989 #183]).
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development does not irreversibly commit those tissues to follow a specific 
fate, bu t that some developm ental p lasticity  is retained. Thus the 
prospective potency of developing tissues is greater than their prospective 
fate.

Thirdly, these and other transplantation studies provide evidence 
that the instructive capacity of the inducing and regionalising signals 
changes with time. Thus, transplantation of a dorsal blastopore lip from an 
early gastrula induced a complete secondary em bryo w hereas older 
transp lan ts did not induce the m ost anterior structures, review ed in 
(Hamburger, 1988).

Many of the classical embryological studies described above were 
aimed at determining the sources of inducing signals within the developing 
embryo, using histological means of analysing the character of induced 
tissue. However, the advent of molecular biology has m eant that w ithin 
the field of experimental embryology the experimental focus has switched 
to identifying the inducing signals themselves and analysing the character 
of the induced tissues using regional and tissue-specific markers.

1.2 Analysis of cell-cell signalling.
1.2a Identifying the signals themselves.

Studies of amphibian embryos have identified a num ber of candidate 
m olecules which may m ediate the induction a n d /o r  régionalisation of 
m esoderm  in vivo. As a result of experiments both in vivo and in vitro, 
using Xenopus embryos, members of the transform ing grow th factor P 
(TGFp) superfamily (such as Vgl, BMP4 and, to a lesser extent, activin) and 
the fibroblast growth factor (FGF) family have been implicated in the initial 
induction, by endoderm, of dorsal and ventral mesoderm in the overlying 
equatorial region (Smith, 1989; Thomsen and Melton, 1993; Slack, 1994). 
Moreover, several secreted proteins, produced by the organiser in the dorsal 
m arginal zone, have been put forward as candidates for the mesoderm- 
dorsalising factors, that act during gastrulation. These include noggin, 
chordin (two novel glycoproteins) and Xnrl (Xenopus nodal-related 1 - a 
member of the bone morphogenetic protein, BMP, superfamily) (Smith and 
Harland, 1992; Smith et al, 1993; Sasai et a l, 1994; Jones et al., 1995). Recent 
studies have provided evidence that this latter phase of m esoderm  
formation, which generates the interm ediate m esoderm al fates, involves 
direct antagonistic interactions between dorsalising and ventralising factors 
(Fig. 2). Studies using Xenopus embryos have shown that BMP4 is a potent
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ventralising factor (Dale et a l, 1992; Jones et a l, 1992; Jones et al., 1996b). 
Injection of BMP4 DNA, under the control of a prom oter which is expressed 
at gastrula stages, into vegetal blastomeres adjacent to chordin m R N A - 
injected blastomeres prevents the dorsalised phenotype norm ally induced 
by m isexpressing chordin (Sasai et ah, 1995). Recent biochemical studies 
have dem onstrated that this antagonistic activity m ay involve a direct 
interaction between dorsalising and ventralising factors. Thus, both noggin 
and chordin protein have been shown to bind to BMP4 w ith high affinity 
and thereby block its activity by inhibiting binding to its receptor (Piccolo et 
ah, 1996; Zimmerman et ah, 1996). Taken together these results suggest that 
the formation of the full repertoire of mesodermal cell fates involves both 
antagonistic and synergistic interactions betw een a num ber of different 
inducing and regionalising molecules.

1.2b Presenting the signal.
The production of signalling molecules and subsequent inductive 

interactions, leading to the specification of different cell types during  
developm ent, are m ediated by events occurring at the cell surfaces of 
adjacent cells. The cell surface includes the plasm a m em brane, the 
molecules directly beneath the cell membrane and associated with it, and 
the molecules found in the extracellular matrix (ecm). These components 
of the cell surface play an integral role in determining the way in which and 
extent to which an inducing signal is presented to its target cells.

There are three general mechanisms whereby an inducing signal may 
evoke a response in a target cell, and these are largely dependant on the 
structural and biochemical nature of both the local ecm and the signal 
molecule itself. Firstly, the inducing signal may be secreted and diffuse 
away from its source. A large num ber of signalling molecules (including 
m any members of the TGFp superfamily), undergo proteolytic cleavage of 
an am ino-term inal signal sequence prior to secretion of the carboxy- 
terminal mature protein, reviewed in (Hogan, 1996). The active form of the 
protein may subsequently diffuse away from the signal source to convey 
positional information to distant target cells (Wolpert, 1969). This model 
predicts that a signal released by the inducing tissue source, may spread 
through adjacent tissues inducing distinct cell fates at specific threshold 
concentrations. Although there is very little evidence for this m ode of 
induction occurring in vivo, studies in vitro have shown, using activin 
protein or animal caps derived from Xenopus embryos injected with activin 
mRNA, that this molecule can induce distinct m esoderm al cell types at
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Figure 2

Model for the role of signalling molecules during Xenopus gastrulation.
The same set of regulatory signals may pattern both the ectoderm and the 
m esoderm .
Arrows represent the influence of signalling molecules. Dotted arrows 
represent net effects of the signalling molecules. Solid lines represent the 
mode of signalling. On the dorsal side (D) the organiser tissue (oval) 
secretes factors such as chordin, noggin and follistatin which provide dorsal 
positional values to ectodermal (animal cap, top) and mesodermal 
(marginal zone, middle) tissues. On the opposite, ventral side (V) 
ventralising factors such as BMP4, and presumably other factors, provide 
ventral positional values to the tissues. Thus, dorsoventral patterning 
within these two cell layers is brought about by the antagonistic effects that 
the dorsalising and ventralising signals exert on each other. High dorsal 
values prom ote neural differentiation in the ectoderm and formation of the 
notochord and muscle in mesoderm, whereas high ventral values lead to 
epidermal developm ent in the ectoderm and the differentiation of blood 
island and mesenchyme in the mesoderm. In this model a default status of 
tissues does not exist and the balance between the dorsal and ventral signals 
decides dorsoventral fates. This is a simplified and highly schematised 
model and the effect of these dorsalising and ventralising factors is very 
likely modified by members of other signalling families, including FGFs and 
W nts.
D, dorsal; V, ventral. (From [De Robertis, 1996 #29]).
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specific concentrations in dissociated animal cap cells or in a juxtaposed 
responding cap, respectively, (Green and Smith, 1992; G urdon et al., 1994). 
M oreover, in vitro studies using a 'sandwich' of intact animal caps from 
Xenopus have show n that placing an unresponsive tissue type in the 
m iddle, adjacent to an activin-injected cap does not prevent cells at a 
distance, in a third cap, from responding to the activin source, implying that 
activin can act directly to specify cell fate at a distance (Gurdon et al, 1994). 
Finally, a recent study used a similar recombinant animal cap assay to show 
that caps expressing a constitutively activated form of an activin receptor 
m ediate the signalling effects of activin in a cell autonom ous m anner. 
Thus, the long-range effects of activin signalling appear to be direct and not 
due to the activation and secretion of a secondary signal by adjacent cells 
responding to the activin signal (Jones et al., 1996a).

Alternatively, the secreted signal may become sequestered by ecm 
molecules, thereby limiting its range of action to the local environm ent. 
Indeed growth factors are known to bind to components of the ecm in a 
biologically active form (Smith et al., 1982). For exam ple, both  FGF 
(Kimmelman and Kirschner, 1987) and noggin (Zimmerman et al, 1996) are 
know n to bind the matrix molecule heparin, a complex polysaccharide, 
while BMP7 binds the most abundant matrix protein, collagen (Andrews et 
al., 1994). A recent in vitro study revealed that the signalling range of Xnr2 
w hich is lim ited to the imm ediate vicinity of signalling cells in intact 
anim al caps, is considerably extended when the integrity of the ecm is 
disrupted by disaggregation and reaggregation of both the signalling and 
responding cells (Jones et al, 1996a). The ecm is a cell type-specific structure 
and thus, the effects of a signalling molecule may vary in different regions 
of the embryo depending on the composition of the local ecm. In the case of 
TGFbl, the proteolytic cleavage resulting in the active form of the molecule 
occurs after secretion. Moreover, latent TGFp molecules can associate with 
a protein (LBP) which binds collagen and fibronectin, thus sequestering the 
inactive molecule in the ecm (Saharinen et al., 1996). Subsequent activation 
of these latent proteins requires extracellular protease activity which may in 
fact be provided by other signalling molecules, such as BMPl (Kessler et al, 
1996).

In addition to the inhibitory effects on signalling brought about 
through signalling molecules binding components of the ecm, recent in 
vitro  studies have show n that direct b ind ing  betw een antagonistic 
signalling m olecules can also block signalling, as in the case of
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n o g g in /ch o rd in  and BMP4, as outlined above (Piccolo et ah, 1996; 
Zim m erm an et al., 1996).

Finally, a number of inductive interactions involve cell-cell contact. 
A classic example of this means of cell-fate specification is seen during the 
successive waves of neurogenesis in Drosophila and involves a type of 
signalling know n as lateral inhibition. W hereas the signalling events 
described above involve inductive interactions betw een non-equivalent 
cells, that is signal-expressing and receptor-expressing cells, the process of 
lateral inhibition acts to direct cell fate specification am ongst equivalent 
cells. In Drosophila neural precursors become singled out from clusters of 
epithelial cells that are predisposed to a neural fate through their expression 
of proneural genes, chiefly the members of the achaete-scute complex (AS- 
C). Once a cell w ithin this equivalence group becomes comm itted to a 
neu ra l fate it signals to its neighbours to force them  to rem ain  
uncom m itted or to enter a non-neural pathway. The inhibitory signal is 
encoded by the Delta gene and the receptor for the signal is encoded by 
Notch and both genes are expressed by all cells of the equivalence group. 
Both genes encode transmembrane proteins and physiological fluctuations 
in Notch-Delta signalling between neighbouring cells are amplified by a 
feedback loop between Notch and Delta within each cell, such that cells with 
raised Delta activity become surrounded by cells with raised Notch activity. 
These latter cells are subsequently prevented from adopting a neural fate, 
since Notch activation down-regulates expression of the AS-C, which in 
turn  prom otes expression of Delta and neural specific genes, reviewed in 
(Lewis, 1996).
A num ber of vertebrate homologues for both the Notch and Delta genes 
have been identified, reviewed in (Artavanis-Tsakonas et al, 1995; Lewis, 
1996). Recent studies have suggested that in both Xenopus and chick 
embryos neural specification may also involve Notch-Delta signalling via 
lateral inhibition (Chitnis et al, 1995; Henrique et al, 1995).

The identification of some of the signalling molecules which mediate 
regional specification, during embryogenesis, has revealed that a great many 
of these inductive interactions employ the same general mechanism s. 
Indeed, often even the same signalling molecules are employed in these 
inductive events. A striking example of this is seen when comparing the 
induction and régionalisation of neural tissue with that of mesoderm; the 
topic to which I shall turn for the remainder of this introduction.
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2 Induction and early patterning of neural tissue.
During and subsequent to the formation of the three germ layers of 

the embryo similar signalling interactions initiate the induction of neural 
fate in ectoderm al cells. N eural induction is thought to be m ediated 
in itially  by signals derived from tissues adjacent to the prospective 
neuroectoderm . D uring the form ation of the neural p late  and  the 
subsequent development of the neural tube the neuroepithelium  becomes 
regionalised through a series of inductive interactions thought to initially 
impose regional character along the anteroposterior axis and subsequently 
along the dorsoventral axis. Inductive signals then proceed to direct the 
d ifferentiation  of specific cell types at distinct positions w ith in  the 
developing neural tube. Thus the position of neuroepithelial cells along 
these two prim ary axes is likely to contribute significantly to their fate 
w ithin the central nervous system (CNS) (Ruiz i Altaba, 1992; Smith, 1993; 
Simon et al, 1995).

2.1 Induction of neural tissue.
Throughout the process of gastrulation, the signals that m ediate 

neural induction are thought to derive from the organiser region adjacent 
to the prospective neuroectoderm , the dorsal lip of the blastopore or 
Spemann's organiser in amphibians, Hensen's node in birds and the node 
in m am m als. This hypo thesis  w as fo rm u la ted  su b seq u en t to 
transp lan ta tion  studies, using m arked cells, w hich show ed th a t the 
organiser region is able to induce neural d ifferentiation in adjacent 
ectoderm  (Spemann and Mangold, 1924; W addington, 1932; W addington, 
1933; Storey et al, 1992; Beddington, 1994).

The molecular nature of these inducing signals is not yet known. 
However, recent work with am phibian embryos has identified candidate 
neural-inducing molecules. Chordin and noggin, in addition to playing a 
role in mesoderm formation, have been implicated, together w ith a third 
secreted m olecule, follistatin , in the induction  of neu ra l tissue in 
amphibians. All three molecules are expressed, among other places, within 
the organiser and its derivatives at a time when these tissues have neural 
inducing activity (Smith and H arland, 1992; Hem m ati-Brivanlou et a l,  
1994; Sasai et al, 1994). Moreover, in vitro studies have show n that all 
three molecules directly induce isolated animal caps (taken from the top of 
a late blastula or early gastrula embryo) to form neural tissue in the absence
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of m esoderm  tissue and so fit criteria for endogenous neural inducers 
(Lamb et al., 1993; Hemmati-Brivanlou et al, 1994; Sasai et al, 1995).

Studies in am phibian embryos, however, have provided evidence 
that the process of neural induction, rather than requiring direct positive 
neural-inducing signals, may involve the active inhibition of mem bers of 
the TGFp family of molecules. These studies revealed that misexpression of 
a dom inant negative form of the type II Activin receptor (ActRcII) results in 
direct neuralisation of animal caps (Hemmati-Brivanlou and Melton, 1994). 
Paradoxically, neither mice homozygous null for activin or ActRcII exhibit 
prim ary defects in m esodermal or neural developm ent and in addition 
mice with either of these mutations do not phenocopy each other (Matzuk 
et al, 1995a; M atzuk et al, 1995b). Thus, it is likely that the phenotype 
observed from overexpression of the dominant-negative ActRcII is due to 
inhibition of the activity of TGPP proteins other than activin. Indeed this 
dominant-negative ActRcII has since been shown to block the activity of the 
bone m orphogenetic protein, BMP4 (Wilson and H em m ati Brivanlou, 
1995). These observations suggest that neural developm ent m ay be a 
default ectoderm al fate that requires the inhibition of factors w hich 
promote epidermal development (Fig. 2).

BMP4, a soluble growth factor, is a member of the TGFp superfam ily 
which is expressed throughout the ectoderm  prior to gastrulation and 
becomes down-regulated in developing neuroectoderm. Five experiments 
suggest that the neural inducing activities of follistatin, chordin and noggin 
might be the result of antagonising endogenous BMP4 signalling in animal 
caps (De Robertis and Sasai, 1996). Firstly, co-injection of BMP4 DNA, under 
the control of a prom oter expressed at the gastrula stage, w ith either 
chordin, follistatin  or noggin  mRNA into anim al caps blocks neural 
induction norm ally brought about by these three molecules (Sasai et al, 
1995). Secondly, specific inhibition of the function of BMP4, by either 
injecting blastom eres with mRNA encoding a dom inant-negative BMP4 
receptor or RNA encoding antisense BMP4, has been shown to lead to 
neural differentiation in animal caps (Sasai et al, 1995). Thirdly, BMP4 
protein has been shown to act in vitro to repress neural developm ent and 
actively induce epidermal tissue in reaggregated gastrula-stage animal cap 
cells (Wilson and Hem m ati Brivanlou, 1995). Fourthly, as described 
previously, two recent studies have provided evidence that chordin and 
noggin bind to BMP4 with high affinity and can abolish BMP4 activity by 
blocking binding to its receptor (Piccolo et al, 1996; Zimmerman et al, 1996).
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Finally, injection of noggin mRNA fails to dorsalise embryos or neuralise 
anim al caps w hen coinjected w ith constitutively active m utan t BMP 
receptor RNA (Zimmerman et ah, 1996). These studies illustrate how  the 
induction a n d /o r  régionalisation of both neuroectoderm  and m esoderm , 
respectively, are processes which act in parallel and in part involve the 
same signalling molecules. Thus, the diffusible organiser signals, noggin 
and chordin, appear to neuralise ectoderm and dorsalise m esoderm  by 
antagonising the BMP4 pathway (Fig. 2).

While these studies have begun to throw  light on the m olecular 
interactions which are involved in neural induction, there are still m any 
aspects of this process which remain unresolved. For example, studies 
using chordin and noggin protein show that while InM  chordin  can 
neuralise intact animal cap explants, 20-fold higher am ounts of noggin 
protein are required to induce neural tissue in vitro (Lamb et ah, 1993; 
Piccolo et ah, 1996). One possibility is that in vitro, noggin is mimicking a 
related neural inducer that acts at lower concentrations. A lternatively, 
since its role in mesoderm induction is that of a modifier (Lamb et ah, 1993), 
noggin may likewise mediate neural induction by acting synergistically with 
another factor, which is not present in the cap assay so that, in vitro, m uch 
more of the protein is needed. A number of studies suggest that a prim ary 
role for follistatin in neural induction at the gastrula stage is unlikely. 
Firstly, observations that follistatin induces neuralisation by binding and 
inactivating activin (Flemmati-Brivanlou et ah, 1994), were at odds w ith 
subsequent studies, described above, which showed that mice lacking 
activin activity do not exhibit neural abnormalities (Matzuk et ah, 1995b). 
However, the possibility remains that follistatin may induce neuralisation 
through binding and inactivating other TGFb superfamily members, such 
as BMP4. Nevertheless, while follistatin RNA induces neural tissue from 
blastula staged ectoderm  it does not do so when overexpressed at the 
gastrula stage (Lamb and Harland, 1995). Furthermore since to date only 
follistatin  mRNA and not the protein has been used in the anim al cap 
assay, it is not clear at what concentration the protein is needed to neuralise. 
Finally, w hen supplied  as mRNA, fo llista tin  does not block BMP4 
epidermal-inducing activity (Wilson and Hemmati Brivanlou, 1995). Thus 
it rem ains unclear at which stage and by which means follistatin m ay 
induce neural tissue in Xenopus, in vivo.

It remains unresolved whether any of these molecules act in other 
species to induce neural tissue. For example, studies to define the roles of 
follistatin in mammalian development showed that mice hom ozygous for
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the deleted follistatin allele do not exhibit any significant abnormalities 
w ithin the CNS (Matzuk et al., 1995c). This finding dem onstrates that, 
during m am m alian developm ent, follistatin does not play a prom inent 
role in neural induction. As yet similar studies to address the role of either 
noggin  or chordin  activity in m am m alian em bryos have no t been 
published. It is possible, however, that in this type of loss of function study 
the absence of any one of these genes may not reveal a neural inducing role 
for the missing factor if other inducing factors are able to functionally 
compensate for the missing component. Indirect evidence that these three 
organiser-derived molecules, while being sufficient for neural induction in 
vitro, may not be necessary in vivo is implied by an analysis of mice that 
carry a null mutation of HNF-3p - a member of the HN F-3/forkhead family 
of DNA-binding transcription factors. These embryonic lethal mice lack 
both an organised node and notochord - the axial mesodermal derivative of 
the node, and yet neural induction and subsequent patterning along the 
anteroposterior axis of the neural tube is little affected (Ang and Rossant, 
1994; W einstein et al, 1994). There are two possible interpretations which 
can be m ade from this study. Firstly, if as a result of im proper node 
formation, chordin, noggin a n d /o r  follistatin are not produced it would 
suggest that expression of these molecules is not essential for neural 
induction in mice. Alternatively, despite the lack of an organised node it is 
possib le  th a t o rganiser m olecules continue to be p ro d u ced  and 
consequently, exhibit neural inducing activity. A better understanding of 
w hether chordin, noggin an d /o r follistatin play a role in neural induction 
may come from comparing their expression profiles in wild type mice and 
in mice homozygous null for HNF-3p.

These results serve to illustrate that the mechanistic basis underlying 
neural induction remains an unresolved issue.

A fourth neural inducing candidate is fibroblast growth factor (FGF), 
which as outlined above, has traditionally been thought of as a potent 
mesoderm inducer (Slack, 1994). In Xenopus, embryonic FGF is expressed 
in the organiser at gastrulation and in the posterior notochord during 
neurulation (Isaacs et al., 1992). If animal cap cells are dissociated and then 
immediately reaggregated in the presence of this factor then neural tissue 
can be induced in these cells, at a time when they are no longer competent 
to form mesoderm (Kengaku and Okamoto, 1993; Kengaku and Okamoto, 
1995). Unlike noggin, FGF has this effect at low concentrations. One caveat 
to these studies is that dissociation can itself result in the form ation of
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neural tissue (Godsave and Slack, 1991). Further in vitro studies in 
Xenopus, however, using intact animal caps have shown that FGF protein 
can indeed directly neuralise gastrula ectoderm, in the absence of mesoderm 
(Lamb and Harland, 1995).

2.2 Regional patterning of neural tissue along the anteroposterior axis.
A nteroposterior patterning of the neural plate has been studied  

extensively using regionally restricted neural m arkers. These in vitro 
studies show that chordin, noggin and follistatin induce anim al caps to 
form neural tissue of anterior character (Lamb et ah, 1993; Hemmati- 
Brivanlou et ah, 1994; Sasai et ah, 1995), whereas animal caps treated with 
FGF4 protein generate posterior neural tissue (Lamb and H arland, 1995). 
Moreover, when FGF and noggin are combined on early gastrula ectoderm, 
a more complete neural pattern is generated (Lamb and H arland, 1995). 
Taken together these observations im ply that synergistic interactions 
between a num ber of different neural inducing molecules may be involved 
in the specification of anteroposterior values along the whole neuraxis, 
possibly including additional molecules to those identified so far.

While initial aspects of regional patterning along the neuraxis are 
thought to occur at the same general time as neural induction (since the 
sam e m olecules appear to influence both processes), a num ber of 
experiments suggest that neural tissue remains plastic and can respond to 
inductive signals for several hours after neural induction. One recent 
experiment in Xenopus looking at the induction of either an anterior or a 
posterior-specific neural marker, by mesoderm, in gastrula-stage ectodermal 
explants, suggests that neither the regional inductive capacity of the 
mesoderm, nor the anteroposterior responsive capacity of the ectoderm  is 
restricted at these early stages. They show that only by early neurula stages, 
when the neural plate has formed, do anterior and posterior identities begin 
to become specified and that prior to this some degree of plasticity is 
retained in neuroectoderm (Saha and Grainger, 1992). Moreover, a num ber 
of studies using avian embryos have shown that neural tissue w ithin the 
m idbrain  region is still uncom m itted and responsive to posteriorising 
signals at even later neurula stages. For example, chick-quail grafting 
studies have show n that mesensephalic tissue from a 25 som ite quail 
embryo when grafted to an ectopic diencephalic region of a chick host, 
becom es respecified  and thus is still com peten t to resp o n d  to 
environmental signals (Itasaki et ah, 1991). In addition, in a recent study the 
hom eobox gene, engrailed, was m isexpressed th roughou t the chick
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m idbrain at early neural tube stages. M issexpression of this m idbrain- 
hindbrain junction marker during neurulation respecifies rostral m idbrain 
tissue which subsequently adopts a caudal phenotype (Logan et al, 1996).

A num ber of studies, including those described above, have suggested 
that the gradual acquisition of regional identity occurs by two means. 
Planar patterning signals that derive from the organiser region, are thought 
to spread through and pattern  the neural plate (Ruiz i Altaba, 1992). 
Subsequent to gastrulation, vertically acting signals that derive from 
underlying mesoderm cells also operate to pattern neural cells along the 
anteroposterior axis. Spemann first proposed that signals operating at the 
early gastrula stage could be transmitted in a planar fashion through the 
neuroepithelium  (Spemann, 1938). Evidence for p lanar induction comes 
from in vitro studies of amphibian embryos in which vertical apposition of 
the neuroectoderm  and mesoderm is prevented while a planar junction is 
maintained, either through forming exogastrulae (by incubation in high salt 
concentrations) (Kintner and Melton, 1987; Ruiz i Altaba, 1990) or by 
explanting dorsal tissue before involution of dorsal m esoderm  (Keller 
sandwiches) (Keller and Danilchik, 1988; Servetnick and Grainger, 1991) 
(Fig. 3). Despite the absence of underlying mesoderm, neural tissue that 
exhibits extensive anteroposterior patterning differentiates. Bands of gene 
expression which define precise anteroposterior values along the neuraxis 
are detected in the right order and m aintain their relative positions in the 
neural tissue of exogastrulae and Keller sandwiches (Doniach et al,  1992; 
Ruiz i A ltaba, 1992). These results suggest that in itial aspects of 
anteroposterior patterning can be achieved in the absence of vertical signals. 
However, planar signals do not appear to be sufficient to induce all aspects 
of CNS pattern. For example in exogastrulae, hindbrain-specific expression 
of XashS is not observed and expression of w n tl  RNA, a dorsal m idbrain 
marker, is only partial. Moreover, in the absence of anterior mesoderm, the 
differentiation of neural retina, a cell type characteristic of the forebrain 
does not occur in exogastrulae (Kintner and Melton, 1987; Ruiz i Altaba, 
1990; Zimmerman et al, 1993).

P lanar signals, instead, appear to operate in conjunction w ith  
vertically derived signals to establish anteroposterior pattern  w ithin the 
neural plate and developing neural tube. Classical experim ents first 
provided support for a role of invaginated mesendoderm in anteroposterior 
pattern ing  of the overlying neuroectoderm . Using urodele embryos. 
Mangold showed that mesendoderm of different anteroposterior character 
can induce neural tissue of a corresponding  anteroposterio r value
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Figure 3

Diagrams illustrating the mechanisms of analysing planar induction in 
Xenopus neuroectoderm.
(A) The Keller ’sandwich'.
On the left a sagittal section of an early amphibian gastrula (stage 10+), 
showing the region used in Keller 'sandwiches’: from the animal pole to 
the blastopore (B). To the right is a single explanted region, depicting the 
anteroposterior polarity. Normal fates in explanted region: white, 
epidermis; coarse stippling, neuroectoderm; black, axial mesoderm; fine 
stippling, archenteron roof and endoderm. The 'sandwich' consists of two 
of these explants cultured together with their inner faces apposed.
B) Exogastrulation.
By placing the amphibian embryo in a hypertonic salt solution, the 
mesoderm undergoes exogastrulation whereby it evaginates instead of 
involuting into the embryo. This results in the connection of the 
ectodermal sac to the mesendodermal mass by only the posterior junction

(P).
A, anterior; B, blastopore; D, dorsal; E, ectoderm; En, Endoderm; N, 
notochord; P, posterior; Pm, prechordal mesoderm; S, somites; V, ventral. 
(After [Doniach, 1992 #36])

20



A Animal Pole
Cut

D

Cut

A

À

P
P

i
A

E n

P m

21



Introduction

(M angold, 1933). These observations are supported by recent in vitro 
studies. One study using Xenopus embryos showed that m esendoderm  
from two different anteroposterior levels of late gastrula stages has different 
capabilities for regional neural induction in competent ectoderm explants 
(Sharpe and Gurdon, 1990). A similar study in m ouse suggested that 
mesendoderm  of anterior character can induce specifically the expression of 
engrailed, a neural-specific gene normally found at the hindbrain-m idbrain 
junction (Ang and Rossant, 1993). Recent work looking at the m urine 
expression profile of the hom eobox gene Otx2, has show n that its 
u b iq u ito u s  ectoderm al expression  p rio r to g a stru la tio n  becom es 
progressively restricted to the anterior third of the embryo by the headfold 
stage. E xplan t-recom bination  experim ents show ed th a t an te rio r 
m esendoderm  is required to stabilise Otx2 expression in vivo, whereas later 
forming posterior m esendoderm  actively represses Otx2 expression in the 
posterior neuroectoderm (Ang et al, 1994). These results are also consistent 
w ith a large body of embryological data in amphibians which prom otes a 
two step m odel of neural induction and anteroposterior pattern ing , 
involving an initial induction to anterior neural fate follow ed by a 
progressive transformation to more posterior fates, reviewed in (Slack and 
Tannahill, 1992).

The studies described above consider the different anterior and 
posterior patterning properties of the entire m ediolateral extent of the 
m esoderm  together with underlying endoderm. However, similar studies 
have revealed that w ithin  the m esoderm al layer axial and paraxial 
m esoderm  are sources of regionalising signals that differ in potency 
depending on the nature of the induction. For example, in Xenopus the  
anterior notochord (part of the axial m esoderm ) appears to be more 
effective than either posterior notochord or anterior paraxial m esoderm  at 
inducing engrailed in naive ectoderm  (Hemmati-Brivanlou et al., 1990). 
Moreover, a recent study using chick-chick and chick-transgenic m ouse 
graftings has identified somites as a later source of vertical, posteriorising 
signals tha t can reprogram m e Hox gene expression in the an terior 
hindbrain  (Itasaki et ah, 1996). In this study notochord exhibited much 
weaker regionalising activity than that observed w ith somites (N. Itasaki 
pers. comm.).

Together, these studies suggest that planar and vertical signals 
cooperate in the induction and axial patterning of the embryonic nervous 
system.
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2.3 Cell-specific régionalisation along the neuraxis.
The studies described above begin to address the mechanisms and cell 

interactions employed to pattern the neuroectoderm, using general regional 
m arkers to identify anteroposterior position along the neuraxis. However, 
as specific cell types begin to differentiate w ithin the neural tube they can 
likewise be identified by expression of cell-specific m arkers (Fig. 4). This 
process has been best studied  in cells tha t differentiate at distinct 
dorsoventral positions within the spinal cord.

Cells that differentiate at the ventral m idline of the neural tube 
represent one of the earliest cell populations that can be distinguished using 
cell-specific markers. In posterior regions of the CNS these cells are called 
floor plate cells, and they can be characterised in rat and chick embryos by 
the co-expression of HNFSP , HNFSa - both members of the winged-helix 
(HNF-3/ forkhead) family of DNA-binding transcription factors (Lai et al, 
1990; Weigel and Jackie, 1990; Lai et al, 1991) together with Netrin-1 in chick 
(Kennedy et al, 1994), or FP3 and FP4 in the rat (Placzek et ah, 1993). Shortly 
after floor plate differentiation, bilateral pools of m otor neurons can be 
distinguished in ventral regions of the posterior neural tube, lateral to the 
floor plate, th rough their co-expression in chick, of Islet-1 (a LIM- 
hom eodom ain protein) and SCI (a glycoprotein of the im m unoglobulin 
superfamily) (Ericson, 1991). In the dorsal neural tube, Pax3 and Msxl (two 
transcription factors), and dorsalin 1 (a member of the TGFb-superfamily) 
serve as general markers of dorsal neuroectoderm. Prem igratory neural 
crest cells can be identified by the expression of slug (a zinc finger gene) and 
m igrating crest cells express HNKl (a carbohydrate antigen) (Easier et ah, 
1993; Takada et ah, 1994; Dickinson et ah, 1995; Liem et ah, 1995; Mayor et ah,
1995).

Analysing the expression profile of markers for specific cell types both 
in vitro and in vivo provides a means by which to address how and when 
these different cell types differentiate.
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Figure 4

Different neural cell types can be identified by analysing the expression 
profile of cell-specific markers.
Transverse section of a HH  st 16 chick spinal cord that has been analysed for 
the expression of three different markers. Expression of SCI and Islet-1 was 
analysed by immunocytochemistry. Dorsalin-1 expression was analysed by 
radioactive in situ hybridisation.
Floor plate cells (F) at the ventral midline can be distinguished through 
their expression of the SCI protein (green).
Bilateral pools of motor neurons (M) are identified by their co-expression of 
SCI (green) and Islet-1 (red).
Dorsalin 1 (blue) is a general m arker of dorsal cell types (D).
Reproduced w ith kind permission from Dr. T. Jessell [Yamada, 1993 #220].
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3 The role of SHH in specifying distinct cell fates.

3.1 Patterning along the dorsoventral axis in the posterior CNS: induction 
and differentiation of floor plate cells.

A wealth of evidence suggests that vertical signals operate to induce 
distinct cell types along the dorsoventral axis in posterior regions of the 
CNS, such as the spinal cord. Within this region, the ventral midline of the 
neural tube overlies the axial m esoderm al cells of the notochord. This 
dorsal mesodermal structure, which has been suggested to have an anterior 
lim it co-extensive w ith that of the floor plate, plays a pivotal role in 
patterning ventral cell types in overlying neuroectoderm. Notochord grafts 
and notochord ablation experiments (van Straaten, 1988; Placzek et al, 1990; 
van Straaten and Hekking, 1991; Yamada et al, 1991; Placzek et al,  1993; 
Ruiz i Altaba et al, 1995b), together with in vitro experiments(Placzek et al, 
1990; Hatta et al, 1991; Yamada et al, 1991; Placzek et al, 1993; Ruiz i Altaba 
et al, 1995b; Tanabe et al, 1995) have shown that vertical signals that derive 
from the notochord initiate cell differentiation within the overlying neural 
plate by inducing floor plate development at the ventral midline. These 
studies show that floor plate induction by the notochord involves a contact- 
dependent factor(Placzek et al, 1990; Placzek et al, 1993; Ruiz i Altaba et al, 
1995b; Tanabe et al, 1995)

It is possible that, just as is seen in general neural patterning, planar 
signals may co-operate with vertical signals in the induction of the floor 
plate. Experiments in vivo and in vitro show that in posterior regions of 
the CNS the ability to induce a floor plate is not restricted to the notochord. 
Once induced by the notochord, the floor plate itself acquires similar or 
identical inductive properties, which may act in a p lanar fashion along 
either the mediolateral or anteroposterior aspect of the ventral neural tube. 
M oreover, in vitro experiments have shown that the inducing activity of 
the notochord is transient compared to that of the floor plate (Yamada et al, 
1991; Placzek et al, 1993). Further indication that planar signalling may be 
involved in ventral midline development comes through analyses of the 
zebrafish m utant embryo, cyclops. M utant embryos lack a floor plate. 
However, transplantation of a small num ber of wild type floor plate cells 
into a m utant host induces m utant ventral m idline cells to differentiate 
normally (Hatta et al, 1994).
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3.2 SHH induces floor plate cells.
A candidate molecule for the signal that mediates the floor plate- 

inducing activities of the notochord and the floor plate in the vertebrate 
embryo was identified three years ago. Sonic hedgehog (SHH), a vertebrate 
homologue of a Drosophila segment polarity gene, hedgehog, (Nusslein- 
Volhard and Wieschaus, 1980; Lee et al., 1992), encodes a putative secreted 
protein and has been implicated in the patterning of ventral cell types 
w ithin the CNS. SHH  is expressed by the notochord and floor plate at a 
time when these two midline cell groups exhibit their inductive properties 
(Echelard et al, 1993; Krauss et al., 1993; Riddle et al., 1993; Roelink et al., 
1994; Ruiz i Altaba et al., 1995a). Misexpression of SH H  in chick, frog, 
mouse or zebrafish embryos leads to the differentiation of floor plate cells at 
ectopic sites within the neural tube in vivo, (Echelard et ah, 1993; Krauss et 
al., 1993; Roelink et al., 1994; Strahle and Blader, 1994; Ruiz i Altaba et al, 
1995a). Furtherm ore, COS cells transfected w ith SH H  can induce the 
differentiation of floor plate cells in vitro w hen cultured in contact w ith 
neural plate explants (Roelink et al., 1994; Tanabe et al., 1995)

Studies of murine SHH  (Bumcrot et ah, 1995), suggest that the protein 
is synthesised as a precursor and undergoes autoproteolytic cleavage in a 
similar way to Drosophila hedgehog , to generate an amino terminal (SHH- 
N) and a carboxy terminal product (SHH-C) and moreover, SHH-C appears 
to m ediate precursor processing via an intramolecular mechanism (Lee et 
ah, 1994; Porter et ah, 1995). Two studies have shown that SHH-C appears to 
have no inductive effects on neural plate explants, but that purified SHH-N 
can m ediate floor plate induction (Marti et ah, 1995a; Roelink et ah, 1995). 
Indeed an absolute requirem ent for SHH in floor plate developm ent is 
indicated through two recent analyses. Firstly, mice hom ozygous null for 
SHH do not show a differentiated floor plate, despite the presence of a 
no tochord(C hiang  et ah, 1996). Secondly, in vitro studies reveal that 
exposure to function-blocking antibodies to SHH-N inhibits the ability of 
notochord and floor plate to induce floor plate (Ericson et ah, 1996),

3.3 SHH patterns the ventral neural tube.
Num erous studies have shown that in posterior regions of the CNS 

the notochord and floor plate not only induce floor plate but play a pivotal 
role in the dorsoventral patterning of the neural tube by inducing the 
differentiation of other ventral cell types. Tissue grafts and ablation 
experiments (Placzek et ah, 1990; van Straaten and Hekking, 1991; Yamada et 
ah, 1991; Ericson et ah, 1992; Placzek et ah, 1993; Ruiz i Altaba et ah, 1995b)

27



Introduction

together with in vitro experiments (Placzek et al, 1990; Placzek et al, 1993; 
Yamada et al, 1993; Ruiz i Altaba et al, 1995b) bave shown that floor plate- 
and notochord-derived signals induce m otor neuron differentiation in 
regions lateral to the floor plate. While floor plate induction involves a 
contact-dependent factor, the induction of motor neurons appears to require 
a diffusible factor, suggesting that different signalling m olecules may 
m ediate each of these properties (Placzek et al, 1990; Placzek et al., 1993; 
Yamada et al., 1993; Ruiz i Altaba et al., 1995b; Tanabe et al., 1995). However, 
recent studies show that SHH-signalling can mediate both activities. When 
cultured in contact with neural plate explants, COS cells expressing SHH can 
induce the differentiation of floor plate cells in vitro (Roelink et al., 1994; 
Tanabe et al., 1995), while COS cells expressing SH H  that are grown 
transfilter to neural plate explants, produce a factor that can induce motor 
neuron differentiation in the absence of floor plate. This observation 
implies that SH H-m ediated m otor neuron induction is independent of 
floor plate differentiation (Tanabe et ah, 1995). Evidence that SHH-N 
expression in the floor plate a n d /o r  notochord, is required  for the 
differentiation of both floor plate (see above) and motor neurons in vitro, 
comes firstly from the use of specific anti-SHH-N blocking antibodies as 
outlined below (Marti et al., 1995a; Ericson et al., 1996) and secondly, from 
analyses of mice homozygous null for SHH (Chiang et ah, 1996). These 
m utant embryos do not develop motor neurons, despite the presence of a 
notochord. Thus, experiments both in vivo and in vitro, reveal that in the 
absence of SHH activity, notochord is unable to pattern the ventral neural 
tube.

3.4 D ifferent m echanistic modes of activity adopted by SHH in order to 
achieve long-range patterning effects.

The studies referred to above indicate that SHH-mediated patterning 
of the ventral CNS appears to act locally in some circumstances (floor plate 
form ation) and at a distance in others (motor neuron differentiation). 
N um erous studies have revealed that short- and long-range SHH- 
signalling activity, rather than being restricted to mediating the induction 
of cells w ithin the neural tube, appears to pattern  other regions of the 
vertebrate embryo, such as the limb bud and developing som ites, as 
outlined below (Riddle et ah, 1993; Fan and Tessier Lavigne, 1994). There 
are three possible mechanisms by which SHH may induce different cell fates 
at a specific distance from the signal source (Fig. 5). Firstly, SHH secreted 
from a cell source may diffuse through adjacent tissues and act directly on
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both adjacent and distant cells thereby providing a m orphogen gradient 
(Fig. 5A) (Wolpert, 1969). Hence, at distinct threshold concentrations SHH 
m ay induce the differentiation of specific cell types. Studies using 
D rosophila embryos have suggested that hedgehog (hh) may adopt this 
m echanism  of long range specification, in vivo, d u r in g  cell-fa te  
specification of the embryonic dorsal epidermis (Heemskerk and DiNardo, 
1994). In these studies manipulation of the levels of H h in vivo revealed 
tha t different cell types in the dorsal epiderm is are induced in a 
concentration-dependent manner. Thus, exposure to high levels of ectopic 
H h induced proximal cell fates at the expense of distal cell fates, whereas 
w hen levels of Hh were reduced distal fates were specified w ithout prior 
specification of proximal fates (Heemskerk and DiNardo, 1994). Since 
neither wingless or dpp, which act as secondary signals to m ediate hh 
activity in other regions of the embryo (see below), appear to be involved in 
this aspect of hh signalling, Hh is thought to be acting directly to influence 
cell fate at a distance. One caveat to this hypothesis is that in the dorsal 
epidermis the putative hh receptor, ptc, is only expressed in cells adjacent 
to those expressing hh, and thus is not expressed in all cells whose fate 
appears to be directly specified by /z/z. (Heemskerk and DiNardo, 1994)

Alternatively, cell fate specification at a distance could depend upon a 
cascade of short-range interactions which programme cell fate at different 
positions from the source of the primary inducing signal (Fig. 5B). Finally, 
long-range cell fate specification may involve the induction and secretion of 
another intermediary long-range factor by cells adjacent to the SHH source 
(Fig. 5C). The mode of long-range patterning activity adopted by SH H /hh in 
fact appears to vary in different embryonic systems, as described below in 
3.4a-d.

3.4a SHH as a long-range m orphogen in ventral regions of the neural tube.
The ventral neural tube is one system in which SHH may function as 

a morphogen in specifying cell fate at a distance from the SHH signal source 
(see Fig. 5A).

As outlined above, the native SHH protein undergoes autoproteolytic 
cleavage to produce an amino (SHH-N) and a carboxy (SHH-C) terminal 
form. However, the inductive activities of SHH appear to reside solely in 
the amino-terminal peptide. In addition to peptide bond cleavage, recent 
studies have shown that the processing event involves covalent linkage of 
cholesterol to both Drosophila Hh-N and mouse SHH-N (Porter et ah, 
1996a; Porter et ah, 1996b). This lipid modification acts to increase the
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Figure 5

Mechanisms for achieving position-specific patterning.
The coloured bands represent different cell types that have adopted a 
distinct cell fate in direct or indirect response to an inductive signal derived 
from the dark green cells. Arrows represent short range intercellular 
signals. The gradient of green (in A) and of purple (in C) represent a signal 
gradient which diffuses through the tissue layer. Cells at different distances 
from the signal source perceive different concentrations of the signal which 
causes them to adopt a specific cell-fate.
A) Differential cell fates are induced by the secretion of a long-range signal 
acting in a concentration-dependent m anner (a morphogen).
B) Differential cell fates resulting from a cascade of multiple short-range 
interactions, initiated by a signal produced by the inducing cell type (dark 
green).
C) Differential cell fates are achieved in response to a long-range, graded 
secondary signal (derived from the dark purple cells), produced as a 
consequence of a local primary inductive signal derived from the dark green 
cells.
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hydrophobic nature of the signalling dom ain which suggests that it is 
required for the cell surface association of SH H -N /H h-N  observed in 
cultured cells, and indeed an unmodified form of Hh-N has been shown to 
diffuse more readily from cells (Bumcrot et al., 1995; Porter et ah, 1996a). 
Moreover, this tethering of SH H -N /H h-N  to the membrane is thought to 
be im portant for the spatial regulation of SH H /H h signalling since recent 
studies revealed that when over expressed in a restricted dom ain of 
Drosophila embryos the unm odified form of Hh-N causes w idespread 
mispatterning effects that do not occur when the processed form is similarly 
expressed (Porter et ah, 1996a). However, while the majority of SHH-N is 
thought to be cell surface bound in vivo, it has been suggested that some 
lim ited diffusion m ay occur (Bumcrot et ah, 1995; Porter et ah, 1996a). 
Studies in vitro have revealed that the concentration of SHH-N to which 
undifferentiated posterior neural plate explants are exposed determ ines 
whether they differentiate into floor plate or motor neuron cells (Marti et 
ah, 1995a; Roelink et ah, 1995). The threshold concentration required for 
m otor neuron  induction is lower than  that required for floor plate 
induction (Roelink et ah, 1995). These results suggest SHH may act as a 
m orphogen in patterning the ventral neural tube. However, while the 
availability of early response genes to floor plate induction can verify a 
direct response to SHH, in the absence of immediate early response genes to 
m otor neu ron  induction  it is not possible to ru le  ou t tha t low 
concentrations of SHH-N might affect motor neurons indirectly through 
the induction of an unknown intermediary long-range factor.

Recent in vitro studies using chick spinal cord explants, however, 
suggest SHH directly affects motor neuron differentiation (Ericson et ah,
1996). Using either notochord, floor plate or purified SHH-N protein they 
show that motor neuron differentiation depends on two critical periods of 
SHH signalling, each requiring a distinct concentration of SHH-N. During 
early neural plate stages, low levels of SHH are required to convert naive 
neural cells to ventralised progenitors. A higher concentration of SHH is 
required at later stages, extending into the final stages of progenitor cell 
division to regulate the differentiation of ventralised progenitors to motor 
neurons. Thus, SHH-N may affect motor neuron differentiation directly, 
since if either stage of SHH signalling is blocked, then motor neurons do 
not develop. This was shown both by regulating the am ount of protein 
adm inistered at each stage and by using function-blocking antibodies to 
SHH-N in recombinant explants (Ericson et ah, 1996). However, it is still
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possible that SHH acts in conjunction with an unknown intermediary long- 
range factor to specify motor neuron differentiation.

Taken together these results suggest a model in which the fate of 
neuroectoderm al cells in the ventral CNS m ight be determ ined by the 
different concentrations of, and the developm ental stage at which they 
perceive a gradient of SHH signal. Consequently, this model predicts that 
the fate of ventral neuroectodermal cells is ultim ately restricted by their 
position relative to the source of SHH signal (Fig. 6). Thus, SHH, 
synthesised by the underlying notochord is proteolytically cleaved and 
neuroectoderm cells that lie in contact with the notochord are exposed to a 
high concentration of cell surface-bound SHH-N which triggers the contact- 
dependent differentiation of floor plate cells. S im ultaneously, low 
concentrations of notochord-derived SHH-N, which act to ventralise neural 
progenitors (to perm it the subsequent generation of motor neurons), might 
do so by diffusing through the neuroepithelium. Ventralised progenitors 
are only able to differentiate into motor neurons once they are exposed to a 
later period of SHH-signalling, at an interm ediate concentration, derived 
from the floor plate.

These studies address the means by which SHH activity, derived from 
the notochord and the floor plate, is thought to pattern the posterior ventral 
neural tube. They raise the question as to whether a gradient of SHH-N is 
all that is required to pattern the dorsoventral axis. In fact, complementary 
studies have identified additional tissues and potential signals involved in 
aspects of dorsal cell patterning. Notochord-ablation studies in vivo using 
chick embryos, showed that in the regions where the notochord is absent, 
dorsal cell types differentiate throughout the neural tube, at the expense of 
ventral cell types (Yamada et al, 1991; Easier et al, 1993). This implies that 
neural plate cells may be predisposed to become dorsal in character unless 
exposed to a ventralising signal, presumably SHH, provided by notochord 
and floor plate cells. However, in vitro studies performed w ith chick spinal 
cord explants, have dem onstrated that signals from  the non-neural 
ectoderm are im portant for establishing dorsal identity w ithin the neural 
tube (Moury and Jacobson, 1990; Takada et al., 1994; Dickinson et ah, 1995; 
Liem et ah, 1995; Mayor et ah, 1995; Selleck and Bronner-Fraser, 1995). These 
signals induce the differentiation of neural crest cells as well as dorsal spinal 
cord markers such as Pax3, ]Nntl/3a, and M s x l / 2. Two candidate molecules 
for the intercellular signal that m ediates the inducing activity of the
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Figure 6

SHH; a m orphogen in the dorsoventral patterning of the spinal cord. 
Hypothetical model for a ventrodorsal gradient of SHH in establishing 
regional specification in the embryonic spinal cord.
SHH-N is synthesised by notochord (N) and the neuroectoderm cells that lie 
in contact w ith notochord are exposed to a high concentration of cell 
surface-bound SHH-N. The high concentration of SHH-N triggers the 
contact-dependent differentiation of floor plate cells (F) at the ventral 
m idline of the neural tube. Simultaneously, lower concentrations of 
notochord-derived SHH-N diffuse through the neuroepithelium and 
induce the differentiation of specific cell types (represented by X, circles and 
squares), at distinct threshold concentrations. Moreover, once floor plate 
cells are induced they too act as a source of SHH-N signal that may augment 
the patterning activities of notochord-derived SHH-N. For example, one 
model for motor neuron development proposes that cells which lie in 
ventral regions lateral to the floor plate are exposed to low levels of SHH-N 
which trigger the initial aspects of motor neuron differentiation. These cells 
then become exposed to a later period of SHH-signalling, at an intermediate 
concentration, derived from the floor plate which mediates the final aspects 
of motor neuron differentiation [Ericson, 1996 #45]. See text for details.
E, surface ectoderm; F, floor plate; N, notochord; R, roof plate.
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non-neural ectoderm  have recently been identified. Studies in chick 
embryos show that two members of the TGFp superfam ily, BMP4  and 
BMP 7, (encoding bone m orphogenetic proteins 4 and 7), are expressed, 
among other places, in the epidermal ectoderm bordering the neural plate. 
At neural tube closure epidermal expression of BMP4 is maintained at high 
levels in the dorsal m idline of the neural tube. In addition  to their 
tem porally and spatially appropriate expression profiles (in the chick at 
least), in vitro studies show that recombinant BMP4 and BMP7 proteins can 
mimic the dorsalising activity of the epidermal ectoderm (Liem et al, 1995). 
Nevertheless, the requirement for BMPs in the dorsalisation of neural plate 
cells remains to be demonstrated.

Taken together these results provide evidence suggesting that the 
neural tube is patterned along its dorsoventral axis under the influence of 
ventralising signals, mediated by SHH, from the notochord /  floor plate and 
of dorsalising signals mediated by BMPs, derived from epidermal ectoderm 
(Fig. 7). Moreover, studies in vitro using chick spinal cord explants, have 
dem onstrated that SH H /notochord  and BMP4 protein  have m utually  
antagonistic effects on patterning neural explants (Liem et ah, 1995). These 
observations prom pted the suggestion that in vivo BMPs may act to inhibit 
the spread of ventralising signals from the floor plate through the neural 
tube. Thus, the dorsoventral fate of neural plate cells may depend on the 
combined concentration of each of these antagonistic signals to which they 
become exposed.

3.4b A role for short-range SHH signalling in the vertebrate limb.
In contrast to the long-range signalling role proposed for SHH in 

patterning the ventral CNS, there is evidence that, in the case of the limb 
bud, SHH can induce the production of secondary signals that account, in 
part, for the observed activities of SHH (see Fig. 5B). In the posterior 
m esoderm  of the developing limb bud the zone of polarising activity, 
(ZPA), is the source of a signal that specifies digit identity along the 
anteroposterior limb bud axis (Saunders and Gasseling, 1968). SH H  
expression maps to the ZPA and SHH can mimic the long-range patterning 
activity of the ZPA (Riddle et ah, 1993). It may do so by inducing expression 
of BMP2, a gene normally expressed in posterior mesoderm (Francis et ah,
1994). Thus, ectopic expression of BMP2 in the anterior mesoderm can be 
induced by misexpressing SHH in this anterior domain (Laufer et ah, 1994). 
BMP2 may then act as a secondary signalling molecule, mediating some of 
the effects of SHH in the limb, which include m aintenance of FGF4
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Figure 7

Model for the antagonistic roles of SHH and BMP proteins in patterning the 
dorsoventral axis of the developing embryonic spinal cord in chick.
A) The epidermal ectoderm (red) and neural plate are initially contiguous. 
SHH-N signal, provided initially by notochord (N), acts to ventralise the 
overlying neuroectoderm  and induce the differentiation of specific ventral 
cell types. BMP4 and BMP7 are expressed in the epidermal surface ectoderm 
at neural plate stages. These proteins act to dorsalise the adjacent 
neuroectoderm .
B) As the neural plate folds to form the neural tube the epidermal ectoderm 
(E) and the notochord (N) lose contact with the neural tube. However, SHH 
and BMP4 which are now expressed by the floor plate (F) and by cells at the 
dorsal midline of the neural tube (R), respectively, continue to provide a 
source of ventralising and dorsalising signal. Consequently, the fate of early 
neuroectodermal cells depends on whether they are exposed to SHH or 
BMPs or both and on the combined concentration of these factors to which 
they are exposed.
(After [Jessell, 1996 #272])
E, surface ectoderm; F, floor plate; N. notochord; R, roof plate; S, somite.
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expression in the posterior apical ectodermal ridge (AER): a specialised 
region of the distal ectoderm that maintains proximodistal outgrowth of the 
developing limb (Niswander and M artin, 1992; N isw ander et al, 1993; 
Laufer et al, 1994; Niswander et al, 1994). Support for this proposal comes 
from studies show ing that ectopic B M P 2 expression in the anterior 
mesoderm induces ectopic FGF4 in the adjacent anterior AFR and ectopic 
HoxdlS (another putative SHH target gene) in the adjacent mesoderm, in 
the absence of SHH  expression in this region(Duprez et al., 1996). A recent 
analysis of mice homozygous null for SHH revealed that these m utant 
embryos lack distal limb structures (Chiang et al., 1996). These studies 
illustrate the necessity for SHH in directing limb outgrow th, possibly 
through the initial induction of BMP2 which may subsequently act to 
induce and maintain AFR-expression of (FGF) signals.

3.4c A maintenance role for SHH signalling in somite patterning.
The differentiation of somites into sclerotom e, m yotom e and 

derm otome is under the influence of inductive signals from surrounding 
tissues. Sclerotome appears to be induced by a diffusible factor secreted by 
the notochord and the floor plate (Fan and Tessier Lavigne, 1994). SHH-N 
is able to mediate the ability of both notochord and floor plate to induce 
sclerotome differentiation and repress dermotome development in somitic 
mesoderm (Fan et al., 1995). Moreover, this contact-independent induction 
of sclerotom e can extend for over 200|Lim in explants of presom itic 
mesoderm(Fan and Tessier Lavigne, 1994). Initial studies suggested that a 
d irect long-range inducing effect, m ediated  by SHH m ight induce 
sclerotome, rather than activation of a secondary signal in the somitic 
mesoderm; firstly, paxl, a sclerotome m arker, is induced in presom itic 
mesoderm explants within six hours of addition of SHH-N (Fan et al., 1995); 
secondly, differentiating somitic mesoderm cells, in the absence of a source 
of SHH, cannot them selves induce sclerotomal m arkers in presom itic 
m esoderm  explants (Fan and Tessier Lavigne, 1994). However, these 
observations did not exclude the possibility that SHH activity is required to 
maintain the production of a potential secondary signal (see Fig. 5G). In fact, 
the latter possibility seems probable given that mice hom ozygous null for 
SHH  show  w eak and transien t expression of p a x l  d u rin g  early  
som itogenesis (Chiang et al., 1996). Thus, SHH activity appears to be 
essential for the maintenance of sclerotomal paxl expression but not for its 
initial induction
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3A d  The long and short of hh signalling in Drosophila.
In Drosophila, hh has been show n to play a pivotal role in the 

regulation  of m any aspects of em bryonic, larval and ad u lt pa ttern  
form ation. As outlined above, during  vertebrate developm ent SHH 
patterning activity appears to be associated with both short-range and long- 
range actions. The same appears to be true in Drosophila. For example as 
described above, specific cell fates in the dorsal embryonic cuticle are 
thought to be regulated by long-range, concentration dependen t hh 
signalling (Heemskerk and DiNardo, 1994), while in the ventral epidermis 
hh acts as a short-range signal to regulate gene expression in adjacent cells 
(Fig. 5). In the leg and wing imaginai discs, hh produced by cells in the 
posterior compartment acts at short-range to regulate gene expression in the 
adjacent cells of the compartment boundary, which is essential for normal 
patterning and outgrowth of these appendages (Ingham and Hidalgo, 1993; 
Easier and Struhl, 1994; Tabata and Kornberg, 1994)

These and other genetic studies in Drosophila which address the 
patterning properties of hh during embryonic developm ent in Drosophila, 
have initiated the identification of dow nstream  com ponents in the hh 
signalling pathway, as outlined below.

3.5 Downstream of SHH/hh.
An aspect of SHH signalling that remains poorly understood is the 

m eans by which the signal is transduced and m ediates its effects in 
responding cells. Drosophila studies have identified a num ber of candidate 
genes that appear to mediate hh signalling or that are targets of the pathway 
(reviewed in (Perrimon, 1995)). A proposed model for this signalling 
pathway is represented in Fig. 8.

3.5a Target genes of the hh signalling pathway.
Hedgehog activity in the ventral epiderm is or the w ing and leg 

imaginai discs leads to the transcriptional activation, in neighbouring cells, 
of wingless (wg - a member of the Wnt genes), decapentaplegic {dpp - a 
TGFp family member whose vertebrate homologues are BMP2 and 4), or 
both, respectively. In the leg imaginai discs for example, hh expression in 
the posterior com partm ent induces adjacent cells in the anteroposterior 
com partm ent boundary  to express dpp dorsally and wg  ventrally . 
Transcription of wg and dpp is lost in the absence of hh activity (Easier and 
Struhl, 1994), whereas ectopic expression of hh in the anterior compartm ent 
of leg or wing discs leads to the ectopic activation of wg a n d /o r  dpp around
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the /2/2-expressing cells (Easier and Struhl, 1994; Kojima et ah, 1994; Tabata 
and Kornberg, 1994; Ingham and Fietz, 1995). Once induced, wg and dp-p 
activities are essential for the norm al patterning and outgrow th of the 
appendages. These observations led to the conclusion that H h acts at short 
range to m aintain localised sources of secondary m orphogens - wg a n d /o r  
dpp at the compartment boundary, and that these proteins act either in a 
direct dose-dependent m anner or in conjunction w ith  other factors to 
specify cell fates in surrounding cells (Lecuit et ah, 1996; Nellen et ah, 1996).

3.5b Receiving the hh signal.
A num ber of gene products, first identified in Drosophila bu t for 

which a num ber of vertebrate homologues have since been cloned, have 
been im plicated as putative components of the hh signalling pathw ay 
leading to activation of target genes. These include two potential candidates 
for the hh receptor. The segment polarity gene patched (ptc), encodes a 
multitransmembrane protein whose expression is reciprocal to that of hh in 
Drosophila embryos and imaginai discs. Ptc functions, in both contexts, to 
repress the transcription of two genes wg and dpp. Both genes are activated 
by hh and ectopically activated in ptc m utants (reviewed in (Perrim on,
1995). These observations led to the proposal that hh activates its targets by 
antagonising the activity of ptc. According to this model, ptc would act as a 
repressor of hh target genes, with only those target cells receiving the hh 
signal being able to overcome this repression (Figure 1.8). Support for this 
m odel comes from analyses of h h /p tc  double m utants w hich have a 
phenotype that is sim ilar to ptc single m utants (Ingham  et ah, 1991), 
indicating that in the absence of ptc, hh activity is redundant. In addition to 
its role in transduction of the hh signal, ptc is itself a target gene of hh and, 
paradoxically, is upregulated in response to hh (Easier and Struhl, 1994; 
Tabata and Kornberg, 1994). Recent studies have identified a vertebrate 
homologue of ptc in both chick and mice embryos which is expressed in 
cells adjacent to those expressing SHH. These studies dem onstrate that 
ectopic overexpression of SHH in the mouse embryonic CNS or the chick 
limb bud induces transcription of a ptc homologue in neighbouring cells 
(Goodrich et ah, 1996; Marigo et ah, 1996b). These observations demonstrate 
a conserved relationship of hh /p tc  regulation betw een vertebrates and 
invertebrates.

Very recently two groups have provided direct evidence of a physical 
interaction betw een these two proteins. Stone et al. (Stone et ah, 1996) 
transfected m am m alian cell lines w ith m ouse ptc while M arigo et al.
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(Marigo et al, 1996a) injected Xenopus oocytes w ith mRNA for chick Ptc. 
Both groups showed that labelled SHH-N protein binds, w ith high affinity, 
cells expressing Ptc. Moreover, SHH-N/Ptc protein complexes could be co- 
im m unoprecipitated from these cell extracts (Marigo et al., 1996a; Stone et 
ah, 1996). The specificity of the interaction was dem onstrated since 
unlabelled SHH-N protein could compete with the binding of labelled SHH- 
N (Marigo et ah, 1996a).

The second candidate molecule implicated as being a H h receptor is 
the segm ent polarity gene smoothened (smo). The protein product of this 
gene is a seven-pass transm em brane pro tein  w ith  several potential 
phosphorylation sites for PKA (a protein involved in hh signalling - see 
below) and whose sequence suggests it belongs to the serpentine family of 
receptors which are all coupled to G proteins (Alcedo et al, 1996). Recent 
studies showed that embryos lacking smo display a phenotype that is almost 
identical to that generated by hh null alleles. These studies show that in 
w ildtype embryos m isexpression of hh induces ectopic wg  expression, 
whereas in embryos lacking smo, misexpression of hh has no effect on wg 
expression, suggesting that smo is required for the transduction of the hh 
signal. Furtherm ore, mosaic clonal analyses show ed that loss of smo  
activity within the normal dpp dom ain of wing imaginai discs, prevents 
dpp expression, indicating that smo is required in a cell-autonom ous 
m anner for dpp expression (Alcedo et al., 1996; van den H euvel and 
Ingham, 1996). Since there is evidence that ptc acts upstream  of or in 
parallel to smo (Alcedo et al., 1996) one model m ight be that ptc acts to 
dow nregulate  smo activity, but when this inhibition is lifted through a 
direct interaction between ptc and Hh, smo then transduces the signal (Fig. 
8). A recent study which identified a vertebrate homologue of smo in rat 
provides support for this model (Stone et al., 1996). This study revealed that 
the expression profile of smo is very similar to that of ptc. Moreover, using 
the same binding  assay as used to analyse the P tc/S H H -N  protein  
interaction. Stone et al. revealed that while Smo and Ptc can form a protein 
complex to which SHH-N can bind, a Smo-SHH-N complex does not form 
in the absence of Ptc. Thus, in contrast to the situation with Ptc, Smo does 
not bind SHH-N directly (Stone et al., 1996).

3.5c Intracellular transduction of the SHH/hh signal.
Recent studies in Drosophila imaginai discs suggest an antagonistic 

role in hh signal transduction for cyclic AMP (cAM P)-dependent protein 
kinase A (PKA) (Fig. 8). Clones of imaginai disc cells lacking PKA  show
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cell-autonom ous, /z/z-independent, transcriptional activation of hh target 
genes {ptc, wg and dpp), which causes pattern respecifications that resemble 
those induced by clones of cells ectopically expressing hh (Jiang and Struhl, 
1995; Lepage et al, 1995; Pan and Rubin, 1995; Strutt et al, 1995). Thus PKA 
is epistatic to hh but since PKA does not influence all aspects of hh 
signalling it is thought to act in a parallel pathw ay (Jiang and Struhl, 1995; 
Perrimon, 1995). In light of the studies with smo, one model might be that 
in response to the hh signal smo might regulate the activity of a G protein 
complex. According to this model, in the presence of Hh, repression of 
adenylate cyclase might in turn downregulate the level of intracellular PKA 
(Fig. 8), reviewed in (Alcedo et al, 1996).

A recent study in rat embryos, showed that a variety of drugs that 
specifically stim ulate PKA activity blocked SH H-m ediated floor plate 
induction of dopaminergic neurons in neural plate explants (Hynes et al., 
1995a). Previously, a similar approach had been used in murine embryos to 
show that PKA activity antagonises SHH-mediated induction of Paxl ( a 
sclerotome marker) in somite explants (Fan et ah, 1995). Studies using 
transgenic mice embryos have revealed that expression of a dom inant- 
negative form of PKA, in dorsal regions of the CNS, leads to the 
differentiation of floor plate cells in the anterior neural tube as well as the 
expression of Ptc, Gli (see below)and a motor neuron m arker in ectopic 
regions of the neuraxis (Epstein et al, 1996). Thus, suppression of PKA is 
sufficient to activate targets of SHH in the vertebrate CNS. Moreover, 
suppression of PKA activity in zebrafish embryos, through injection of 
dom inant-negative forms of PKA, mimics SHH-specific patterning activity 
(Hammerschmidt et al, 1996). Taken together these observations show that 
PKA acts in target cells as a negative regulator of SHH signalling pathways 
in vertebrate embryogenesis (Fig. 8).

Fused ifu), encodes a cytoplasmic serine threonine kinase which has 
also been im plicated as an essential com ponent in the hh signalling 
pathw ay in Drosophila, since maintenance of wg expression depends on fu  
activity from gastrulation stages (Forbes et al, 1993). This protein becomes 
phosphorylated as a result of hh activity and while this event cannot be 
blocked by activation of PKA, it is inhibited by Ptc, which places Fu 
dow nstream  of Ptc and in a parallel pathw ay to PKA (Therond et a l ,
1996)(Fig. 8).

The strongest candidate for a transcription factor in Drosophila that 
mediates activation of hh target genes in responding cells is the zinc-finger 
protein encoded by the cubitus interuptus (ci) gene. Recent studies showed
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that high levels of ci expression by cells at the A-P border confers 
com petence to respond to Hh secretion from adjacent posterior cells. 
M oreover, ci expression by cells in the anterior com partm ent prevents hh 
expression in these cells thereby restricting hh expression to posterior cells 
(D om inguez et al, 1996). The Ci protein is highly hom ologous to the 
protein products of the vertebrate Gli gene family which bind DNA in a 
sequence specific manner. A recent study showed that driving high levels 
of ectopic Ci protein expression in imaginai discs induces transcriptional 
activation of target genes in a /z/z-independent manner. Moreover, Ci can 
activate transcription in yeast using a Gli consensus binding site and the 
zinc finger domain of the protein is sufficient for target specificity. Finally 
this study  revealed that the ptc prom oter has a num ber of consensus 
binding sites for Gli proteins and that these are required for transcriptional 
activation of ptc in response to hh signalling (Alexandre et al, 1996). These 
results suggest that Ci plays a pivotal role in directing the activation of 
target genes in response to Hh signalling in Drosophila (Fig. 8).

In the mouse limb bud, G/z3 show s a p a tte rn  of m esoderm al 
expression which excludes the SHH+ve ZPA  and mice hom ozygous null 
for G/z3 exhibit ectopic anterior m esoderm al expression of SHH and 
subsequent polydactyly (Buscher et al, 1996). These observations suggest 
that in the limb bud G/z3 exerts a negative influence on SHH expression. 
During CNS development in the mouse embryo, G/z3 shows a pattern of 
expression which is restricted to regions close to the norm al site of SHH 
expression in the ventral midline (Hui et al,  1994). As described above, 
ectopic activation of a dominant negative form of PKA in the dorsal CNS of 
the m ouse leads to ectopic activation of Ptc and Gli, suggesting that Gli 
might also be a target of the vertebrate SHH signalling pathway. In contrast 
to the posttranscriptional regulation of ci by Hh in Drosophila, Gli appears 
to be a transcriptional target of SHH in the CNS of m urine embryos. 
(Epstein et al., 1996).

A strong candidate for a gene whose protein product mediates SHH 
induction of floor plate development, in vertebrate embryos, is HNF-3p, a 
m em ber of the winged-helix (HN F-3/forkhead) family of DNA-binding 
transcription factors (Lai et ah, 1990; Weigel and Jackie, 1990; Lai et al., 1991). 
As outlined above, in vertebrate embryos SHH-expression in the notochord 
a n d /o r  floor plate is required for the induction of floor plate cells. HNF-3p 
is also expressed throughout the notochord and floor plate during  the 
period that these tissues exhibit their patterning activities. Transgenic mice 
that misexpress this gene induce expression of floor plate markers in ectopic
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Figure 8

Model for the Hh signalling pathway.

The top panel represents a cell in the absence of Hh signal and which 
consequently does not show expression of the target genes.

The bottom panel represents a cell which has received the Hh signal and 
which consequently shows transcriptional activation of the Hh target genes 
(green colour).

The net effect of Hh signalling is thought to involve two modes of 
activation of the zinc-finger protein Ci, which is required in the expression 
of the Hh-target genes wg, dpp and ptc . Based on its predicted structural 
characteristics and its position in the Hh signalling pathway, Smo which is 
required to transduce the Hh signal may do so through the activation of an 
inhibitory Gi protein. This G protein may subsequently act to inhibit 
adenylate cyclase, leading to a reduction in PKA function, which normally 
acts to block the Hh signal transduction pathway (see text). PKA does not 
appear to influence all aspects of Hh signalling^ Jiang, 1995 #233; Perrimon, 
1995 #139], and is thought to act in a parallel pathway to that which leads to 
the phosphorylation and subsequent activation of Fu.
Since w g is expressed in ptc/hh mutants while it decays in smo/ptc  

mutants, it is thought that Smo has a low level of constitutive activity that 
is negatively regulated by Ptc. Since Ptc has been shown to bind Smo, this 
negative regulation of Smo by Ptc may occur by a direct protein-protein 
interaction. Binding of the Hh ligand to Ptc is thought to lift the inhibition 
on Smo, which then becomes "active' and transduces the Hh signal. Dotted 
lines indicate a possible interaction. See text for details. (Adapted from 
[Alcedo, 1996 #1])
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locations (Sasaki and Hogan, 1994). Misexpression of Pintallavis, a closely 
related Xenopus gene, in frog em bryos, likewise leads to the ectopic 
expression of floor plate m arkers (Ruiz i Altaba et ah, 1993a). Two 
experimental observations have indicated that the inductive activities of 
SHH and HNF-3p in patterning ventral regions of the neural tube might be 
directly linked. First, HNF-3P expression in chicks appears to be a direct 
response of neural plate cells to notochord-m ediated floor plate induction, 
as it can occur in the absence of protein synthesis (Ruiz i Altaba et al, 1995b), 
raising the possibility that it is an im m ediate early response to SHH 
signalling. Second, misexpression of HNF-3p  in frog embryos can induce 
the ectopic expression of SHH, as well as other floor plate m arkers (Ruiz i 
Altaba et al., 1995a). These results are consistent with a model in which the 
expression of SHH  by the notochord underlies the initial phase of floor 
plate induction by inducing the expression of HNF-3p  in neuroepithelial 
cells, thereby conferring these ventral m idline cells w ith  floor plate 
inducing properties.

HNF-3 p does not appear to be expressed in either the limb bud or the 
somites, indicating that this transcription factor does not m ediate SHH 
signalling in these regions of the embryo. However, this gene shows strong 
expression in the gut prim ordia  of vertebrate  em bryos, and  mice 
hom ozygous null for HNF-3)3 exhibit considerable defects in the gut (Ang 
and Rossant, 1994; W einstein et al., 1994). Since it has been recently 
dem onstrated  that h indgu t form ation in the chick involves SHH-N- 
m ediated inductive interactions from the gut epithelium, (inducing BMP4 
expression in the visceral mesoderm) (Roberts et al., 1995), it is possible that 
the activity of these two factors, SHH and HNF-3 P are also linked in some 
w ay during  the developm ent of the gut. To date how ever, no such 
interaction has been documented and the available data from analyses of 
gut developm ent in D rosophila, w hich requires the activity  of the 
hom ologous factors; hh, dpp, and forkhead (Hoch and Pankratz, 1996), 
suggest that in fact HNF-3p may be acting upstream  of SHH during gut 
m orphogenesis.

Taken together these studies suggest that the patterning properties of 
SHH signalling activity in different regions of the vertebrate embryo may be 
mediated by the activation of distinct transcription factors.
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4 Patterning of cells in the anterior CNS.

4.1 Anteroposterior heterogeneity within ventral midline cells along the 
neuraxis.

A wealth of studies in recent years have addressed the differentiation 
of floor plate cells. As outlined above, in the rat embryo the floor plate can 
be characterised by the co-expression of HNF3-p, HNF3a, FP3 and FP4. 
How ever, using these m arkers, an anterior-posterior heterogeneity  is 
observed in cells that differentiate at the ventral midline of the neural tube 
(Hatta et al, 1991; Placzek et al, 1993). Thus, these floor plate markers have 
been shown not to extend into anterior forebrain (Placzek et ah, 1993; Ruiz i 
Altaba et al, 1993a; Ruiz i Altaba et al., 1995b). This observation concurs 
w ith morphological studies (Kingsbury, 1930). Together these studies have 
led to the idea that the floor plate extends from the caudal-most spinal cord 
to the boundary between posterior and anterior diencephalon (prosomere 
P2/P3 boundary) (Puelles and Rubenstein, 1993; Kennedy et al, 1994).

N evertheless, it has recently become apparen t that there are 
specialised ventral midline cells that extend anterior to the floor plate. 
V entral m idline cells of the rostral diencephalon (RDVM) extend into 
prosomeres 3-5 and can be distinguished from the floor plate on the basis of 
a num ber of phenotypic properties. RDVM cells do not express the floor 
plate markers FP3 and FP4 (MP unpublished). Unlike the floor plate, the 
RDVM expresses Nkx2.1 (Lazzaro et ah, 1991; Ericson et a l ,  1995; 
Shimamura et al, 1995)

Despite these differences, early observations indicated that some 
com ponents of the cell differentiation program m e w ithin the ventral 
midline of the neural tube are shared by anterior and posterior regions of 
the CNS. Analyses of the zebrafish m utant embryo, cyclops, showed that in 
addition to lacking floor plate cells, this m utant lacks ventral m idline 
structures in forebrain regions (Hatta et al, 1991; Hatta et al, 1994). Indeed, 
w ith  the cloning of SHH, it became immediately apparent that SHH, in 
contrast to other markers of floor plate, is expressed by ventral midline cells 
that extend from the posterior spinal cord to the telencephalon (Echelard et 
al, 1993; Ericson et al, 1995; Ruiz i Altaba et al, 1995a).

4.2 SHH-expressing RDVM cells may pattern the diencephalon.
Since in posterior regions of the CNS, SHH-expressing  floor plate 

cells appear to play a key role in organising the adjacent neuroectoderm, the
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possibility arises that in more anterior regions of the CNS, SHH-expressing 
RDVM cells may pattern the forebrain.

Supporting evidence for this hypothesis comes through analyses of 
embryos homozygous for the cyclops mutation. The predom inant feature 
of the cyclops m utant phenotype is fusion of the eyes around the anterior 
pole of the embryo, caused through the complete absence of the ventral 
forebrain, including SHH-expressing RDVM cells. In homozygous cyclops 
embryos the optic stalk, which norm ally expresses pax-2, is dim inished, 
whereas the retina which normally expresses pax-6, extends throughout the 
optic region (Hatta et ah, 1994). Ectopic over-expression studies by SHH 
mRNA injection into the one-cell-stage zebrafish em bryo, generates 
embryos with a phenotype that is reciprocal to cyclops such that proximal 
fates, characterised by paxl  expression, are prom oted while distal fates, 
m arked by pax6 expression, are sim ultaneously suppressed in the optic 
vesicle (Ekker et aL, 1995; Macdonald et al., 1995). Recently, similar results 
were obtained in studies looking at the expression profile of the homeobox 
gene nkl.l ,  in zebrafish embryos. This gene is expressed in a narrow  band 
of cells neighbouring SHH-expressing ventral midline cells along the entire 
neuraxis. While expression of nk l.l  is very weak in posterior regions of the 
CNS, this gene is expressed at high levels w ithin the ventral forebrain, 
including the proximal ventral part of the optic stalk. Injecting 1-4 cell 
embryos with SHH mRNA was shown to induce ectopic n k l . l  expression, 
specifically in the anterior CNS, including ectopic expression w ithin the 
eyes (Barth and Wilson, 1995). Together these studies are consistent w ith a 
signalling role for RDVM-derived SHH in the induction of proximal fates 
w ithin the optic region.

Direct support for the proposal that SH H-expressing RDVM cells 
pattern the ventral forebrain comes from studies of Islet-1 induction in the 
chick embryo (Ericson et al., 1995). Islet-1 is expressed both by m otor 
neurons in ventral regions of the posterior CNS and by unidentified  
ventral neurons w ithin the forebrain (Ericson, 1991). Recent studies 
showed that forebrain explants that are cultured in the absence of normally 
adjacent ventral midline tissue do not express Islet-1, but will do so when 
cultured  w ith  either COS cells transfected w ith SHH or w ith  RDVM 
explants. The onset of SHH expression in RDVM cells occurs considerably 
before the appearance of Islet-1 expression, supporting the idea that Islet-1 
expression depends on SHH-expressing RDVM cells (Ericson et al., 1995).

Thus, the inductive and dorsoventral patterning activities of RDVM 
cells, like those of floor plate cells in more posterior regions of the CNS,
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may be mediated by SHH (Barth and Wilson, 1995; Ekker et aL, 1995; Ericson 
et aL, 1995; Macdonald et aL, 1995; Marti et aL, 1995a; Roelink et aL, 1995; 
Tanabe et aL, 1995).

4.3 Development of rostral diencephalic ventral midline cells.
The basis for the heterogeneity in ventral m idline cells along the 

anteroposterior axis is unknown. As outlined above, one possibility is that 
during initial stages of neural induction the neuroepithelium  becomes 
regionalised so that different anteroposterior regions have a distinct 
character. This pre-patterned neural tissue may then be restricted in its 
ability to respond to inducing signals. Support for this model comes from 
in vitro studies using purified SHH-N or SHH-expressing COS cells. These 
studies showed that, whereas SHH-N induces floor plate and motor neuron 
developm ent in explants of posterior neural plate from chick embryos 
(Marti et aL, 1995a; Roelink et aL, 1995; Tanabe et al., 1995), it cannot do so in 
explants of anterior neural plate, but instead induces ventral cells of 
forebrain character (Ericson et aL, 1995). Thus, forebrain explants, cultured 
w ith COS cells expressing SHH, develop Islet-l-expressing cells that are 
forebrain specific. Further evidence that neuroectoderm  is already 
regionalised at neural plate stages comes from a similar in vitro study using 
3-5-somite stage rat embryos. Anterior neural plate explants cultured in 
contact w ith SHH-expressing COS cells or in the presence of SHH-N are 
specifically induced to express markers of dopaminergic neurons, a cell type 
that norm ally differentiates in close proximity to the m idbrain m idline 
(Hynes et aL, 1995a).

A major caveat to these experiments, however, is that at the time of 
isolation of neural tissues, mesoderm has already involuted and underlies 
neural tissue of different anteroposterior character. Thus, a prepattern may 
be imposed by underlying mesoderm. Indeed, in the second study just cited, 
the rat responsive explants were comprised of both neural plate tissue and 
underlying paraxial mesendoderm (Hynes et aL, 1995a). It is very possible 
that the inclusion of m esendoderm  in these explants m odulated  the 
response of neuroectoderm  to SHH-N. Since, as outlined above, the 
induction of floor plate cells is initiated under the influence of vertically 
acting notochord-derived signals, it is possible that SHH-expressing cells in 
the forebrain may likewise differentiate through vertically acting signals 
derived from anterior mesoderm.
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4.4 The prechordal region of the developing vertebrate embryo.
The presence of head mesoderm anterior to the notochord has long 

been recognised. Until recently, however, it has been a poorly defined 
structure, although early reports had documented its heterogeneous nature 
(Adelm ann, 1922; Adelmann, 1933; Meier, 1979). Recent reports have 
extended these observations and it is now clear, due to both classical 
histological analyses of the prechordal region in am phibian and avian 
embryos, and more recent scanning electron-microscopy studies using 
avian embryos, that head m esoderm  can be subdivided into distinct 
dom ains (Adelmann, 1922; Adelmann, 1933; Jacob et al,, 1984; Seifert et al., 
1993). M oreover, the general features of an terio r m esendoderm al 
development appear to have been conserved between amphibian and avian 
embryos (Adelmann, 1922; Adelmann, 1933). Thus, in neural plate stage 
chick embryos, the most rostral region of the neural plate is underlain, at its 
m idline, by columnar endodermal cells that have been termed prechordal 
plate. Caudal to the columnar cells of the prechordal plate, the endodermal 
cells become flattened to form the prospective roof of the foregut (Fig. 9) 
(Seifert et aL, 1993). Axial, colum nar prechordal p late cells border 
posteriorly on axial mesodermal cells termed prechordal mesoderm, which 
thus overlie the dorsal roof of the prospective foregut (Fig. 9). In contrast to 
the proposed endoderm al origin of prechordal plate (Seifert et aL, 1993), 
prechordal mesoderm arises as cells invaginate through Hensen's node and 
extend anteriorly to form axial head mesoderm. Posteriorly, the prechordal 
m esoderm  is continuous with head process notochord (Fig. 9), in which, 
unlike prechordal mesoderm, cells are densely packed and covered by a 
sheath of extracellular matrix material . Prechordal mesoderm does not at 
any point become ensheathed and can be defined according to Adelmann, as 
"the site of m esoderm al pro liferation  im m ediately  an terio r to the 
notochord" (Adelmann, 1922).

The tissue which lies lateral to axial prechordal plate, and which 
u nderlies  la tera l neu ra l p late ectoderm  is term ed  parax ial head 
mesenchyme. At this anterior-most location, axial prechordal plate cells 
appear to be continuous with the surrounding paraxial head mesenchyme 
(Adelmann, 1933; Wachtler et aL, 1984; Seifert et aL, 1993). In contrast, both 
prechordal mesoderm and head process notochord become segregated from 
the loosely arranged cells of the paraxial mesenchyme, by a gap (Seifert et aL,
1993). However, electron microscopy studies, in the chick, suggest that from 
Ham burger-Ham ilton (HH) st 8, prechordal mesoderm  cells may migrate 
into the paraxial mesenchyme (Jacob et aL, 1984). This migration is proposed
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to in itia te  the m esoderm al-m esenchym al tran sitio n  of p rechordal 
m esoderm (Jacob et aL, 1984), as it contributes to the formation of the head 
mesenchyme including the progenitors of the extrinsic ocular m usculature 
(Wachtler et aL, 1984).

In many species the distinction between mesoderm and underlying 
endoderm  has been difficult to assess in regions of the axis anterior to the 
notochord (Beddington, 1982). Thus, although recent electron microscopy 
studies have clarified that prechordal m esoderm  delineates the anterior 
extent of axial mesoderm (Jacob et aL, 1984; Seifert et aL, 1993), anterior to 
this there is no clear distinction that can be made between prechordal plate, 
lateral mesenchymal tissue, and the underlying endoderm. Moreover, at 
neural plate stages, axial prechordal mesoderm is in close contact w ith the 
underlying, flat endodermal cells which later form the dorsal wall of the 
foregut (Fig. 9). However, by HH st 8-9, the formation of a complete basal 
lam ina dorsal to the endoderm al cells, means these two germ  layers 
-prechordal m esoderm  and foregut endoderm - while rem aining closely 
associated become more distinct.

Axial head m esoderm  is thus composed anteriorly of prechordal 
m esoderm  and posteriorly of head process notochord (Fig. 9). The two 
tissues have been distinguished by the wider appearance of the prechordal 
mesoderm, relative to adjacent head process notochord (Adelmann, 1922; 
Jacob et aL, 1984; Seifert et aL, 1993).

Previous studies have revealed that a num ber of transcription factors 
show an anteriorly restricted expression profile which has been described as 
prechordal. Firstly, the homeobox containing genes Otx2 - in the mouse, 
chick and frog (Simeone et aL, 1992; Ang et aL, 1994; Bally-cuif et aL, 1995; 
Pannese et al., 1995) and Liml, in mouse and frog embryos (Taira et aL, 1992; 
Barnes et aL, 1994; Fujii et aL, 1994) are expressed in the organiser region 
and appear to be expressed throughout both the anterior m esoderm  and 
underlying endoderm  of the head. Secondly, expression of the homeobox 
gene goosecoid, is observed in the node and the m edial region of head 
mesoderm in frog, zebrafish and chick embryos (Blumberg et aL, 1991; Cho 
et aL, 1991; IzpisuaBelmonte et aL, 1993; Stachel et aL, 1993; SchulteMerker 
et aL, 1994), Thirdly analysis of the expression profile of hlx in zebrafish 
embryos reveals a circular expression dom ain in m esoderm  anterior to 
notochord (Fjose et aL, 1994), Finally, the axially restricted expression 
profile of both SHH (Echelard et aL, 1993; Krauss et aL, 1993; Riddle et aL, 
1993; Marti et aL, 1995b) and HNF-3(3 (Ruiz i Altaba and Jessel, 1992; Ruiz i
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Figure 9

Schematic drawing of a median section of a 5-somite avian embryo.
The head process notochord (H) abuts prechordal mesoderm (M) anteriorly. 
Prechordal mesoderm lies between the flat endoderm of the roof of the 
foregut (E) and the neural plate (N). At its anterior end it borders on a pit 
like structure (arrowheads) made up of columnar epithelial cells contacting 
the neural plate. This pit-like structure corresponds to the prechordal plate. 
At the anterior end of the prechordal plate the cells lining it spreads 
anteriorly into the prosencephalic mesenchyme (arrows).
E, foregut endoderm; H, head process notochord; N, neural plate; M, 
prechordal mesoderm. (Adapted from [Seifert, 1993 #170]).
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Altaba et al, 1993b; Sasaki and Hogan, 1993; Strahle et al., 1993; Ruiz i Altaba 
et al., 1995b) in mesodermal tissue, of amphibian, avian and m am m alian 
embryos, has been shown to extend anterior to the notochord into the 
prechordal region. The expression of such genes in prechordal tissue 
suggests that they may play a key role in either the differentiation of 
prechordal tissue or in mediating its function (see below). Indeed for the 
m ain part, mice lacking activity of any of these genes show severe 
abnormalities in forebrain development (see next section).

Nevertheless, since the structures which constitute the prechordal 
region have only been poorly defined in the past, there has as yet, been no 
careful description of gene expression in relation to the three distinct 
prechordal domains: prechordal plate, prechordal m esoderm  and lateral 
head mesenchyme, making it difficult to determine their precise role.

4.5 Patterning activity of anterior mesoderm.
A num ber of studies have suggested that prechordal mesoderm  may 

pattern  adjacent neural tissue. Evidence to support a patterning role for 
prechordal mesoderm was first obtained by Spemann, who classified the 
embryonic organiser region into a head organiser and a trunk organiser. He 
proposed that the former was composed of cells that initiate gastrulation 
and that ultim ately give rise to prechordal mesoderm. He dem onstrated 
that grafts of organiser tissue (dorsal blastopore lip in amphibian embryos) 
from an early gastrula embryo that contained presum ptive prechordal 
mesoderm, gave rise to a secondary axis w ith brain and head structures, 
whereas grafts of dorsal blastopore lip tissue from a late gastrula embryo, 
containing more posterior presumptive mesoderm, gave rise to a secondary 
axis composed of trunk and tail structures (Spemann and Mangold, 1924). 
Support for this model comes from similar results obtained via Hensen's 
node transplantation experiments in avian embryos. Using regional neural 
m arkers to identify  the an teroposterior character of neuroectoderm  
induced, these studies showed that young nodes induce the differentiation 
of both anterior and posterior neural tissue, while older nodes generate 
only posterior neural tissue (Storey et al., 1992). More recent studies which 
suggest that prechordal mesoderm plays a role in patterning the forebrain, 
have shown that whereas eyes fail to develop in exogastrulae they can be 
induced  by the inclusion of anterior m esendoderm , w hich contains 
prechordal mesoderm (Ruiz i Altaba, 1992; Ruiz i Altaba, 1994).
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Further evidence for the existence of an organising centre in the head 
region comes from recent studies analysing mice that are homozygous null 
for some of the genes expressed in the prechordal region. Thus, mice 
lacking activity of either LIM l  (Shawlot and Behringer, 1995) or Otx2  
(Acampora et aL, 1995; Matsuo et aL, 1995; Ang et aL, 1996) have a striking 
null phenotype in which m utant mice lack all head structures anterior to 
the th ird  rhom bom ere of the hindbrain. In each of these cases the 
phenotype is thought be a consequence of the initial absence of an organised 
node and thus of head process mesoderm, including prechordal mesoderm. 
Moreover, the remaining body axis, in mice lacking LIMl activity, develops 
normally. This m utant phenotype supports the notion of a head organiser 
since subsequent to neural plate stages, an organised node and the trunk 
and tail regions of LIMl m utant embryos form norm ally (Shawlot and 
Behringer, 1995).

Finally, expression of goosecoid by the node and anterior mesoderm 
in frog, zebrafish and chick embryos (Blumberg et aL, 1991; Cho et aL, 1991; 
IzpisuaBelmonte et aL, 1993; Stachel et aL, 1993; SchulteMerker et aL, 1994), 
is thought to confer cells with inducing properties, since this gene partially 
induces a second body axis in Xenopus embryos when misexpressed (Cho et 
aL, 1991). Moreover, grafting studies have shown that yoosecozd-expressing 
quail tissue induces goosecoid transcrip tion  in chick host em bryos 
(IzpisuaBelm onte et aL, 1993). A similar grafting study, looking at the 
regionalised induction of neural tissue in chick embryos, revealed that the 
only quail node grafts that led to the expression of forebrain m arkers were 
those that included goosecoid-expressin^  p re su m p tiv e  p rec h o rd a l 
m esoderm  (Storey et aL, 1995). In contrast, the expression profile of 
goosecoid at early stages of mice developm ent differs from that in other 
species, since it is expressed only very transiently in the anterior primitive 
streak (Blum et aL, 1992). Furtherm ore, inactivation of the know n 
goosecoid locus in mice revealed that this gene is dispensable for early 
vertebrate development (Rivera-Perez et aL, 1995; Yamada et aL, 1995).

Taken together these grafting studies and m utation analyses suggest 
that the presum ptive prechordal region has organising potential. However, 
in the grafting studies documented above (Ruiz i Altaba, 1992; Ruiz i Altaba,
1994), head m esendoderm  was taken from the entire m ediolateral region 
rostrad to the notochord and thus included prechordal plate, prechordal 
mesoderm, lateral mesenchyme and underlying endoderm . Similarly, the 
m utation  analyses, outlined above, exam ined the effect of rem oving
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activity of genes which are expressed by head mesoderm (and endoderm  
tissue in some cases) and indeed by anterior neuroectoderm. Thus, from 
these studies it remains unclear which precise tissue(s) exerts an organising 
influence within anterior regions of the vertebrate embryo.

5 Aims.
The main aim of this study was to examine how S H H -expressing  

ventral m idline cells come to differentiate in the rostral diencephalon of 
the vertebrate embryo. This thesis divides into three main sections, which 
progressively examine this issue.

♦ My first aim was to address the spatial relationship betw een the 
ventral diencephalon and adjacent tissues, especially underlying axial cells. 
As described above (page 26), previous studies have show n that axial 
notochord cells induce the differentiation of spinal floor plate cells in the 
overlying neuroectoderm. Other studies have described that notochord 
cells do not extend along the entire rostrocaudal axis. Instead, at its anterior 
lim it notochord abuts prechordal m esoderm  cells which in tu rn  abut 
prechordal plate cells. Nevertheless, the spatial relationship between these 
axial cell groups and RDVM cells in the overlying neuroectoderm  remains 
unclear. The first three Result sections document studies that show RDVM 
cells are underlain by prechordal mesoderm.

♦ My second aim was to examine the tissue interactions that might be 
responsible for the differentiation of RDVM cells. In particular I wanted to 
establish whether RDVM cells versus floor plate cells differentiate when 
pre-patterned neuroectoderm is exposed to a common inducing signal, or 
whether RDVM cells could differentiate specifically under the influence of 
vertical signals emanating from prechordal mesoderm. The third Result 
section documents my studies using an in vitro bioassay to examine, firstly, 
the inducing ability of prechordal mesoderm and notochord and secondly, 
the ability of neural tissue dissected from different anteroposterior regions 
to respond to inductive signals. My results dem onstrate that prechordal 
m esoderm  displays different inductive abilities to those exhibited by the 
notochord. Thus, notochord induces floor p late differentiation, while 
prechordal mesoderm induces RDVM cells in vitro.
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♦ My third aim was to attempt to analyse the signals that emanate from 
prechordal mesoderm to induce RDVM cells. As docum ented in Result 
section 4, I have analysed the requirem ent for SHH signalling in the 
d ifferentiation of RDVM cells. My experim ents illustra te  that SHH 
expression by prechordal mesoderm is necessary for it to pattern  RDVM 
cells. Moreover, my experiments using purified SHH-N alone suggest that 
RDVM cells are induced by a concentration of SHH two-fold higher than 
that required to induce floor plate cells. However, as documented in Result 
section 5, I find no evidence that prechordal mesoderm  expresses higher 
concentrations of SHH than notochord.

Together these studies suggest the heterogeneity observed w ithin 
ventral mid line cells along the neuraxis may be mediated by the differential 
inducing properties of underlying axial m esoderm . Thus, prechordal 
m esoderm  specifically induces the differentiation of overlying RDVM cells 
in a SHH-dependent manner. My experiments suggest, nevertheless, that 
SHH m ay interact w ith a second molecule in prechordal m esoderm  to 
specifically induce RDVM cells.
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Materials and Methods

1 Collection and staging of embryos 
Rat
Midday of the day of the vaginal plug was considered as 0 dpc in the timing of 
rat embryo collection. Embryos were dissected from the decidua at various 
times of development and staged according to morphological criteria. Pre
head fold, neural plate stage embryos were assigned a developmental age of 
embryonic day (E) 8.5. Head fold stage embryos w ith 0-2 somites were scored 
as E9. 5 somite embryos were scored as E9.5. 10 somite stage embryos were 
scored as ElO. 17-21 and 22 - 25 somite embryos were scored as E ll  and 12, 
respectively.

Chick
White leghorn hen eggs were incubated at 38°C in a hum idified incubator. 
Embryos were removed from the egg shell, cleaned from m embranes and 
adhering yolk and Hamburger-Hamilton (HH) stages were used to assess chick 
development (Hamburger and Hamilton, 1951).

In the analyses of gene expression profiles I used an n of 5-10 embryos for each 
gene at each stage examined.

2 Micro-dissection and explant culture 
Rat
Lateral neural plate explants
Embryos were dissected in L15 Leibovitz medium (Gibco BRL). Neural plate 
tissue with underlying mesodermal and endodermal tissue was isolated from 
the broad neural plate region of E8.5 or E9 rat embryos. To separate the 
neuroectoderm  tissue from the m esoderm  and endoderm , tissues were 
incubated at room  tem perature in L15 containing Im g /m l D ispase 
(Boehringer-Mannheim) for 5 minutes. The enzyme was inactivated by 
transferring the tissue to fresh L15 m edium  containing a drop of heat 
inactivated goat serum  (Sigma). N eural tissue was then isolated using 
tungsten needles. Prospective floor plate and roof plate regions were cut off. 
The rem aining tissue was subdivided into anterior and posterior regions 
separated by a medial piece of tissue that was discarded (Fig. 3.1.). The 
anterior and posterior pieces of undifferentiated neural tissue constituted the 
rat lateral neural plate explants (LNP).

61



Materials and Methods

E9.5 RVDM'.mesendodermal midline explants
Embryonic heads were first cut just caudal to the optic vesicles. The tissue was 
then laid flat by cutting along the dorsal midline with tungsten needles. From 
the rostral half of this explant prospective RDVM cells w ith underlying 
mesoderm and endoderm (mesendoderm) were then dissected free from more 
lateral tissues as a midline strip (Fig. 3.1). Alternatively, to separate RDVM 
cells from adjacent mesendoderm, explants were treated for 5 m inutes in 
Im g /m l Dispase.

Chick
Embryos were dissected in L15 and the following pieces of tissue were isolated 
from HH embryonic stages 6-10, by microdissection, after Dispase treatment: 
Stage 6 (0 somites)
Prechordal mesoderm, notochord and explants of prospective RDVM with 
underlying mesendoderm, were dissected from this stage.
The same technique was used as described above for rat embryos to separate 
neuroectoderm and mesendoderm from this stage embryo. Notochord was 
then dissected out from the area between Hensen's node and the head-fold. 
Prechordal m esoderm  at this stage was dissected away from overlying 
neuroectoderm, more posterior head process notochord and more anterior 
prechordal plate. Notochord and prechordal mesoderm isolated from HH st 6 
could not be isolated from underlying endodermal tissue.
Expiants of prospective RDVM cells with underlying prechordal mesendoderm 
were dissected as a midline strip from the same anterior regions of the embryo 
from which prechordal mesoderm was isolated.
Stage 7-8 (1-6 somites) and stage 10 (10 -13 somites)
RDVM explants with intact underlying mesendoderm were isolated from HH 
st 7-8. Prechordal mesoderm was isolated from HH st 8 and 10. Prechordal 
mesoderm is a distinctly shaped structure at each of these stages and underlies 
RDVM cells (see text). Consequently, in dissection prechordal mesoderm 
served as a landm ark for the dissection of RDVM /mesendoderm  explants. 
Alternatively isolated prechordal mesoderm explants could easily be dissected 
cleanly from overlying neuroectoderm, underlying endoderm  and from the 
anterior end of the notochord.
Dispase was used at 2m g/m l for 15 minutes to isolate prechordal mesoderm 
from HH st 8 and 10 but for all other chick tissues Dispase was used at Im g /m l 
for 10 minutes.
Prechordal mesoderm was dissected from chick embryos at three different 
developmental stages - from HH st 6, 8 and 10, to allow for the possibility that
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prechordal mesoderm may display different inductive properties at different 
developmental stages. HH st 6 represents the stage that prechordal mesoderm 
can first be distinguished from the adjacent prechordal plate and axial 
notochord cells. HH st 8 represents a stage that prechordal mesoderm can be 
dissected free from contaminating endoderm tissue and underlies prospective 
RDVM cells. HH st 10 represents a stage when prechordal mesoderm has 
begun to regress relative to the overlying diencephalic neuroectoderm  (see 
text).

Explant Culture
The rat and chick LNP explants constituted the responsive tissues and these 
were cultured alone, with purified proteins an d /o r blocking antibodies or in 
contact w ith an inductive tissue explant from chick embryos:- a piece of 
notochord or prechordal mesoderm. Explants were embedded within three- 
dimensional collagen beds and conjugates were made by intertwining the two 
tissue explants to ensure contact.

3 Collagen preparation
3g of wet tendons were collected from the tails of adolescent rats (4-7 rats). The 
tendons were dissolved for 24-36h, in 150ml of 3% (v/v) glacial acetic acid (0.5 
M) at 4°C, stirring as slowly as possible. After centrifugation at 20,000 g for 60 
m inutes the supernatant was transferred to dialysis tubing and dialysed 
against 3 litres of filter sterile O.lx Modified Eagle Medium (DMEM) (Gibco 
BRL), pH  4.0 without bicarbonate. Dialysis was continued for three days and 
the medium was changed once a day. To prepare the collagen beds 9 parts of 
collagen were vortexed with 1 part lOx DMEM and 0.08M NaHCOg (0.7-lpl 
NaHCO3:90)Lil collagen). The increase in pH triggered the gelling of the 
collagen. Collagen treated in this fashion was pipetted into 16mm diameter 4- 
well m ultidishes (Nunclon Delta). Each pair of recombinant explants was 
transferred onto a bottom bed once the collagen had set (room temperature for 
25 minutes). The excess m edium  was rem oved and the tissues were 
intertwined once the top bed was applied. After the top beds had set (room 
tem perature for 90 minutes), OptiMEM (Gibco BRL) supplem ented w ith 
penicillin (100 units/m l), streptomycin (lOOpg/ml), glutamate (2mM) and 2% 
heat-inactivated foetal calf serum (Sigma) were added to each well (see Eig. ). 
The cultures were incubated at 37°C in a 5% CO2  environment.

The length of time in culture was determ ined by the profile of m arker 
expression in vivo (see Table 2): all explants were dissected at neural plate
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stages; allowing for a recovery period of about 12h, a 40h culture period 
represents the equivalent of ElO in vivo, and a 65-72K culture period represents 
the equivalent of E ll  in vivo. In neural explants cultured with purified SHH-N 
protein or in recombinates of notochord-lateral neural plate or prechordal 
mesoderm-lateral neural plate, HNF-3p expression was analysed after 23h, 40h 
or 72h; SHH, FP3 and FP4 expression was analysed after 40h or 72h. With the 
exception of HNF-3P, the midline markers analysed were rat specific. Co
labelling of HNF-3p with neural-specific midline m arkers in recombinate 
explants ensured the induced nature of HNF-3p expression in the neural 
component.

4 Purified SHH-N protein treatment
The effects of purified SHH-N (gift of Drs. T. Jessell, H.Roelink (Roelink et al,
1995)) on undifferentiated lateral neural plate explants were initially assayed in 
both 0% and 2% foetal calf serum (Sigma). Since inclusion of serum did not 
affect the absolute outcome of any experiment, but increased by 30-50% the 
efficiency of any experiment, most experiments were subsequently performed 
in the presence of serum. To assay the effect of purified SHH-N, the protein 
was added to the culture medium at the onset of culture. Purified SHH-N was 
analysed over a concentration range between 5-50nM.

5 Blocking antibodies
In experiments to block the function of SHH, hedgehog affinity purified or 
protein-A affinity purified polyclonal antibodies (Fricson et al, 1996) were used 
at 4% and 8% and the MAh 68.5F1 (gifts of Susan Morton and Dr. T. Jessell) 
was used at 2, 4, 8 and 10%. Prechordal m esoderm , notochord or 
RD V M /m esendoderm  midline explants were pre-incubated in blocking 
antibodies for 30 minutes at 4°C before culture. Blocking antibody was also 
included in both the collagen and in the culture medium. The effect of the 
blocking SHH-N antibody was overcome by inclusion of purified SHH-N at 
150-300nM in the culture medium.

6 Preparation of plasmids and probes.

6.1 Preparation of competent cells.
Competent cells were made using a modified version of the method described 
in (Sambrook et al., 1989).

A single bacterial colony of the appropriate bacterial strain was grown 
in a small volume of LB-broth overnight at 37°C with shaking. The following
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morning a 1:100 dilution of this culture was made in 50-100ml fresh LB-broth, 
and grown for 1-2 hours to an OD(600) of 0.3-0.4. The culture was then chilled 
on ice for 15 minutes and harvested by centrifugation at 2,500 rpm  for 10 
minutes at 4°C, in a Beckman J-6B centrifuge. The pellet was resuspended in 
half the original volume, in ice-cold 50mM CaCl2 and incubated on ice for 20 
minutes. The bacteria were centrifuged once more, as before, and resuspended 
in one tenth of the original volume, in ice-cold 50mM CaCl2. After a further 
incubation for 1 hour at 4°C, the com petent bateria  w ere ready for 
transformation.

6.2 Transformation of competent cells.
Spl of the plasmid DNA encoding the gene of interest, was diluted 10,000x 
(0.3ng) w ith autoclaved double deionised water, and briefly chilled on ice, 
before adding to 200|il of freshly prepared competent cells. This mixture was 
cooled on ice for 30 minutes and heat-shocked at 42°C for 2 minutes. After 
cooling down to room temperature for 10 minutes, 1ml of LB-broth was added 
to each tube, and the culture was incubated at 37°C for 45 minutes, to allow the 
expression of the antibiotic resistance gene. After centrifuging for 5 minutes at 
low speed in a microcentrifuge, most of the supernatent was discarded, and the 
bacterial pellet gently resuspended in the remaining medium. For vectors with 
b lu e /w h ite  selection , 30pl of lOOm g/m l IPTG (isop ropy l p-D- 
thiogalactopyranoside) and 30pl of lOOmg/ml X-gal (5-bromo-4-chloro-3- 
indolyl-p-D-galactopyranoside) were added, and the transformed bacteria were 
then plated on LB-agar plates with the appropriate antibiotic, and incubated 
overnight at 37°C.

6.3 Large scale plasmid preparations.
The procedure for plasmid maxi-preps outlined here is a simplified version of 
one of the methods described in (Sambrook et al, 1989).
An overnight culture was set up by inoculating 500-700ml of LB-Amp with a 
bacterial glycerol stock, or with a colony containing the desired plasmid, and 
grown for approximately 18 hours at 37°C with shaking. The following day, 
the culture was chilled on ice for 30 minutes, and spun at 3,000 rpm  for 20 
m inutes at 4°C in a Beckman J-6B centrifuge. The bacterial pellet was 
resuspended in 20ml of ice-cold solution I (50mM glucose, 25mM Tris-HCL 
pH8.0, lOmM EDTA), then gently mixed with 40ml freshly prepared solution II 
(0.2M NaOH, 1% (v/v) SDS), and incubated at room  tem perature for 10 
m inutes to allow full bacterial lysis. Next, 20ml ice-cold solution III (3M 
potassium acetate, pH  4.3) were added, thoroughly mixed, and incubated on
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ice for 10 minutes to precipitate the bacterial debris. The debris was removed 
by centrifuging at 3,000 rpm for 20 minutes at 4°C in a Beckman J-6B centrifuge 
and by filtering the supernatant through several layers of nylon gauze. The 
nucleic acids obtained at this point were precipitated with 0.6 volumes of 
propan-2-ol, incubated at room tem perature for 10 m inutes, and then 
centrifuged at 6000 rpm  for 15 m inutes in a Sorvall GS3 rotor at room 
temperature. The pellet was washed with 70% (v/v) ethanol, briefly air-dried 
at room temperature and resuspended in 3ml of autoclaved double deionised 
water. The nucleic acid solution was transferred to a 10ml Starstedt tube, and 
high molecular weight RNA was precipitated by adding the same volume of 
ice-cold 5M LiCl, and centrifuging at 10,000 rpm for 10 minutes at 4°C in a 
Sorvall SS34 rotor. The supernatant was transferred to a 35ml Sorvall 
centrifuge tube, and the plasmid DNA precipitated at room temperature for 10 
m inutes with 2.5 volumes of 100% ethanol. After centrifuging again in a 
Sorvall SS34 rotor at 10,000 rpm for 10 minutes at 4°C, the pellet was washed 
with 70% (v/v) ethanol, briefly air-dried, and resuspended in 750\û of TE. The 
remaining contaminating RNA was removed by digesting with Ipl of 50m g/m l 
RNase-A (previously boiled for 10 m inutes to rem ove any DNase 
contamination), at 37°C for 30 minutes. After this incubation the DNA was 
precipitated by adding the same volume of ice-cold PEG buffer (1.6M NaCl, 
13% (w /v) polyethylene glycol 8000) and microfuging at 4°C for 10 minutes. 
The DNA/PEG pellet was resuspended in 400pl of Ix TE/200mM NaCl, and 
extracted twice w ith  phenol/ch loroform , once w ith  chloroform , and 
precipitated twice with 2.5 volumes of ethanol at room tem perature for 5 
minutes. Following centrifugation for 5 minutes in a microfuge, the DNA 
pellet was washed w ith 70% (v/v) ethanol, briefly air-dried, and finally 
resuspended in 1ml of TE. The DNA was quantitated by m easuring the 
absorbance of an aliquot of the plasmid solution at 260 and 280 nm (1 O.D.260 
of DNA=50|ig/ml; the ratio O.D.260/280 for DNA is approximately 1.8), after 
which it was finally stored at -20°C.

6.4 Small scale plasmid preparations.
This procedure for plasm id m ini-preps was m odified from the m ethod 
described by (Ish Horowicz and Burke, 1981).
A single bacterial colony was used to inoculate 2.5-5ml of LB-Amp in a sterile 
Universal tube, and grown overnight at 37°C with shaking. The following day, 
1.5ml of the culture was transferred into a microfuge tube, spun for 5 minutes , 
whilst the remainder of the culture was stored at 4°C. The culture medium was 
removed after spinning for 5 minutes at room temperature in a microfuge tube.
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The resulting bacterial pellet was resuspended in 250|il of solution I (50mM 
glucose, 25mM Tris-HCL pH8.0, lOmM EDTA), followed by SOOpl of freshly 
prepared solution II (0.2M NaOH, 1% (v/v) SDS). Following incubation at 
room tem perature for 10 minutes to allow full bacterial lysis, 250|xl ice-cold 
solution III (3M potassium acetate, pH 4.3) were added, thoroughly mixed, and 
incubated on ice for 10 minutes to precipitate the bacterial debris. After 
spinning in a microfuge for 5 minutes, the supernatent was transferred into 
another microfuge tube, taking care not to transfer any of the debris, and the 
nucleic acids precipitated w ith 0.6 volum es of propan-2-ol, at room 
temperature for 10 minutes. This was respun in a microfuge for 5 minutes, and 
the pellet washed w ith 70% (v /v) ethanol, briefly air-dried, and finally 
resuspended in lOOpl of TE. Most of the contaminating proteins were removed 
by precipitation with lOOpl of 5M ammonium acetate, at room temperature for 
10 minutes. After spinning for 2 minutes in a microfuge, the supernatant was 
transferred to a new microfuge tube and the nucleic acids precipitated, this 
time with 500|il of ethanol. After microfuging again for 2 minutes, the pellet 
w ashed w ith 70% (v /v ) ethanol, a ir-dried for 5 m inutes, and finally 
resuspended in 20|Li1 of TE. 2-5|il of the DNA solution were digested w ith an 
appropriate restriction enzyme(s) in a total volume of 10- 20 )l l 1 (in the presence 
of l-2m g of boiled RNase-A) for 1 hour, and analysed on an agarose gel. 
Finally, glycerol stocks of the clones of interest were made with the aliquot of 
the culture that had been kept at 4°C.

6.5 Linearisation of DNA plasmids.
Plasmids were linearised with the appropriate enzyme, phenol chloroform and 
chloroform extracted, and ethanol precipitated.

DNA templates.
Digoxigenin-labelled antisense RNA probes were prepared  by in vitro 
transcription from linearised template DNAs (digoxigenin labelling reagents 
from Boehringer Mannheim).
The chick template DNAs used and details for generating antisense probes 
follow:
Netrin I(Serafini et al, 1994). The pcm21 plasm id encoding Netrin 1 w as 
linearised w ith EcoRl(Boehringer M annheim) and transcribed w ith  T7 
polymerase (Promega).
HNF-3p (Ruiz i Altaba et al, 1995b) The pcp7 plasmid encoding HNF-3P was 
linearised w ith Hind III(Boehringer M annheim) and transcribed w ith SP6 
polymerase (Promega).
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SHH(T.Lints and J. Dodd,unpublished data). The pcvhh 1 plasmid encoding 
SHH  was linearised with Sal 1 (Boehringer Mannheim) and transcribed with 
SP6 polymerase (Promega).
The rat template DNA used was SHH (Roelink et ah, 1994), The prvhh 1 
plasmid encoding SHH was linearised with Not I (Boehringer Mannheim) and 
transcribed with T3 polymerase (Promega).
The concentration of probe used was 0.3-0.5 pg/m l, depending on the probe.

6.6 Synthesis of RNA probe
The reagents were mixed together at room temperature in the following order: 
-Sterile distilled water, for a final volume of 20pl.
-5x transcription buffer 
-lOOmM DTT
-Nucleotide mix (10 mM each of GTP, ATP, CTP, and 6.5mM UTP, 3.5mM 
digoxigenin-UTP pHS.O)
-Linearised plasmid (lpg/20pl)
-1.2pl Placental ribonuclease inhibitor (40,000U/ml)
-0.5pl SP6, T7 or T3 RNA polymerase (20,000U/ml)

The m ixture was incubated at 37°C for an hour. An additional Ip l of 
polymerase enzyme was then added to the mixture which was incubated for 
another hour. A Ipl aliquot was run on a 1% agarose gel. The RNA band 
should be about 10-fold more intense than the plasmid band.
2pl (RNase free) DNAse 1 was added to the mixture which was incubated at 
37°C for an additional 15 minutes to remove the plasmid. The volume of the 
mixture was then brought up to lOOpl w ith DEPC-treated distilled water, 
before the probe was precipitated as described below to remove excess 
nucleotides.
The following reagents were added to the probe mixture:
-25pl lOM ammonium acetate (2.5M final concentration)
-Ipl Glycogen (20mg/ml)
-250ml 100% ethanol (2.5 final volume)

This mixture was then inverted and left to precipitate for 30 minutes at -20°C. 
The mixture was then spun at top speed in a microfuge, washed in 0.5ml 70% 
ethanol and then air-dried for about 5 minutes. The probe pellet was 
resuspended in ice-cold TE at O .lpg/pl and store at -70°C. Before using the 
probe it is important to run another gel to verify the probe concentration after 
storage.
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7 W h o lem o u n t R N A  i n  s i t u  h y b rid isa tio n
Non-radioactive, whole mount in situ hybridisation was perform ed on both 
embryos and explants analysed for the RNA expression of midline markers, 
based on the procedure of Wilkinson (Wilkinson and Nieto, 1993)

Pre-hybridisation treatment
N.B.All washes are carried out with sufficient rocking to gently agitate and 
unless otherwise stated, at room temperature.
Embryos
The embryos were dissected in L-15 (Leibovitz) m edium , extraembryonic 
membranes were removed and the embryos were washed free of excess yolk. 
The embryos were fixed overnight in fresh 4% paraformaldehyde (dissolved at 
60°C and made with DEPC water) at 4°C. After fixation the embryos were 
washed twice for 10 min each in PBT (phosphate buffered saline + 0.1% triton 
X-100) at 4°C. Following this the embryos were washed for 10 minutes with 
50% methanol in PBT then twice for 10 min each with 100% methanol at room 
temperature. The embryos can be stored in 100% methanol for a few days at 
-20°C without detrimental effects).
Explants
To examine the pattern of gene expression in cultured explants, the same 
procedures were followed as described for embryos w ith  the following 
ammendments: the initial steps are performed while the collagen embedded 
explants are still in four-well dishes. Following a 2 hour fixation in fresh 4% 
paraformaldehyde at 4°C, the collagen embedded explants are dehydrated as 
described above for embryos. Subsequently, either the top collagen bed was 
peeled away and the explants were teased from the bottom bed or the entire 
collagen 'sandwich'including the explant was removed from the dish and each 
of these samples were then processed further in Nunc 12-transwell cluster 
dishes (Costar - these are 12 well cluster-dishes each with 12 separate porous 
bottom dishes-transwells- that are available in a range of pore size). From this 
point the embryos and explants were treated in a similar manner.

The samples were then rehydrated through a series of 10 minute washes 
in 100%, 75%, 50% and 25% methanol in PBT and finally two 10 minute washes 
in PBT alone. The samples were then treated with 10|ig/m l Proteinase K in 
PBT, for 5-15 minutes (according to age, size of sample, culture conditions, 
probe length etc.). This step aids penetration of the probe. Care is required 
because samples are very delicate at this point. The samples were then washed
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twice for 5 minutes each with PBT, before 20 minutes fixation in fresh 0.2% 
glutaraldehyde/ 4% paraformaldehyde in PBT at 4°C. The samples were then 
washed twice for 10 m inutes each in PBT before being transferred to 
prehybridisation solution.

Prehybridisation/hybridisation mixture
50% formamide 
5XSSC
2% blocking powder 
0.5% CHAPS 
50pg/m l heparin 
Im g /m l yeast RNA 
5mM EDTA 
0.1% Triton X-100

PBT was replaced by 1ml prehybridisation mix, the samples were allowed to 
sink, and 1ml of fresh prehybridisation mix was added. The samples were then 
incubated at 55-70°C 3h-overnight. The samples can be stored for months at 
-20°C after prehybridisation.
For the hybridisation the prehybridisation mix was replaced by 1ml fresh mix 
including 0.1-1 p g /m l labelled probe (which had been heated at 80°C for 5 
minutes). The samples were then incubated at 55-70°C overnight depending 
on the probe.

Posthybridisation
The samples were washed as follows:
-twice in prewarmed hybridisation mix (65°C) for 5 minutes each.
-twice in prew arm ed 50% hybridisation mix/50% 2XSSC (55-60°C) for 20 
minutes each.
-twice in 0.1% CHAPS in 2X SSC (55-60°C) for 20 minutes each.
-twice in 0.1% CHAPS in 0.2X SSC at room temperature for 5 minutes each, 
-twice in TBT at room temperature for 5 minutes each.
For IL TBT : 50mM Tris pH 7.5; 150mM NaCl; 0.1% Triton -X 100

The samples were blocked by rocking for 2-3 hr at 4°C in 2m g/m l bovine 
serum albumin, 15% heat inactivated sheep serum in TBT. During the last hour 
of blocking 3m g/m l embryo powder was washed twice in TBT. The embryo 
pow der was then added to fresh blocking solution w ith 1/1000 anti DIG- 
antibody, to preabsorb for an hour at 4°C. The samples were rocked at 4°C
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overnight in the fresh preabsorbed blocking solution. The samples were 
w ashed extensively w ith at least 8 half-hourly changes in TBT at room 
temperature.

Development of the colour reaction.
The samples were washed three times for 10 m inutes each in Alkaline 
Phosphatase buffer;
-lOmM Tris-Cl pH9.5 
-50mM MgCl2 
-lOOmM NaCl 
-1% Tween 20

The colour reaction has to be carried out in glass vials. Once the samples were 
transferred to glass watch glasses the colour was developed by incubation in 
4.5|xl NET (75m g/m l in70% DMF) and 3.5pl BCIP (50m g/m l in 100% 
dimethylformamide) per ml fresh AP Buffer. The length of time needed for the 
colour reaction was probe-dependent. After colour revelation the samples are 
washed extensively in TBT changing several times during the first 30 minutes 
then leaving overnight at 4°C and up to a day for best appearance.

8 E xp ression  an a ly sis  p ost i n  s i t u  h yb rid isa tion .
Embryos
Embryos were fixed by imm ersion in 4% paraform aldehyde in 0.12M 
phosphate buffer (PB) at pH  7.4 for l-2h (depending on the developmental 
stage) at 4°C. The expression patterns were then closely analysed looking at 
the individual germ layers, using two different approaches.
a)Post-fixation, tungsten needles were used to separate the neuroectoderm and 
the mesendoderm layers after Dispase treatment (used at 2m g/m l in L15 for 20 
minutes at room temperature). These embryonic germ layers were then flat- 
mounted, in Glycergel (DAKO), on Superfrost Plus slides (BDH) and examined 
by Nomarski optics.
b)Post-fixation, the embryos were transferred to 30% sucrose in O.IM PB (pH 
7.4) at 4% overnight. Embryos were soaked in 7% gelatin (G-2500 Sigma 300- 
Bloom) and 10% sucrose in O.IM PB (pH 7.4) at 37°C for 3h, then transferred to 
4°C to allow the gelatin to set. A block of gelatin surrounding the embryo was 
trimmed and each embedded embryo was mounted in OCT compound (BDH). 
Frozen 20p cryostat sections were collected on Superfrost Plus slides (BDH). 
The sections were mounted in Glycergel (DAKO ) and examined by Nomarski 
optics. Most of the analyses of the RNA expression domains focused on the
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distance from an d /o r position in anterior regions of the embryo. The anterior 
limit of the embryo, the anterior neuropore, was seen in w holem ount 
preparations as a dip in the contour of the anterior most tissue, and in sections 
as the point where the telencephalic vesicles fused.

Explants
The explants were fixed by immersion in 4% paraformaldehyde in 0.12M PB 
(pH 7.4) for Ih  at 4°C. For those explants processed in collagen the collagen 
was trimmed around the explants which were then m ounted in OCT, and 
frozen 20|i cryostat sections were collected on Superfrost Plus slides. The 
sections were m ounted in Glycergel (DAKO) and examined by Nomarski 
optics. Those explants isolated from collagen prior to processing were 
mounted in Glycergel (DAKO) and examined by Nomarski optics.

9 Im m u n ocytoch em istry  
Explants
Explants processed for expression of SHH, Nkx2.1., Nestin or the mature floor 
plate m arker FP3 were fixed by im m ersing the collagen gels in 4% 
paraformaldehyde in 0.12M PB (pH 7.4) for 2h at 4°C.
Explants processed for expression of the early floor plate marker HNF-SP were 
fixed by immersion in 4% paraformaldehyde, ImM  MgS04, 2mM EGTA in 
0.12M PB (pH 7.4) for 45 minutes at room temperature. These explants were 
then extensively washed overnight in lOmM phosphate buffered saline (PBS). 
All fixed explants were transferred to 30% sucrose in O.IM PB (pH 7.4) at 4°C 
overnight. The collagen was trimmed around the explants which were then 
mounted in OCT for cryostat sectioning.

Embryos
Rat embryos processed for the expression of FP3, SHH or HNF-3p were fixed 
and treated with sucrose as described above. Post fixation, E9 rat embryos 
were set in gelatin blocks as described above. All embryos were then mounted 
in OCT compound.

Frozen 13| l i  cryostat sections of embryos and explants were collected on 
Superfrost Plus slides. Sections were washed in PBS and incubated overnight 
at 4°C in prim ary antibodies diluted in lOmM PBS containing 1% heat- 
inactivated goat serum (Sigma) and 0.1% Triton X-100 (PBS+).
FP3 was detected using rabbit polyclonal antibody 6G3, diluted 1:4000 (Dodd et 
al., 1988). HNF-3p was detected using rabbit polyclonal antibody K2, diluted
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1:4000 (Ruiz i Altaba et al, 1995b) or MAb CP7 mouse IgG, diluted 1:40 (gift of 
Susan Morton and Tom Jessell). SHH was detected using MAb 68.5E1, diluted 
1:50 (gift of Susan Morton). Rabbit polyclonal anti-Nkx2.1./TTFl (Lazzaro et 
al., 1991) was used at a 1:5000 dilution (gift of Dr. diLauro). Nestin was 
detected using mouse IgG MAb Rat401, diluted 1:10 (Developmental studies 
Hybridoma bank).
Sections were rinsed twice in PBS+ at room tem perature and incubated in 
secondary antibodies (FITC-conjugated goat anti-rabbit or anti-mouse IgG 
(TAGO); rhodamine-conjugated goat anti-rabbit (TAGO) or CY3-conjugated 
sheep anti mouse or anti-rabbit IgG (Sigma Immuno Chemicals) ) at 1:200 in 
lOmM PBS+ for 30 minutes at room temperature. Sections were rinsed twice in 
PBS+, coverslipped in 0.04% paraphenylenediamine (Sigma) in O.IM sodium 
carbonate (pH 9.0), 50% glycerol, and examined on a Zeiss Axiophot 
microscope under phase and epifluorescence optics.

10 Fate m ap p in g
Chick embryos were incubated to HH stages 6-8. A small region of egg shell 
and the underlying vitalline membrane were removed to expose the embryo. 
Indian ink was injected under the embryo to enhance visual contrast. Dil was 
injected into 5-6 cells of the midline neuroectoderm layer. The distance of the 
injection site from the anterior neuropore was recorded in pm using a graticule 
eye-piece. The dye was driven from a capilliary needle, attached to a 
micromanipulator, by making a circuit with a 9V battery. The carbocanine dye, 
1,1,- dioctadecyl-3,3,3'3'-tetram ethyl indocarbacyanine perchlorate (Dil) 
(Molecular probes Inc.) used is lipid soluble, so becomes incorporated into the 
cell membrane and is not transferred from cell to cell. The dye can thus be 
used to trace cells through development of the embryo. The window in each 
shell was sealed and the embryos were incubated for another 15-18h. The 
embryos were dissected in L15 and fixed in 4% paraformaldehyde in 0.12M PB 
(pH 7.4) overnight at 4°C. After incubation in Dispase (Im g/m l in L15 at room 
tem perature) for 15 m inutes the neuroectoderm layer was isolated using 
tungsten needles. The isolated neuroectoderm tissue from each embryo was 
then mounted in Glycergel (DAKO ) on Superfrost Plus slides and examined on 
a Zeiss Axiophot microscope under phase and epifluorescence optics. The 
position of the labelled cells was recorded in pm, relative to the anterior 
neuropore.
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Results Section 1

S ectio n  1 
E xp ression  o f  m id lin e  m arkers in  the d e v e lo p in g  ch ick  em b ryo.

1.1 Introduction.
In order to establish the relationship between SHH-expressing ventral 

midline cells in prospective diencephalic regions with the profile of underlying 
axial m esoderm  cells in the developing chick em bryo, RNA in situ 
hybridisation analyses were performed using three different midline markers; 
SHH (T.Lints and J. Dodd,unpublished data), HNF-3p (Ruiz i Altaba et aL, 
1995b) and Netrin-1 (Serafini et al, 1994). Following antisense analysis, 
embryos were either serially sectioned, or examined as wholemounts after 
separation of the different germ layers. A summary of these results is seen in 
Fig. 1.7.

1.2 Analysis of axial mesoderm development in the HH st 4-11 chick 
embryo.

Initially, I used morphological criteria and gene expression studies to 
determine the position of notochord, prechordal mesoderm and prechordal 
plate (see pages 50-54 of the Introduction) in the developing chick embryo 
between Hamburger Hamilton (HH) st 4-11.

At HH st 4 (the earliest stage examined), both HNF-SP and SHH  are 
expressed within Hensen's node and in axial cells that extend -lOOpm from the 
node (Fig. l.li-1 and data not shown). At HH st 5, expression of HNF-3p 
persists in mesodermal cells of the node (Fig. l.ld ) , but expression of SHH  is 
down-regulated in both these cells and in notochord cells extending -100pm 
immediately anterior to the node (Fig. l . lp  and data not shown). Nevertheless, 
the majority of axial cells that extend along the anteroposterior extent of the 
m esoderm al layer express both HNF-3P and SHH  (Fig. l .la -d  and m-o). 
Expression of HNF-3p is also observed throughout the mediolateral extent of 
the endoderm  underlying the mesoderm (Fig. l.la -d ). Expression in the 
endoderm  means that it is difficult to accurately distinguish the anterior limit 
of axial mesodermal labelling at this early developmental stage (see Fig. 1.1a). 
By contrast, SHH expression is excluded from the underlying endoderm  (Fig. 
l.li-n). Since SHH expression extends to the anterior limit of the embryo at HH 
st 5 it is likely that, at these stages, both HNF-3P and SHH  are expressed by 
notochord, prechordal mesoderm and prechordal plate. However, at this stage 
it is difficult to distinguish between prechordal plate, prechordal mesoderm 
and head process notochord since the rod of axial cells appears of uniform
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Figure 1.1.
Analysis of midline development in HH st 4-6 chick embryos, 
a-h) Transverse sections (T.S.) of HH st 5 (a-d) and st 6 (e-h) chick embryos 
probed with antisense H N F -S p  RNA. HNF-SP  is expressed throughout the 
mediolateral extent of endodermal cells of HH st 5 and st 6 chicks, 
a-d) Neuroectodermal expression of H N F -S p  has an anterior limit 220pm 
from the anterior neuropore. This anterior expression is weaker than in 
more posterior domains (b). There is strong expression in underlying node 
(d) notochordal (c) and prechordal mesoderm (b) tissue along the entire 
anteroposterior axis. Expression is the anterior-most region is thought to 
include the axial prechordal plate in addition to underlying endoderm (a 
and see text).
e-h) H N F - 3 p  continues to be expressed in axial mesodermal cells extending 
from Hensen's node to the anterior limit of the embryo. However, by HH st 
6, expression in the mesodermal axis is now weaker. Neuroectodermal 
expression of H N F - 3 p  has extended anteriorly and has an anterior limit 
160 pm from the anterior neuropore. Expression in the mesodermal 
component of the node (620pm from the anterior neuropore) is reduced, 
i-u) T.S. of HH st 4 (i-1) st 5 (m-p) and st 6 (q-u) embryos, analysed for S H H  

expression. S H H  is not expressed in the ventral-most endodermal germ 
layer at these early stages.
i-1) S H H  is expressed within Hensen's node at HH st 4 (1). Axial 
mesodermal expression, including presumptive notochord (k), has an 
anterior limit 180pm from the node (j). The anterior region of the embryo 
does not express S H H  (i).

m-p) At HH st 5, SHH is no longer expressed by the mesodermal cells of 
the node (p). Weak notochordal expression resumes 100pm anterior to the 
node (o), and extends along the remainder of the axis, thus including 
prechordal mesoderm (n) and prechordal plate (m). SHH is expressed in the 
neuroectoderm of Hensen's node and in midline cells overlying notochord 
(o). However, prechordal mesoderm (n) and prechordal plate (m) lie 
anterior to the limit of neuroectodermal expression (-240pm from the 
anterior neuropore).
q-u) S H H  is not expressed in the posterior-most regions of the mesodermal 
axis (u). Weak notochordal expression resumes 100pm from the node (t), 
and extends along the remainder of the axis becoming stronger more 
anteriorly. S H H  is expressed in midline cells that overlie notochord (s-t) 
and is beginning to be expressed in cells above prechordal mesoderm (r 180 
pm from the anterior neuropore). Neural cells above prechordal plate do 
not express S H H  (q).
Scale bar, 38pm. (a-u) 80
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thickness and expresses HNF-SP and SHH uniformly along most of its length 
(Fig. 1.1a, b, m and n).

At HH st 6, when the head fold has formed, HNF-SP continues to be 
expressed in the mesodermal cells of the node (albeit at lower levels), and in 
axial cells along the entire anteroposterior axis (Fig. l.le-h). Expression of SHH 
is excluded from notochord cells ~100|im from the node and from the 
mesodermal cells of the node itself (Fig. l .l t ,  u and data not shown), however, 
SHH  is co-expressed with HNF-SP in axial cells along the rem ainder of the 
anteroposterior axis (Fig. l.le -h , q-s, 1.7). From HH st 6 HNF-3p expression 
begins to be down-regulated by axial mesoderm, first in the anterior-most 
region of the embryo and progressively in more posterior axial mesoderm (Fig. 
1.7). However, this gene continues to be expressed by underlying endoderm .

Although up to HH st 6 it is difficult to distinguish between notochord, 
prechordal mesoderm and prechordal plate, from HH st 6 it is possible to begin 
to distinguish between these groups. Prechordal mesoderm and prechordal 
plate can be distinguished using three criteria. Firstly, prechordal plate cells 
which occupy the midline region ~100|xm adjacent to the anterior neuropore, 
express SHH at lower levels compared to more posterior regions (Fig. 1.2b). 
Secondly, the prechordal plate does not express Netrin-1 (Fig. 1.2d-g). Finally, 
prechordal plate cells have a different morphology to prechordal mesoderm 
cells, appearing rounder and less compact (see Fig. 1.2a, d and e).

Cells of the prechordal mesoderm  and notochord can likewise be 
distinguished at HH st 6. Although at this stage both structures express SHH, 
HNF-3p and Netrin-1, (Fig. 1.1 f, g, r, s, 1.2b, e, f. Fig. 1.7), prechordal mesoderm 
is ~70|Lim wide and is thus approximately twice as wide as notochord (-40pm 
wide: compare Fig. l . l f  with g, l . l r  with s, 1.2e with f). On this basis, at HH st 
6, prechordal mesoderm can be positioned w ithin 100pm of the anterior 
neuropore and extending back for -120pm (Fig. 1.7). The positioning of the 
prechordal mesoderm established here agrees with similar conclusions draw n 
from morphological analyses (Seifert et aL, 1993) (Fig. 1.2a).

Between HH st 7-8, the distinctions between notochord, prechordal 
mesoderm and prechordal plate become more apparent (see Fig. 1.3). Thus, the 
prechordal mesoderm adopts a triangular shape with its broad aspect most 
anterior (compare Fig. 1.3d with e, and g w ith h). The anterior limit of 
prechordal m esoderm  can be accurately determ ined through its position 
relative to the anterior gut (Fig. 1.3c, f and see also (Seifert et aL, 1993) : and 
thus has an anterior limit -100pm from the anterior neuropore (Fig. 1.7). 
During these stages, in fact, the formation of a distinct basal lamina (Jacob et aL, 
1984), delineates the prechordal m esoderm  from underlying endoderm

82



Results Section 1 

Figure 1.2.
Analysis of anterior midline development in HH st 6 chick embryos.
a) Scanning electron micrograph (courtesy of Dr. R. Seifert [Seifert, 1993 
#170}) showing isolated mesoderm and endoderm from the anterior 
portion of a 2-somite stage avian embryo. The axial tissue is composed of 
distinct structures; anterior to head process notochord (N) lies the 
prechordal mesoderm (M). The large arrowhead demarcates where head 
process notochord abuts the wider prechordal mesoderm. The anterior 
limit of axial mesodermal cells (see small arrowheads) lies -  100pm from 
the anterior neuropore. The endodermal prechordal plate cells (P) occupy 
the most rostral 80-100pm of the axis.
b) Flatmount of isolated mesoderm and underlying endoderm tissue from a 
HH st 6 chick showing S H H  expression within axial mesodermal cells and 
extending into prechordal plate. The small arrowheads mark the 
prechordal mesoderm/prechordal plate boundary, as judged by the lower 
level of S H H  expression in prechordal plate. The large arrowhead 
demarcates the head process notochord/prechordal mesoderm border, as 
judged by the slight broadening of the prechordal mesoderm.
c) Flatmount of isolated neuroectoderm tissue from a HH st 6 chick showing 
S H H  expression. The neural plate can be distinguished by its paler 
appearance compared with surrounding non-neural tissue. Expression is 
restricted predominantly to midline neuroectodermal cells that overlie 
notochord. In this sample, S H H  expression has just begun to extend into 
regions of neuroectoderm overlying prechordal mesoderm, and has an 
anterior limit 180pm from the anterior neuropore.
Id-f) T.S. of HH st 6+ embryos at different anteroposterior levels 
corresponding to levels P (d), M (e) and N  (f) in fig. 1.2a. These embryos 
show RNA expression of Netrin-1.
d) T.S. 100pm from the anterior neuropore, Netrin-1 is not expressed in the 
neural layer or by underlying prechordal plate.
e) T.S. 140pm from the anterior neuropore. Netrin-1 is strongly expressed 
by prechordal mesoderm but not within the overlying neuroectoderm
f) T.S. 480pm from the anterior neuropore. Netrin-1 is strongly expressed by 
the notochord but not by overlying neuroectoderm cells.
g) Flatmount of isolated mesoderm and endoderm tissue from a HH st 6 
chick. Axial expression of Netrin-1 excludes the prechordal plate.
h) Flatmount of isolated neuroectoderm from the same embryo as Ig, 
showing that the neuroectoderm does not express Netrin-1,  at HH st 6.
In all flatmounts anterior is at the top.
Scale bar, 26pm (a), 53pm (b and c), 19pm (d,e and f) and 77pm (g and h)
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(see especially Fig. 1.3g), so that from HH st 7, prechordal mesoderm can be 
dissected completely free of adjacent tissue. In situ analyses reveal that, from 
HH S t  7, HNF-3p begins to be down-regulated by prechordal plate and 
prechordal mesoderm (1.3f and g). Netrin-1 likewise begins to be down- 
regulated within SHH+ve prechordal mesoderm (data not shown). Expression 
of SHH is maintained at reduced levels in prechordal plate tissue during HH st 
7-8 (Fig. 1.3a and Fig. 1.7).

By HH st 9, the anterior limit of Netrin-1 and HNF-3P expression lies at 
the anterior limit of the notochord (Fig. 1.4d and f). In contrast, by HH st 9, 
SHH expression is down-regulated in prechordal plate tissue, but is maintained 
at high levels by prechordal mesoderm and notochord (Fig. 1.4e and data not 
shown). The majority of the prechordal mesoderm appears to down-regulate 
SHH  expression only by -H H  st 11, at a time when SHH  expression in the 
notochord is maintained (Fig. 1.4g), although, the anterior-most prechordal 
mesoderm cells may continue to express SHH at all stages examined (Fig. 1.4g).

1.3 Prechordal mesoderm regresses and extends laterally relative to adjacent 
neuroectoderm.

The ability to precisely locate the prechordal m esoderm , using 
morphological and gene expressional criteria, revealed that between HH st 8-11 
the prechordal mesoderm regresses relative to the overlying neuroectoderm. 
Thus, by HH st 11 the anterior limit of prechordal m esoderm  occupies a 
position ~200|Lim from the anterior neuropore (Fig. 1.7 and compare Fig. 1.4d 
and e w ith f and g). After HH st 11, the prechordal mesoderm appears to 
remain in the same position relative to the anteroposterior axis of the neural 
tube, bu t shows a continual broadening and thinning, changing from a 
triangular shape (Fig. 1.4d and e) to a 'v'-shape (Fig. 1.4f). This change in shape 
results in the prechordal mesoderm  extending m ediolaterally, and then 
ventrodorsally as development proceeds.

1.4 Development of ventral midline neuroectoderm cells in HH st 4-18 chick 
embryos.

The development of anterior midline neuroectodermal cells of the chick 
CNS was next analysed using the same antisense probes to the SHH, HNF-3p 
and Netrin-1 genes (Fig. 1.1 - 1.7)

At HH st 4, HNF-3p and SHH are expressed within the neuroectodermal 
component of Hensen's node and in midline neuroectodermal cells extending 
-80pm  from the node (Fig. l.li-1 and data not shown). By HH  st 5, 
neuroectoderm al expression of HNF-3P extends to w ith in  -230pm , and
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Figure 1.3.

Analysis of midline development in anterior regions of HH st 7 chick 
embryos.
a) Flatmount of HH st 7+ isolated mesoderm and underlying endoderm  
tissue showing S H H  RNA expression within the axial mesodermal cells of 
the head process notochord, prechordal mesoderm and in the anterior-most 
cells of the prechordal plate. Prechordal mesoderm retains its position 
120pm from the anterior limit of the embryo (see open arrowhead) and in 
this case extends back by 175pm (open circle marks the boundary between 
the prechordal mesoderm and the head process notochord). At this stage 
the prechordal mesoderm adopts a more triangular appearance, with its 
broad aspect most anterior. Expression in prechordal plate is weaker than in 
more posterior prechordal mesoderm.
b) Flatmount of HH st 7+ isolated neuroectoderm showing midline S H H  

RNA expression extending to within 120pm of the anterior neuropore. The 
dip in the outline contour of the embryonic tissue marks the position of the 
anterior neuropore.
2c - h) T.S. of HH st 7 embryos at different anteroposterior levels 
corresponding approximately to levels A, B, and C (Fig. 1.3a). These figures 
show RNA expression of S H H  (3c-e) and H N F -S p  (3f-h).
c) and f) T.S. taken at 40pm from the anterior neuropore at the level of the 
prechordal plate (A). At this level neither S H H  nor H N F -3 p  are expressed 
in the anterior neuroectoderm but there is expression in the underlying 
mass of endodermal prechordal plate cells. H N F -Sp  expression is weaker 
than that of SHH.
d) and g) T.S. at 140pm (d) and 170pm(g) from the anterior neuropore at the 
level of prechordal mesoderm and underlying foregut cavity (B). SHH is 
now expressed in the neuroectoderm layer overlying the strongly SHH+ve 
cells of the underlying prechordal mesoderm tissue (d). H N F -S p  is also 
expressed by the neuroectoderm but expression is very weak in prechordal 
mesoderm (g). The expression of both genes, within the neuroectoderm is 
strongest in the apical region of these cells. Strong H N F -Sp  expression is 
also evident in gut endoderm
e) and h) T.S. at 530pm (e) and 540pm (h) from the anterior neuropore, at 
the level of the posterior notochord (C). Both SHH and H N F -S p  are 
expressed within floor plate cells at the ventral midline of the neural plate, 
and in the underlying notochord. H N F -S p  is also expressed by the 
endodermal cells underlying the mesodermal germ layer.
Scale bar, 39pm (a-h).
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Results Section 1

Figure 1.4.

Prechordal mesoderm regresses relative to the overlying neuroectoderm
a) Flatmount of HH st 12 isolated anterior neuroectoderm, view ed  
ventrally, show ing midline HNF-3/3 expression extending to within 200^m 
of the anterior neuropore, in this embryo.
b) Flatmount of HH st 13 isolated anterior neuroectoderm, view ed  
ventrally, showing midline S H H  expression extending to within 60pm of 
the anterior neuropore.
c) Flatmount of HH st 12 isolated anterior neuroectoderm showing midline 
S H H  expression extending to within 120pm of the anterior neuropore, 
d-g) In these panels isolated axial mesoderm, from HH st 9 (d and e) and HH  
st 11 (f and g) chick embryos, has been aligned next to the isolated 
neuroectoderm of a HH st 12 embryo (c) to demonstrate the relative 
positions of prechordal mesoderm, and SHH+ve RDVM cells and to 
illustrate the regression of prechordal mesoderm.
d and e) Isolated axial mesoderm from HH st 9 chick embryos when the 
anterior limit of prechordal mesoderm lies approximately 100pm from the 
anterior neuropore and underlies SHH+ve prospective RDVM cells, 
f and g) Isolated axial mesoderm from HH st 11 chick embryos when  
prechordal mesoderm has begun to regress, relative to the overlying 
neuroectoderm, such that it now lies approximately 200pm from the 
anterior neuropore and is no longer adjacent to RDVM cells.
d) Shows Netrin-1  expression revealed by in situ hybridisation. Netrin-1  is 
still expressed by notochord but is no longer expressed by prechordal 
m esoderm .
e) Shows S H H  RNA expression. At this stage S H H  is expressed at high  
levels by both notochord and prechordal mesoderm
f) Shows H N F -S P  RNA expression. Prechordal mesoderm no longer 
expresses H N F - S p  but weak expression persists in the notochord.
g) Shows SHH RNA expression. The prechordal mesoderm is now largely 
SHH-ve although a small number of anterior-most cells appear to still 
express SHH.
Scale bar, 39pm (a, b), 58pm (c), 104pm (d, f, g), 77pm (e)
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expression of SHH to within ~250|im, of the anterior neuropore (Fig. 1.1 a-d and 
m-p).

At HH st 6 midline neuroectodermal expression of HNF-SP (Fig. l.le-h), 
and SHH  (Fig. l.lq -u  and Fig. 1.2c) but not Netrin-1 (Fig. 1.2d-f and h) is still 
observed. At this stage, HNF-3p  expression extends to within -150pm and 
SHH  expression to within -220pm of the anterior neuropore (Fig. 1.7), with 
expression in anterior cells always appearing weaker than in more posterior 
cells (Fig. 1.7). Moreover, in regions just anterior to the node, m idline 
neuroectoderm al cells express HNF-3p  and SHH,  while the underlying 
notochord expresses only HNF-SP (Fig. l .lh , t and u). In the neuroectoderm, 
the midline expression pattern of SHH  continues to gradually approach the 
anterior neuropore (compare Fig. 1.2c and 1.3b), and between HH st 7-9, SHH 
acquires the same maximum anterior limit as HNF-3P at -100-120pm from the 
anterior neuropore (Fig. 1.5b and c). In contrast, neuroectodermal midline 
expression of Netrin-1 is first detected at HH st 8 in midline cells that extend 
-700pm from the anterior neuropore (Fig. 1.7).

The anterior limit of SHH  expression is sustained through to HH st 12 
(Fig. 1.5 and 1.6). The expression domain of SHH in the neuroectoderm of the 
diencephalon, however, expands in a mediolateral direction (Fig. 1.6a-d) so 
that the profile of SHH expression changes from a rod-like to an oval profile 
(Fig. 1.6). Until HH st 10 SHH is expressed in all ventral midline cells from the 
posterior spinal cord through to the anterior diencephalon (Fig. 1.6a-c). By HH 
st 12, however, there appears to be a region of down-regulation of S H H  
expression w ithin the circular expression domain of the diencephalon (Fig. 
1.6d) that appears to give rise to the hypothalam us/infundibulum  region, 
which clearly does not express SHH by HH st 18 (Fig. 1.6e and f). Thus, at HH 
st 18, SHH-expressing cells are no longer restricted to the ventral midline of the 
neuroectoderm. The hypothalamic cells which are SHH-ve, are surrounded 
dorsally, posteriorly and anteriorly by SHH-expressing cells. From HH st 12 
the expression dom ain of SHH also begins to extend more anteriorly to 
encroach upon the ventral midline of the telencephalon (Fig. 1.6e and f).

In contrast to SH H , the anterior limits of HNF - S p  and Netrin-1 
neuroectodermal midline expression do alter from HH st 8. Between HH st 8- 
13, Netrin-1 expression extends anteriorly and reaches a maximum anterior 
limit of -250-270)Lim, from the anterior neuropore (Fig. 1.5d and Fig. 1.7). By 
comparison, between HH st 8-13 HNF-3p expression regresses relative to the 
anterior neuropore (Fig. 1.4a and compare Fig. 1.5b and e). A final anterior
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Figure 1.5.

Analysis of midline development in the anterior neuroectoderm of HH st 8- 
12 chick embryos.
a) Dorsal view  of a wholemount of the anterior portion of a HH st 8 embryo, 
showing translucent midline cells extending to the anterior neuropore, 
b-f) Flatmount ventral view s of isolated anterior neuroectoderm from chick 
embryos at HH stages 8 (b and c), 10 (d and e) and 12 (f).
b) Flatmount of isolated neuroectoderm tissue from a HH st 8 chick embryo 
showing midline expression of H N F - 3 p  extending to within 100pm of the 
anterior neuropore. H N F - 3 p  expression begins to downregulate in the 
anterior domain by this stage.
c) Flatmount of isolated neuroectoderm tissue from a HH st 8 chick embryo 
showing midline S H H  RNA expression extending to within 100pm of the 
anterior neuropore. The expression profile in anterior regions shows a 
mediolateral expansion that is not observed in more posterior regions of the 
neuraxis.
d) Ventral view  of isolated neuroectoderm tissue, probed with antisense 
Netrin-1  RNA, from a HH st 10 chick embryo. The anterior limit of 
neuroectodermal midline expression lies 330pm posterior to the anterior 
neuropore.
e) Ventral view  of isolated neuroectoderm tissue from a HH st 10 chick 
embryo, showing H N F - 3 p  RNA expression. Expression of this gene has 
been severely downregulated in the prospective diencephalon, but there is 
strong expression of HNF-3P in more posterior ventral midline cells.
f) Ventral view  of isolated neuroectoderm tissue, probed with antisense 
S H H  RNA, from a HH st 12 chick embryo. The anterior limit of 
neuroectodermal midline expression lies 120pm posterior to the anterior 
neuropore.
Scale bar, 77pm (a), 39pm (b and c) and 77pm (d-f).
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Figure 1.6.

S H H  expression alters over time in anterior neuroectoderm tissue 
Flatmount views of isolated neuroectoderm from chick embryos labelled 
with antisense S H H  at HH sts 7+ (a), 8+ (b), 10 (c), 12 (d)and 18 (e and f). 5a-e 
show ventral views and 5f shows a lateral view. The expression of S H H  

initially extends as a rod of cells at the ventral midline of the neural tube. 
The anterior limit of S H H  expression remains at -100-120|xm from the 
anterior neuropore until HH stl2 (a-d) but broadens in anterior regions, 
occupying a larger mediolateral domain while retaining the same anterior 
limit of expression. This mediolateral expansion of S H H  expression 
becomes more pronounced through stages 10 and 12 (c and d). The 
diencephalon itself expands dramatically at this time. By HH stl2 SHH-ive 
cells are observed within the centre of this strong circular expression 
domain of S H H  (d). These cells may correspond to prospective 
hypothalamic/infundibular regions, which are clearly SHH-ive  by HH stl8  
("i" in Fig. 6f). At HH stl8 two wings of S H H  expression extend anteriorly 
around the hypothalamus and thus S H H  expression extends into 
telencephalic regions. Further diencephalic expression is seen in cells 
projecting in a ventrodorsal direction (arrowhead in Fig. 6f).
Scale bar, 104pm (a and b), 77pm (c), 87pm (d), 104pm (e) and 77pm (f)
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boundary of HNF-Sp midline expression, -250pm from the anterior neuropore, 
is reached by HH st 13 (Fig. 1.7). Thus, at HH st 13, the same boundary marks 
the anterior limit of HNF-SP and Netrin-1 neuroectodermal midline expression. 
M oreover, this same boundary  m arks the anterior lim it of prechordal 
mesoderm, once it has regressed during HH st 8-11 (Fig. 1.7).

In conclusion these studies reveal that midline neuroectodermal cells are 
a heterogeneous popu lation  w hose gene expression profile changes 
dynamically during neurulation (Fig. 1.7). Consequently, between HH st 6-8 
the most anteriorly located ventral midline cells, overlying the prechordal 
plate, do not express Netrin-1, HNF-Sp or SHH (Fig. 1.1 and 1.2c, d-f). Ventral 
midline cells that extend -100-220pm from the anterior neuropore and which 
overlie prechordal mesoderm express HNF-SP by HH st 6 (Fig. 1.1) and both 
HNF-Sp and SHH from HH  st 7(Fig. 1.3d and g). However, onset of Netrin-1 
midline expression is delayed until HH st 8, and this gene is then co-expressed 
w ith HNF-Sp and SHH only in the posterior ventral midline cells (Fig. 1.7). 
After HH st 8 prechordal m esoderm  regresses relative to the overlying 
neuroectoderm  and thus, by HH st 12-13, prechordal mesoderm underlies 
ventral midline cells that express all three genes (Fig. 1.7).
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Figure 1.7.

Schematic diagram  comparing the mesodermal and neuroectodermal 
expression profiles of HNF-Sp, SHH  and Netrin-1 in the anterior midline 
region of HH st 6-13 chick embryos.
Each of the five panels illustrates the RNA expression profile of the midline 
markers at a different developmental stage; stage and somite number (in 
parentheses) at the far right of each panel. Anterior is to the right and 
posterior to the left.
W ithin the centre of each panel a scale bar marks the position, in microns, 
from the anterior neuropore ( AP). The calibrated scale bar is at the bottom 
of the page.
Midline expression of each of the three genes is depicted in a separate colour 
- see key. Weak expression is represented by paler shading. The 
neuroectodermal (N) expression profile of each gene is shown above the 
scale bar at each stage. The mesodermal (M) expression profile of each gene 
is shown below the scale bar.
The position of the prechordal mesoderm (PM - see key) at each stage is 
shown as a black bar below the scale bar.
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S ection  2 
A t H H  st 7-8 prechordal m eso d erm  u n d e r lie s  p ro sp ec tiv e  rostral 
d iencep halic  ventral m id lin e  (R D V M ) cells.

The analyses described above reveal that after HH st 11, when rostral 
diencephalic ventral m idline (RDVM) cells can be clearly distinguished 
m orphologically, they lie anterior to axial m esoderm al cells of the 
prechordal mesoderm (Fig. 1.4 and 1.7). By this stage RDVM cells express 
SHH, bu t do not express Netrin-1 or H N F -3 p .  Due to the dynamic 
expression profiles of these three genes, however, it is not possible to glean 
from these in situ analyses where prospective RDVM cells reside at earlier 
stages of development. It may be that at earlier stages too, prospective 
RDVM cells lie anterior to axial m esoderm  and thus overlie prechordal 
plate at all stages. In this scheme, the observed regression of prechordal 
m esoderm  relative to the anterior neuropore w ould occur due to a 
rostrocaudal expansion of diencephalic tissue overlying prechordal plate. 
A lternatively, prospective RDVM cells m ay overlie axial m esoderm  at 
earlier stages. In this scheme, the observed regression of prechordal 
m esoderm  re la tive  to the an te rio r n eu ro p o re  w o u ld  occur as 
neuroectodermal cells were displaced rostrally relative to underlying axial 
mesoderm. The question I therefore attem pted to address was whether, at 
early neurula stages, prospective RDVM cells lie adjacent to prechordal 
plate, prechordal m esoderm  or notochord. To do so, I fate m apped 
neuroectodermal midline cells at different anteroposterior levels from HH 
st 6-8 chick embryos, initially with the help of Dr. J. Clark (UCL).

Previously, chick-quail chimaeras have been used to construct a fate 
map of HH st 8 chick embryos (Couly and Le Douarin, 1985). These studies 
show that at HH st 8 cells that occupy the most anterior 100pm of the neural 
tube will give rise to the adenohypophysis and hypothalam us, whereas 
more posterior cells fate-map to the diencephalon. These studies, however, 
fate-m apped large areas of cells and did not focus on the fate of cells 
occupying the anterior neuroectodermal midline. In order to do so, small 
groups of cells at the midline of the neuroepithelium  of embryos between 
HH st 6-8 were injected with dil, and allowed to develop until HH st 12-13. 
At the time of injection, the position of the dil-m arked cells was recorded 
relative to the anterior neuropore and thus to cells in the underlying 
m esoderm al axis. Once the embryos were harvested the position of the 
labelled cells was again recorded, in microns, relative to the anterior 
neuropore (see Fig. 2.3). Subsequently, depending on the final position of
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cells injected with dil, different regions along the anteroposterior axis of the 
neuroectoderm al midline could be roughly fate-m apped to one of three 
neuroectodermal domains of HH st 12-13 embryos. The three domains were 
firstly, the floor plate, secondly, the SHH+ve RDVM and finally, the domain 
anterior to the SHH+ve RDVM. The results to these fate-mapping studies 
are summarised in Table 1 and Fig. 2.1.

The injection sites chosen targeted m idline neuroectoderm al cells 
overlying prechordal plate, prechordal mesoderm or notochord in HH  st 6-8 
embryos (see Fig. 2.2 for some representative samples). My results revealed 
th a t cells located  w ith in  the an te rio r-m o st 100|im of m id line  
neuroectoderm  at HH st 6, which overlie prechordal plate, retain a very 
anterio r location and come to lie w ith in  O-SO îm from  the anterior 
neuropore at HH st 12-13. At HH st 7-8 m idline clones of m arked cells 
injected at a sim ilar location extended either an teroposterio rly  or 
m ediolaterally and came to lie in the diencephalic dom ain lateral to the 
SHH+ve RDVM (see Fig. 2.3). None of these anterior injection sites labelled 
cells which fate-mapped to the RDVM.

Indeed, these studies revealed instead that at HH st 6 m idline 
neuroectoderm cells located above the notochord and which express HNF-  
Sp  and S H H ,  fate-map to SHH+ve, H N F -3p-ve  RDVM cells. Thus, 
prospective RDVM cells occupy a comparatively posterior position, at HH st 
6. However, at HH st 7-8 prospective RDVM cells predom inantly overlie 
prechordal m esoderm . Hence these fate-m apping studies show that 
prospective RDVM cells exhibit an extensive streaming forward during HH 
st 6-8.

Taken together w ith the m orphological and in situ hybrid isation  
analyses, described in Results section 1, these observations show that 
prospective RDVM cells are initially caudal to prechordal m esoderm  and 
then stream forward into position above prechordal mesoderm. These cells 
show sustained expression of SHH but only transient expression of HNF-3p, 
and never appear to express Netrin-1. A backwards shift relative to the 
neuroectoderm  means that following HH st 8 prechordal m esoderm  no 
longer underlies prospective RDVM cells, but instead underlies floor plate 
cells (Fig. 2.1).
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Figure 2.1.

Fate m apping analyses of midline cells in the anterior neuroectoderm.

The fate m ap has been superimposed on a previous figure (Fig. 1.7 and refer 
to 1.7 Fig. legend) to illustrate the gene expression profile of cells at each 
injection site and their position relative to the prechordal mesoderm.

The position of each dil injection site was recorded, in microns, relative to 
the anterior neuropore (AP), and each site is represented by a triangle on the 
figure. The injections targeted the ventral neuroectodermal midline of 
embryos from H H  st 6-8.
The final position occupied by labelled cells at HH st 12-13 was recorded and 
allocated to one of three broad domains along the anteroposterior axis of the 
neuroectoderm. Thus, blue, pink and yellow (see the cartoon in the right 
lower corner) represent three domains along the anteroposterior neuraxis 
and these domains are plotted against the scale bar at the bottom of the page. 
Yellow represents the floor plate domain; pink represents the SHH+ve 
RDVM domain; blue represents the region anterior to the RDVM. The 
colour of each triangle thus demonstrates where the progeny of cells 
injected at a particular site came to lie at HH st 12-13.
Open triangles represent labelled cells that came to lie lateral to the midline 
(- see hashed area in the cartoon). Closed triangles represent cells that came 
to lie w ithin the midline.
At HH  st 6 the anterior-most injected cells retain a very anterior location 
between 0-80pm of the anterior neuropore - represented by blue triangles.
At HH  st 7-8 cells injected in a similar location came to lie lateral to the 
RDVM - represented by open pink triangles.
At HH  st 6 prospective RDVM cells, represented by closed pink triangles, 
overlie the notochord. At HH st 7-8 prospective RDVM are located above 
the prechordal mesoderm.
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Figure 2.2.

Fate mapping analyses of midline cells in the anterior neuroectoderm of 
HH st 6-8 chick embryos.
a-f) Dorsal view of the anterior region of chick embryos, in ovo. Each panel 
shows the site of dil injection into the neuroectodermal ventral midline of 
individual embryos. There are two samples from HH st 6 (a and b), HH st 7 
(c and d) and HH st 8 (e and f).
a) Oil injection, 73pm from the anterior neuropore. In this specimen, the 
labelled cells migrated forward and came to lie 5pm from the anterior 
neuropore, by HH st 12-13.
b) Dil injection, 150pm from the anterior neuropore. In this specimen, the 
labelled cells migrated forward and came to lie 35pm from the anterior 
neuropore, by HH st 12-13.
c) Dil injection, 62pm from the anterior neuropore. In this specimen, the 
labelled cells migrated laterally and came to lie 90pm from the anterior 
neuropore, by HH st 12-13.
d) Dil injection, 60pm from the anterior neuropore. In this specimen, the 
labelled cells migrated laterally and posteriorly and came to lie 160pm from 
the anterior neuropore, by HH st 12-13.
e) Dil injection, 70pm from the anterior neuropore. In this specimen, the 
labelled cells migrated laterally and came to lie 107pm from the anterior 
neuropore, by HH st 12-13.
f) Dil injection, 104pm from the anterior neuropore. In this specimen, the 
labelled cells remained in a relatively similar position located 107pm from 
the anterior neuropore, by HH st 12-13.
Scale bar pm (a-f)
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Figure 2.3.

Analyses of neuroectodermal midline dil injections to HH st 6-8 chick 
embryos.
Two HH st 12 embryos showing the position of dil labelled cells after 15h 
development in ovo. The white dotted line depicts the outline of the 
embryonic neuroectoderm.
The top embryo was injected 78pm from the anterior neuropore at HH st 8. 
The clone of labelled cells came to lie in a domain spanning a distance 0- 
80pm back from the anterior neuropore. This clone can also be seen to have 
extended a considerable distance in a mediolateral direction.
The bottom embryo was injected 234pm from the anterior neuropore at HH  
st 8. The clone of labelled cells came in a region that lay 125-205pm from the 
anterior neuropore by HH st 12.
Scale bar, 39pm, both embryos.
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Results Section 2

Injected 

above P, M 

or N

Inj .  x)Lim 

f rom AP:  

found rostral 

to SH H  + 

RD VM  at 

stl2-13

Inj .  xjLim 

f rom AP:  

found lateral 

to  SH H  + 

RD VM  at 

stl2-13

Inj .  x p m  

f rom AP:  

found w ith in  

SHH+

RD V M  at 

stl2-13

In j .  x|Lim 

f rom AP:  

found across 

RDVM-FP 

border at stl2- 

13

P st 6: 73; 57 
st 7: 52 
st 8: 78; 0

st 7: 41; 52;
78; 62; 62 

st 8: 70; 75;
78; 26

M st 6: 130;156 
st 7: 156 
st 8: 104;130

st 6: 61
st 7: 104;208 
st 8: 104;124; 

145;156; 
156;182;

N st 6: 286
st 6: 286;312;

520 
st 7: 230 
st 8: 234

st 6: 312; 338

Fate mapping of midline cells in the anterior neuroectoderm of HH st 
6-8 embryos, summarised with respect to underlying axial cells.

The position of the injection site was recorded relative to the anterior 
neuropore and these sites could then be positioned relative to the 
underlying m esendodermal axis (column 1) using criteria outlined in 
the text. The position of the labelled cells after incubation was recorded 
relative to the anterior neuropore and to the SHH+ve dom ain of the 
RDVM (columns 2-5) at HH st 12-13. These results are displayed 
diagramatically in Fig. 2.1.
AP, anterior neuropore; FP, floor plate; in]., injected; M, prechordal 
m esoderm ; N, notochord; P, p rechordal p late; RDVM, rostra l 
diencephalic ventral midline.
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D isc u ss io n  o f Results: Sections 1 and 2.

Ventral m idline neuroectodermal cells are heterogeneous along the 
anteroposterior axis.

The development of ventral m idline cells of the neural tube is of 
fundam ental importance during early neurulation. They are one of the first 
cell types to differentiate within the neuroepithelium  (Altman and Bayer, 
1984) and a wealth of evidence suggests that, following their differentiation, 
they play a prom inent role in the subsequent patterning of the adjacent 
neuroepithelium  (Yamada et ah, 1991; Placzek et ah, 1993; Hatta et ah, 1994; 
Hynes et ah, 1995b).

I have examined the differentiation of ventral midline cells along the 
an teroposterio r axis of chick em bryos at early  neu ru la  stages of 
developm ent. My studies show tha t ven tra l m idline cells are a 
heterogeneous population that can be subdivided into distinct domains on 
the basis of their differential expression of midline markers. Thus floor 
plate cells can be recognised through expression of HNF-3P, SH H  and 
Netrin-1. In contrast, rostral diencephalic ventral midline (RDVM) cells can 
be recognised through their relatively transient expression of HNF-3P, their 
expression of SHH  and their lack of expression of Netrin-1.

In order to examine how this heterogeneity of gene expression 
develops over time, I have fate m apped ventral m idline cells at early 
neurula stages, and examined their fate at HH st 12-13. These analyses 
reveal that ventral midline cells that occupy the floor plate, RDVM or 
telencephalic ventral midline at HH st 12-13 migrate into these positions 
from more posterior levels of the neuraxis. This forward-migration appears 
to occur between HH st 6-8, with cells moving forward by distances of up to 
200pm.

Together these studies reveal that the differences between RDVM and 
floor plate cells arise only relatively late, at HH st 8. At earlier stages, both 
prospective floor plate and prospective RDVM cells express SHH  and HNF- 
Sp, bu t not Netrin-1. Thus up to HH st 6-8, prospective RDVM cells are 
indistinguishable from prospective floor plate cells (Fig. 2.1). From HH st 8, 
w hen prospective RDVM cells have m igrated anteriorly and are located in 
their final position relative to the anterior neuropore (Fig. 2.1), they begin to 
dow n-regulate expression of HNF-3p,. Around the same time, Netrin-1 
expression is detected th roughout the floor plate. The m ain tained  
expression of HNF-3b, and Netrin-1 defines floor plate cells, which thus 
have an anterior lim it at the m idbrain-forebrain boundary  (Kingsbury,
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1930). These fate m apping studies also show that betw een HH  st 6-13 
prospective telencephalic ventral m idline cells do not express any of the 
midline markers examined.

Unlike HNF-3P and Netrin-1, SHH  expression is m aintained by both 
floor plate and RDVM cells up to HH st 12. Subsequently, SHH-expression 
extends both anteriorly, encroaching upon the telencephalic m idline (Fig. 
1.7 and 2.1), and mediolaterally within the diencephalon. The mediolateral 
expansion of clones of marked cells (Fig. 2.3) suggests a pattern  of cell 
division that may contribute to the m ediolateral expansion of S H H  
expression in the anterior part of the neural plate, as it expands to give rise 
to the diencephalon.

Thus, by HH st 13, three different cell populations can be identified 
w ithin ventral m idline neuroectoderm al cells along the anteroposterior 
axis. Floor plate cells that extend from Hensen's node to the posterior 
boundary of the diencephalon express SHH, HNF-Sp and Netrin-1, while 
cells of RDVM express only SHH. The most anterior midline cells of the 
neuraxis express none of these genes (Fig. 1.7).

Prechordal mesoderm underlies prospective RDVM cells.
My analysis of the axial mesoderm reveals that cells that extend from 

Hensen's node from HH st 4 express HNF-3p and SHH.  By HH st 6, axial 
cells that extend along the entire anteroposterior axis express HNF-3b and 
SHH. Netrin-1 is similarly expressed by cells in the posterior part of this axis 
but is not expressed by cells that occupy the anterior-most 100pm (Fig. 1.7). 
This, together w ith the observation that these anterior-m ost cells have a 
rounded appearance compared to more posterior axial cells and express 
SH H  and HNF-3P  at lower levels suggest that they represent a distinct 
population (Fig. 1.1 and 1.2). Previously, the prechordal region has been 
described through the expression of a num ber of homeobox containing 
genes, namely goosecoid, LIM l  and Otx2, which are not expressed in the 
more posterior cells of the notochord (Blumberg et al., 1991; Cho et al., 1991; 
Simeone et al., 1992; Taira et al., 1992; IzpisuaBelmonte et al., 1993; Stachel et 
al., 1993; Barnes et al., 1994; Fujii et al, 1994; SchulteM erker et al., 1994; 
Bally-cuif et al., 1995; Pannese et al., 1995; Ang et al., 1996) Morphological 
analyses have distinguished two distinct cell populations w ithin the axial 
prechordal region that are surrounded laterally by head mesenchyme (see 
Introduction pages 50-54). From our analyses, the position and morphology 
of the Netrin-l-ve  cells suggest that they are prechordal plate endoderm  
(Fig. 1.2). Although Netrin-l-ve, my studies reveal that SHH  and HNF-3p
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are transiently expressed in the prechordal plate, where they delineate a rod 
of cells that broadens slightly at its anterior edge. This profile of the 
prechordal plate contrasts with earlier m orphological studies of chick 
em bryos (Meier, 1979) and analyses of the expression pattern  of hlx in 
zebrafish embryos (Fjose et al, 1994), both of which suggest a circular 
morphology for the prechordal plate region. Thus, as suggested in previous 
studies (Meier, 1979) prechordal plate can be subdivided into distinct 
territories, w ith axial prechordal plate cells exhibiting distinct properties to 
those of lateral prechordal plate cells.

At HH S t  6, axial cells of the prechordal mesoderm and more posterior 
notochord can be distinguished by their w idth. In agreem ent w ith the 
studies of Seifert (Seifert et ah, 1993), I find that in chick, prechordal 
mesoderm which is approximately 120|im in length extends to its anterior 
limit 100|Lim from the anterior neuropore and remains at that position until 
H H  st 8 (Fig. 1.7). Thus, between HH st 7-8 prechordal mesoderm underlies 
prospective RDVM cells (Fig. 2.1). Subsequently, a relative shift between the 
neuroectodermal and mesendodermal germ layers means that from HH st 
11, prechordal mesoderm occupies a more posterior position underlying the 
floor plate (Fig. 1.7). These observations are consistent w ith previous 
studies in chick embryos, which suggest that the shift between the two germ 
layers occurs as a consequence of the substantial growth of the diencephalon 
at these stages (Adelmann, 1922).

V entral m idline neuroectoderm  development.
My in situ hybridisation analyses reveal that at early neurula stages, 

neuroectodermal midline expression of both HNF-SP and SHH  lags slightly 
behind expression of these two genes in the underlying m esoderm al axis 
(Fig. 1.7). Expression of HNF-3p  , then SHH,  and finally that of Netrin-1 
spreads rostrally in neuroectodermal ventral midline cells between HH st 4- 
8. M oreover, during  the rostral spread of these three genes in the 
neuroectoderm the new anterior domain of expression appears weaker than 
in more posterior regions (Fig. 1.7). Two possibilities could exist to account 
for the apparent rostral spread of the expression profile of these genes. 
Firstly, as axial mesodermal cells extend from Hensen's node and migrate 
forward they could induce the expression of ventral m idline m arkers in 
overlying neuroectodermal midline cells. This hypothesis is supported by 
previous studies, which suggest a requirement for vertical signalling in the 
specification of cell fate w ithin the posterior ventral neural tube. Thus, as
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described in the Introduction, in posterior regions of the CNS, SHH- 
signalling from the notochord induces the differentiation of floor plate cells 
in the overlying neuroectoderm (van Straaten, 1988; Placzek et ah, 1990; van 
Straaten and Hekking, 1991; Yamada et ah, 1991; Placzek et ah, 1993; Marti et 
ah, 1995a; Ruiz i Altaba et ah, 1995a; Chiang et ah, 1996; Ericson et ah, 1996). 
Expression of two putative signalling molecules, namely SHH  and HNF-3p, 
is initially shared by both prechordal mesoderm and notochord, raising the 
possibility that prechordal mesoderm may also exhibit patterning properties. 
Two aspects of my results suggest that vertically-acting signals from a 
particular mesodermal cell may induce neuroectodermal cells that come to 
lie, not immediately adjacent, but slightly more anterior. First, in anterior 
regions I have shown a relative anterior displacem ent of neuroectoderm  
relative to m esoderm al cells. Second, analysis of cells just anterior to 
H ensen's node shows that prospective floor plate cells expressing both 
HNF-3p  and SHH overlie axial mesodermal cells that express only HNF-3p  
(Fig. 1.1). This suggests that these midline neuroectodermal cells may have 
been induced at an earlier stage when their precursors were adjacent to 
HNF-3p+ve, SHH+ve cells in Hensen's node.

Secondly, we cannot exclude the possibility that an element of planar 
signalling may be involved in the patterning of ventral midline cells of the 
neural tube. Floor plate cells that overlie SHH-negative notochord cells 
could be induced from posterior SHH-expressing cells in the neural aspect of 
Hensen's node. Certainly, late aspects of floor plate induction are thought to 
involve p lanar signalling events: in posterior regions of the CNS, 
homeogenetic induction of floor plate by floor plate has been suggested to 
play a role in the lateral spread of floor plate (Placzek et ah, 1993). 
Moreover, late-acting planar patterning from RDVM cells has previously 
been suggested as a mechanism of telencephalic patterning (Ericson et ah, 
1995). Thus, planar signals could contribute to both the rostral spread of 
ventral midline cells and to the late mediolateral and anterior expansion of 
SHH  expression in the RDVM.

The following sections describe my studies to investigate one of the 
possible ways in which RDVM cells may develop, nam ely to examine 
whether they may be induced by axial prechordal mesoderm.
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S ection  3 
A n a ly s is  o f  the pattern ing  p rop erties o f axial m eso d erm  a lo n g  the  
an terop osterior axis o f  the C N S.

Due to the technical skills required to perform  the microdissections 
(especially of p rechordal m esoderm ), m ost of the in itial induction  
experiments, analysed for SHH and FP3 induction by prechordal mesoderm 
and notochord, were performed w ith the help of Dr. M. Placzek (results 
section 3.4a and b). Subsequently, experiments analysing the induction of 
SHH, HNF-3p, Nkx2.1 and Nestin expression I perform ed myself: also in 
Results sections 3 as well as sections 4-5.
3.1 Introduction.

The in situ hybridisation analyses of chick embryos docum ented in 
results section 1 showed that ventral m idline neuroectoderm  tissue is 
heterogeneous along the anteroposterior axis. In posterior regions of the 
embryo that give rise to spinal cord, hindbrain and m idbrain, m idline 
neuroectoderm al cells express SHH, HNF-3p and Netrin-1 indicative of 
their being floor plate, while ventral midline neuroectoderm  cells in the 
rostral diencephalon (RDVM cells) express SHH, transiently express HNF-3P 
and never express Netrin-1.

Two possible models could explain why this heterogeneity w ithin the 
midline of the CNS may occur. Firstly, previous studies have suggested that 
signals, emanating from the organiser and spreading through the plane of 
the neuroectoderm , m ediate both neural induction and initial aspects of 
neural régionalisation in the neuroectoderm. Thus, it is possible that by the 
time ventral midline cells are being induced, neuroepithelium  in anterior 
and posterior regions of the CNS is already pre-patterned and thus restricted 
in its ability to respond to inducing signals. Consequently, each region may 
show a distinct repertoire of response to the same signal. An alternative 
possibility stems from my observations that in the chick, RDVM cells are 
transiently underlain by prechordal mesoderm while floor plate cells are 
underlain by notochord. Thus, it is possible that neuroectodermal midline 
heterogeneity  arises because axial m esoderm  differs in its inducing 
properties along its anteroposterior axis.

In order to test these two hypotheses we adapted a previously 
established in vitro bioassay for floor plate development (Placzek et al., 1993) 
to examine firstly, the ability of lateral neural plate tissue dissected from 
different anteroposterior levels to respond to inductive signals, and 
secondly, to test the inductive abilities of prechordal m esoderm  versus
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Figure 3.1.

Schematic diagram of the in vitro bioassay for midline cell induction.
A) Schematic representation of an E8.5-9 rat embryo showing the responsive 
neural explant isolated. Anterior (A) and posterior (P) regions of neural 
tissue were isolated and regions of the lateral neural plate microdissected, as 
shown below in transverse view. (B) Prechordal mesoderm and notochord 
explants were isolated from HH st6-10 embryos. (C) Rat lateral neural plate 
explants were cultured alone, in contact with chick prechordal mesoderm or 
in contact with chick notochord.
(D) Explants of prospective RDVM cells either with or without underlying 
prechordal mesendoderm were isolated from HH st6-8 chicks or E9.5 rat 
embryos from the region anterior to the notochord. These explants were 
then cultured in the presence or absence of function-blocking antibodies to 
SHH-N.
After culture, the explants were analysed for neuroectodermal expression of 
the midline markers; SH H ,  HNF-3b, Nkx2.1, EPS, and Nestin.
A, anterior; P, posterior; hf, head fold;
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notochord. To avoid cross hybridisation between tissues of one species, 
given that m any markers are co-expressed by axial mesoderm and midline 
neuroectoderm, a cross-species assay was adopted using rat responsive tissue 
and chick inductive tissue (Fig. 3.1 and (Placzek et al., 1993)). This choice 
was based on the fact that prechordal mesoderm and notochord can be easily 
dissected from the larger chick embryo and we also have a wide selection of 
rat-specific neuroectodermal midline markers.

3.2 Ventral midline neuroectodermal cells are heterogeneous along the 
anteroposterior axis in rat embryos.

To determine the biological relevance of the in vitro bioassay using 
rat responsive tissue it was first necessary to determine whether a similar 
heterogeneity of neuroectodermal m idline cells is seen in the rat embryo. 
The expression profile of two out of the three midline markers studied in 
chick, HNF-3p and SHH  were now analysed in E8.5-E12 rat embryos to 
compare w ith previously documented studies using the rat-specific floor 
plate marker FP3 (Placzek et al., 1993).

The em bryonic day (E) 9 head-fold stage m arks the onset of 
neuroectoderm al m idline expression of HNF-3p from the node to within 
approxim ately 120|im of the anterior lim it of the embryo (Fig. 3.2g-l). 
Beginning soon after ElO (10 somites), expression of HNF-3p is gradually 
downregulated (Fig. 3.4a-d). Expression is lost initially in RDVM cells, so by 
E l l  HNF-3p is m aintained only up to the caudal diencephalon (data not 
shown). FÏNF-3P expression is then gradually lost from more posterior 
m idline cells and by E13/14 HNF-3p is no longer expressed by m idline 
neuroectoderm (data not shown and (Ruiz i Altaba et al., 1993b)).

E8-9.5 ra t em bryos show  no S H H  exp ression  in m id line  
neuroectoderm al cells (Fig. 3.3.d,e,f). Thus, while the neuroectoderm al 
expression profile of HNF-3p is very similar in rats and chicks, S H H  
expression is delayed at comparable early stages. By E9.75 (8 somites), 
how ever, ventral m idline neuroectoderm  has begun to express S H H  
mRNA continually from the node to the anterior diencephalon (Fig. 3.3g-i), 
w ith  expression of the protein detected shortly after (Fig. 3.4e and f). 
Expression in the diencephalon appears to be stronger than  in more 
posterior regions of the neuraxis, (Fig. 3.3i). For the m ain part, this 
expression profile persists through ElO, E ll  and E12 (Fig. 3.3g-i and 3.4e - i) 
except that expression of SHH in the anterior diencephalon expands 
latera lly  at E l l  and by E12 is dow n-regulated  in the prospective 
infundibulum , (Fig. 3.4h and i).
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Ventral midline expression of FP3 is first detected weakly at ElO, in 
cells of the hindbrain. Subsequently, expression extends both anteriorly and 
posteriorly so that FP3 is expressed by ventral midline cells that extend from 
the spinal cord up to the posterior diencephalon (Fig. 3.4j-m). This profile is 
then maintained at all ages analysed.

Thus, in the rat em bryo, as in the chick, ven tra l m idline 
neuroectoderm al cells along the neuraxis are heterogeneous and, using a 
combination of ventral midline markers, the different cell populations can 
be distinguished from E10-E12 (see Table 2). In posterior regions of the CNS 
that give rise to the spinal cord, hindbrain and m idbrain, ventral midline 
floor plate cells express SHH, HNF-3p and FP3 from E10-E12, whereas more 
anterio r RDVM cells express SHH and HNF-3p at ElO bu t m aintain 
expression of only SHH from E ll. RDVM cells do not express FP3 at any 
stage examined.

3.3 In the rat prechordal mesoderm lies adjacent to RDVM cells.
As described in the classic m ouse literature there is no clear 

distinction which can be made between the endoderm al and m esoderm al 
germ  layers in the anterior region of the early m am m alian em bryo 
(Beddington, 1982), since, during early stages of developm ent these two 
layers are intimately associated. Consequently, the term  m esendoderm  is 
used at early stages to refer to an anterior tissue layer comprised of both 
m esoderm  and endoderm  cells. I have found that HNF-3p expression at 
E8.5 (the earliest stage examined) labels more than one cell layer both 
anteriorly (Fig. 3.2a and d) and posteriorly (Fig. 3.2c and f) but it is unclear 
w hether these cells are mesodermal or endoderm al. Thus, I restrict the 
descrip tion of HNF-3P expression at this stage to encom passing axial 
mesendodermal cells along the entire anteroposterior axis in addition to the 
mediolateral extent of the endodermal germ layer (Fig. 3.2a-f). At this stage, 
SHH  expression w ithin axial mesendodermal cells extends to w ithin 150|im 
of the anterior end of the embryo (Fig. 3.3.a). As is the situation in HH st 5 
chick embryos (see results section 1), at these early stages of rat development 
there are no discrete shape changes that allow clear distinctions to be made 
between the axial mesodermal structures of the notochord and prechordal 
m esoderm . N either HNF-3p nor S H H  are expressed w ith in  the 
neuroectoderm layer at this stage of development (see above; Fig. 3.2.a-f and 
data not shown).

By E9 HNF-3p continues to be expressed along the entire  
anteroposterior axis of the mesendoderm layer (Fig. 3.2.g-l). Between E8.5
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and E9 SHH  m esendoderm al expression extends further anteriorly (Fig. 
3.3.a,b). However, in contrast to the head fold HH  st6 chick embryo where 
SHH  expression extends to the anterior neuropore (Fig. 1.2b), in F9 head
fold stage rat embryos the anterior limit of SHH m esendoderm  expression 
ends approxim ately SOpm from the anterior neuropore (Fig. 3.3.b). The 
morphological appearance of the rounded mass of cells at the anterior end 
of the foregut (Fig. 3.2.g,j, 3.3.d), identifies the posterior lim it of axial 
prechordal plate ((Seifert et al, 1993) and see Results section 1). These cells 
are easily distinguishable from the flatter, immediately posterior cells of the 
prechordal mesoderm  (Fig. 3.2.h,k and 3.3.e). At F9-9.5, therefore, axial 
prechordal plate cells occupy the midline region extending approximately 
80|LLm from the anterior end of the embryo (Fig. 3.2g,j and 3.3d). This 
position also coincides w ith the final anterior limit of SHH expression, 
which is reached by F9. Thus, it seems likely that at F9-9.5 not all axial 
prechordal plate cells express SHH, and in fact the anterior extent of SHH- 
expression marks the posterior limit of the prechordal plate (Fig. 3.3d). At 
FIO when it can be dissected post-fixation, prechordal m esoderm  is about 
lOOpm in length (Fig.3.3.c). It therefore seems probable that at F9-9.5 
prechordal mesoderm occupies the mesodermal axis that lies approximately 
100-200|xm from the anterior neuropore.

I have shown that at neural plate stages of development the anterior 
limit of SHH+ve, HNF-3p+ve prechordal mesoderm lies approximately 80- 
lOOpm from the anterior neuropore. Thus, at these stages prechordal 
m esoderm  underlies the anterior domain of HNF3p expression. Since by 
FIG HNF-3p expression is seen in RDVM cells (Fig. 3.4. ), this raises the
possibility that at F9-9.5, prechordal m esoderm  underlies prospective 
RDVM cells. To establish whether the HNF-3p+ve cells which are adjacent 
to prechordal mesoderm at neural plate stages, will give rise to RDVM and 
not floor plate, this prechordal region -the anterior-m ost 200|im of the 
embryo, was isolated at neural plate stages and cultured for 48-72h in vitro. 
The neural com ponent expressed an RDVM specific m arker, Nkx2.1 
(described below - chapter 5; 100% n=9), in the absence of FF3 (0%; n=5). 
Taken together these results indicate that in rat embryos, as in the chick, 
prechordal m esoderm  underlies prospective RDVM cells, at these early 
stages of development.

3.4 Prechordal mesoderm induces RDVM cells in lateral neural plate tissue.
These studies suggest that the developm ental profile of anterior 

regions of rat embryos is similar to that of chick embryos. In posterior
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Figure 3.2.

Analysis of HNF-3p expression by immunocytochemistry in midline 
regions of E8.5 and E9 rat embryos.
a - c)Phase-contrast micrographs of T.S. through an E8.5 rat embryo analysed 
for the expression of HNF-SP (d - f ).
g - i)Phase contrast pictures of T.S. through an E9 rat embryo analysed for 
the expression of HNF-SP (j -1).
a and d)T.S. taken at 75pm from the anterior neuropore. At this level HNF- 
SP is expressed within the entire mediolateral exterit of the mesendoderm. 
The term mesendoderm refers to both the mesoderm and endoderm germ 
layers underlying the neuroectoderm. There is no neuroectodermal 
expression.
b and e)T.S. taken at 120pm from the anterior neuropore. At this level 
there is only mesendodermal labelling of HNF-Sp. 
c and f)T.S. taken at 195pm from the anterior neuropore. At this level it is 
possible to distinguish between mesoderm and endoderm and there is 
clearly HNF-3p expression in both layers. There is no neuroectodermal 
expression.
g and j)T.S. taken at 75pm from the anterior neuropore. At this level HNF- 
3P is weakly expressed in the endodermal mass of cells at the tip of the 
prospective foregut, which I refer to as axial prechordal plate [Seifert, 1993 
#170]. The overlying neuroectoderm does not express HNF-3p. 
h and k)T.S. taken at 120pm from the anterior neuropore. The distinct 
morphology of the anterior foregut (SesseTs pocket) and the position of the 
section relative to the axial prechordal plate supports the view that this 
section is at the level of the prechordal mesoderm (see text). At this level 
HNF-3p is expressed by the prechordal mesodermal cells underlying the 
ventral neural tube, and more weakly by adjacent endodermal cells. There is 
also weak neuroectodermal expression of HNF-3p at the ventral midline, 
i and 1)T.S. taken at 210pm from the anterior neuropore. At this level HNF- 
3p is strongly expressed by cells at the ventral midline of the 
neuroectoderm, weakly by more lateral neural cells, by underlying 
notochord cells and by endodermal cells adjacent to the mesoderm.

Scale bar, 40pm (a-1)
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Figure 3.3

S H H  expression in midline regions of E8.5 - ElO rat embryos analysed by 
wholem ount RNA in situ hybridisation.
a)Ventral view  of a flatmount of an E8.5 rat embryo, showing S H H  
expression extending from the node (N) along the axial mesendodermal 
cells of the embryo. In this example the anterior limit of expression is at 
150pm from the anterior neuropore (marked with a hatched line).
b) Ventral view  of a flatmount of an E9 rat embryo, showing axial 
mesendodermal S H H  RNA expression extending from the node (N) to an 
anterior lim it 75pm from the anterior neuropore (marked with a hatched 
line).
c) Isolated prechordal mesoderm (M) and notochord from an ElO rat embryo 
labelled by antisense RNA for expression of SHH.  SHH is expressed strongly 
by prechordal mesoderm and notochord.
d) T.S. of an E9.5 rat 80pm from the anterior neuropore, at the level of the 
axial prechordal plate. At this level, the anterior limit of S H H  expression is 
seen in the endodermal mass of cells at the anterior end of the foregut.
S H H  is not expressed in the overlying neuroectoderm.
e) T.S. of an E9.5 rat 160pm from the anterior neuropore, at the level of the 
prechordal mesoderm. S H H  is expressed in axial prechordal mesoderm  
cells. There is no expression in the overlying neuroectoderm.
f) T.S. of an E9.5 rat 560pm from the anterior neuropore, at the level of the 
posterior notochord. At this stage there is no neuroectoderm expression of 
S H H  but there is strong expression in the notochord.
g) T.S. at the level of the hindbrain in an ElO rat embryo, showing S H H  

expression within the notochord and in the floor plate of the neural tube.
h) T.S. through the rostral diencephalon (D) at ElO, showing S H H  

expression at the ventral midline. By this stage RDVM cells are no longer 
underlain by SHH-+ve prechordal mesoderm. The staining around the 
ventricular zone is non-specific and due to trapping of the probe.
i) Lateral view  of isolated anterior neuroepithelium (hindbrain, mid- and 
fore-brain) dissected from an 8 somite rat embryo and analysed for S H H  

expression. SHH expression is detected at the ventral midline of the CNS 
throughout the neuraxis w ith an anterior limit in the retrochiasmic region. 
By stopping the colour reaction of the in situ hybridisation prematurely, as 
is seen in this example, it becomes apparent that there are markedly higher 
levels of RNA expression in the forebrain and midbrain domains than in 
the hindbrain.
Scale bar, 51pm (a-b), 17.5pm (c), 19pm (d-f), 26pm (g), 38.5pm (h), 77pm (i).
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Figure 3.4.

Expression of HNF-3p, SHH and FP3 detected by immunocytochemistry in
floor plate and RDVM cells of the developing rat embryo.
a-d) HNF-3p expression in an ElO (a, b) and an E10.5 (c, d) rat embryo.
e-i) SHH expression in an ElO (e, f) and an E12 (g-i) rat embryo.
j-m) FP3 expression in an ElO (j, k) and an E12 (1, m) rat embryo.
a) T.S. showing HNF-3p is expressed by the floor plate of the spinal cord, the 
underlying notochord and the endoderm of the gut.
b) T.S. show ing HNF-3p expression in cells at fhe rostral diencephalic 
ventral midline. The region labelling below the diencephalon is foregut.
c) T.S. at the level of the spinal cord in an E10.5 rat embryo. HNF-3p is 
strongly expressed by the floor plate and both the underlying notochord and 
gut endoderm.
d) T.S. through the diencephalon in an E10.5 rat show ing HNF-3p 
expression is drastically downregulated in RDVM cells. Strong staining 
persists in endoderm underlying the ventral midline (see arrowhead).
e) T.S. showing SHH expression in spinal floor plate cells and very strong 
expression in notochord.
f) T.S. showing SHH expression in RDVM cells of an ElO ra t .
g) T.S. at the level of the hindbrain in an E12 rat embryo, showing SHH 
expression in floor plate cells.
h) T.S. through the diencephalon of an E12 rat at the level of the 
hypothalam us/infundibulum . SHH expression is dow nregulated in  
ventral midline cells at this level but continues to be expressed by the 
laterally adjacent cells of the ventral diencephalon.
i) T.S. through the diencephalon of an E12 rat at the rostral limit of SHH 
expression. Rostral to the hypothalamus, the SHH expression domain once 
again includes diencephalic ventral midline cells.
j) The same T.S. as shown in (e), co-labelled for FP3. ElO marks the onset of 
weak FP3 expression in both the floor plate and notochord, 
k) The same T.S. as (f), showing that FP3 is not expressed in the diencephalic 
ventral midline of an ElO rat. Non-specific staining is detectable lateral to 
the midline.
1) The same T.S. as shown in (g), showing a broader expression domain of 
FP3 in floor plate cells as compared to SHH (g).
m) The same T.S. through the diencephalon of an E12 rat as shown in (h), 
FP3 is not expressed by RDVM cells.
Scale bar 19pm (a,c,e,f,k and j), 39pm (b and d), 77pm (g,h,i,l and m).
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regions of the rat embryonic CNS that overlie notochord, ventral midline 
cells of the floor plate express SHH, HNF-SP and FP3, whereas RDVM cells 
which transiently overlie prechordal m esoderm , express SHH but only 
show relatively transient expression of HNF-3p and do not express FP3 
(Table 2). We therefore used E9 rat embryos as a source of responding 
neural tissue explants with which to analyse the inducing activity of chick 
prechordal mesoderm.

3.4a Analysis of prechordal mesoderm inducing properties in anterior 
lateral neural plate explants.

Recent studies have suggested that anterior lateral neural plate 
(aLNP) explants have a pre-pattern that restricts their ability to respond to 
signals from the notochord and to SHH-N, (Placzek et al., 1993; Ericson et al., 
1995) and so this restriction may underlie the heterogeneity of ventral 
midline cells along the anteroposterior axis. If this were the case, it might be 
that regardless of the source of inducing signal (e.g. notochord or prechordal 
mesoderm) the cell type which is induced will depend entirely on the 
anteroposterior origin of the responsive explant. This model would predict 
that on exposure to midline-inducing signals aLNP explants will specifically 
differentiate into RDVM cells, while posterior lateral neural plate (pLNP) 
explants will differentiate into floor plate. To test this we examined the 
ability of aLNP to respond to prechordal mesoderm or notochord-derived 
inducing signals. aLNP was routinely dissected from the anterior-m ost 
third of E8.5-E9 rat embryos (and thus adjacent to prechordal mesoderm and 
prechordal plate). Initially, aLNP explants were cultured alone for 72-90h 
and analysed for the expression of SHH, HNF-3p or FP3. No expression was 
observed (Fig. 3.5q-t and Table 3).

Subsequently, we examined the ability of notochord or prechordal 
m esoderm  to induce expression of SHH,  HNF-3P and FP3. Prechordal 
m esoderm  w as dissected from  chick em bryos at th ree  d ifferen t 
developm ental stages - from HH st 6, 8 and 10, chosen to allow for the 
possibility that prechordal m esoderm  may display different inductive 
properties at different developmental stages (see Materials and Methods - 
C hapter 2). Similar results were obtained for prechordal m esoderm  
dissected from different developm ental time points and the results are 
show n together (Table 2). aLNP explants were co-cultured in close 
proximity to notochord or prechordal mesoderm for 23h, 40h or 72h and 
exam ined for expression of HNF-3p, SH H  and FP3. After 23h, or 40h, 
induction  of HNF-3p was observed in LNP explants co-cultured w ith
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prechordal mesoderm (Fig. 3.5m, 3.6e and Table 2). However, induction by 
prechordal mesoderm did not result in the sustained expression of HNF-3(3, 
and by 72h no expression was detected (Fig. 3.5n and Table 2). Similar 
recombinate explants showed sustained expression of the rat SHH  gene (Fig. 
3.5o and Table 2), but no induction of FP3 (Fig. 3.5p and Table 2). Since SHH 
and HNF-3p are also expressed independently of each other in various 
regions of the embryo, it seemed important to determine the specificity of 
RDVM induction. In the majority of these recombinant experiments SHH  
mRNA expression was analysed by in situ hybridisation while HNF-3p was 
detected using immunocytochemistry, and so I was unable to monitor SHH  
and HNF-3P induction in the same explants. Nevertheless, w ith the advent 
of specific antibodies to SHH, I have been able to show that prechordal 
mesoderm induces cells that co-express SHH and HNF-3p (data not shown). 
Together these results suggest that prechordal m esoderm  induces RDVM 
cells in aLNP explants.

aLNP explants co-cultured with notochord also showed expression of 
H N F-3p  after 23h (Fig. 3.5e and Table 2). However, in contrast to the 
induction by prechordal mesoderm, the induced expression of HNF-3P by 
notochord was m aintained at 72h (Fig. 3.5f and Table 2). Similar aLNP 
explants cultured w ith notochord were also induced to express SHH (Fig. 
3.5g). In contrast to prechordal m esoderm  notochord induced the 
expression of FP3 in aLNP explants (Fig. 3.5h and Table 2). Moreover, using 
antibodies to SHH-N, I found that after 72h in culture, anterior neural cells 
co-expressing FP3 and SHH were found adjacent to the notochord, 
indicative of their being floor plate. However, the expression dom ain of 
SHH spread more distantly from the notochord than that of FP3 which may 
reflect RDVM differentiation at the border of induced floor plate cells (80% 
n=5 data not shown).

Thus, aLNP explants exhibit a different response depending on the 
properties of the inducing tissue. No induction was observed w hen LNP 
explants were cultured some distance from either prechordal mesoderm or 
notochord (data not shown).

These results suggest that the heterogeneity observed in ventral 
m idline cells along the anteroposterior axis does not arise as a consequence 
of the neuroepithelium  in anterior regions being restricted in its ability to 
respond to inducing signals. Rather, the fate of m idline neuroectoderm  
appears to be dependent on the different inducing properties of underlying 
axial m esoderm  along the anteroposterior axis. Thus, the sustained

125



Results Section 3

expression of SHH,  transient expression of HNF-3p and absence of floor 
plate markers in the anterior diencephalon in vivo may be a consequence of 
the specific inducing activity of underlying prechordal mesoderm.

3.4b Analysis of prechordal mesoderm inducing properties in posterior 
lateral neural plate explants.

The results outlined above show that prechordal m esoderm  can 
induce aLNP explants to express RDVM characteristics in vitro, while 
notochord signalling in these explants induces floor plate characteristics. 
These results indicate that prechordal mesoderm and notochord may elicit a 
different cell fate in a single precursor. However, the heterogeneous nature 
of the aLNP explants used in our assay makes this difficult to assess, since 
these explants are likely to give rise to p rospective telencephalic, 
diencephalic and mesencephalic tissue. Thus, it remains formally possible 
that p rechordal m esoderm  induces RDVM cells in the prospective 
diencephalic region of these explants, while notochord induces floor plate 
differentiation in the prospective mesencephalic domain. Alternatively, the 
possibility remains that prechordal mesoderm and notochord act to change 
the fate of the responsive tissue. Consequently, prechordal mesoderm may 
have an anteriorising effect on the mesencephalic cell population inducing 
them  to adopt RDVM characteristics a n d /o r  notochord m ay elicit a 
posteriorising signal thereby inducing the expression of floor plate markers 
within the diencephalic component of these aLNP explants.

To ascertain  w hether p recho rdal m esoderm  and  no tochord  
differentially induce specific cell types in a more hom ogeneous responsive 
tissue, and sim ultaneously to determine w hether prechordal m esoderm  
patterning activity exerts an anteriorising effect on neural tissue, the ability 
of prechordal mesoderm to pattern pLNP was tested. Previously it has been 
shown that pLNP explants, which are fated to become spinal cord tissue, can 
be easily dissected from E8.5-E10 rats (Placzek et aL, 1993). When cultured 
alone for up to lOOh these explants do not express floor plate antigens but are 
competent to respond to notochord by becoming floor plate (Placzek et al.,
1993)(Fig. 3.5d and Tables 2 and 3). pLNP explants dissected from E8.5-E10 rat 
embryos were cultured alone for 24-60h and examined for the expression of 
HNF-3p and SHH. No expression was detected at any time point examined 
(Table 3). Similar pLNP explants were cultured together w ith prechordal 
mesoderm or with notochord and analysed for their ability to express HNF- 
3p, SHH, and FP3. The inducing properties of prechordal mesoderm when
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conjugated with pLNP explants were identical to those obtained for aLNP 
explants. Prechordal mesoderm was able to induce transient expression of 
H N F-SP and sustained expression of S H H  in pLNP explants, in vitro, 
w ithout the accompanying induction of FP3 (Fig. 3.5i-l and Table 2). pLNP 
explants co-cultured in contact w ith notochord w ere induced to show 
sustained expression of all three markers; HNF-3p, SHH  and FP3 (Fig. 3.5a-d 
and Table 2).

I then tested if the transient induction of HNF-3p in LNP explants by 
prechordal mesoderm is accompanied by transient expression of FP3. pLNP 
explants were co-cultured with notochord or prechordal mesoderm  for 40h 
an d  exam ined  for exp ression  of b o th  H N F-3p and FP3 by 
immunocytochemistry. Notochord was able to induce expression of both 
H N F-3P and FP3 in pLNP explants (Fig. 3.6b and c and Table 2), while 
prechordal mesoderm was only able to induce HNF-3p expression and not 
the concomitant expression of FP3 (Fig. 3.6e and f respectively and Table 2).

The finding that prechordal mesoderm is unable to induce the 
expression of floor plate markers in com petent LNP explants w hereas 
notochord is able to do so indicates that different axial levels of the 
m esoderm  have different inductive capacities and suggests that these 
differences may contribute to the different cell fates that arise in ventral 
midline regions along the neuraxis.
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Figure 3.5.

Induction of the midline markers HNF-3p, S H H  and FP3 in aLNP and pLNP 
expiants by notochord or prechordal mesoderm.
Each panel shows a T.S. of a recombinate explant analysed either by 
immunocytochemistry for expression of HNF-3P (first two columns) or FP3 
(last column) or by in s itu  hybridisation for S H H  expression (third column), 
a - h) Induction of midline markers by notochord in pLNP (a-d) and aLNP 
(e-h) explants.
i-p) Induction of midline markers by prechordal mesoderm in pLNP (i-1) 
and aLNP (m-p) explants.
Notochord is able to induce HNF-3p expression in both pLNP and aLNP 
explants after 23h (a and e).
The induction of HNF-3p expression by notochord is maintained after 72h 
in culture in both pLNP (b) and aLNP (f) explants.
Prechordal mesoderm is able to induce HNF-3P expression in pLNP(i) and 
aLNP(m) explants after 23h in culture.
Prechordal mesoderm is unable to maintain HNF-3P expression in either 
pLNP (j) or aLNP (n) explants after 72h in culture.
Analysis of S H H  expression after 65h incubation reveals that notochord is 
able to induce the sustained expression of S H H  in both pLNP (c) and aLNP 
(g) explants. Prechordal mesoderm also induces pLNP (k) and aLNP (o) 
explants to express SHH.
Notochord is able to induce the expression of FP3 in both pLNP (d)and 
aLNP (h) explants.
Prechordal mesoderm does not induce the expression of FP3 in either pLNP 
(1) or aLNP (p) explants.
q-t) T.S. through explants of aLNP dissected from E9 rat embryos, cultured 
alone and analysed for expression of each marker. No expression of HNF- 
3p (q,r), SHH (s) or FP3 (t) was observed.
N , notochord; P, prechordal mesoderm; anp, anterior lateral neural plate; 
pnp, posterior lateral neural plate.
Scale bar, 19pm (a-t).
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Table 2

Comparison of the expression profile of HNF-3p, SH H  and FP3 by 
ventral midline neuroectodermal cells in v ivo , with the expression of 
these markers induced by axial mesoderm in v itro .

Row 3) Summary of the expression profiles of HNF-3P, SH H  and FP3 
by RDVM cells and floor plate cells in ElO and E ll rat embryos 
(columns 2 and 3, respectively).
Rows 4-7 compare the induced expression profile of each of the 
neuroectodermal midline markers in recombinate explants after 40h in 
vitro culture (column 2 - equivalent to an ElO in vivo), or after 72h in 
culture (column 3 - equivalent to an E ll in vivo).
Rows 4 and 5 compare the inducing ability of prechordal mesoderm on 
E8.5-9 aLNP and pLNP explants, respectively.
Rows 6 and 7 compare the inducing ability of notochord on E8.5-9 
aLNP and pLNP explants, respectively.

HNF-3P +ve LNP explants co-cultured with either prechordal 
mesoderm or notochord had on average 100 expressing cells after 23h. 
HNF-3p +ve LNP explants cultured with notochord had on average 
500 expressing cells after 60h.

The percentage of positive explants is indicated and the number of 
explants examined is shown below each percentage. 
aLNP, anterior lateral neural plate; FP, floor plate; nc, notochord; 
pLNP, posterior lateral neural plate; pm, prechordal mesoderm.
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A ge i n 
v iv o
T im e i n 
vitro

ElO

40h

E li

72h
M arker
profile

HNF-3P SH H FP3 HNF-3P SH H FP3

RDVM + + - - + -

FP + + + + + +

pm -alnp + + - - + -

79% 60% 0% 0% 44% 0%
n=14 n=5 n=3 n=14 n=16 n=8

pm -p lnp + + - - + -

93% 50% 0% 0% 69% 0%
n=16 n=4 n=3 n = ll n=16 n=19

nc-alnp + + + + + +
75% 75% 66% 75% 80% 55%
n=12 n=4 n=3 n=15 n=16 n = ll

nc-p lnp + + + + + +
100% 75% 100% 93% 83% 86%
n=12 n=4 n=3 n=14 n=24 n=69
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Table 3

SHH FP3 HNF-Sp

aLNP alone 0% (14) 0% (17) 0% (18)

pLNP alone 0% (15) 0% (65) 0% (20)

Analysing the expression of SHH, FP3 and HNF-SP in rat E8.5-9 aLNP and 
pLNP explants cultured alone.

Rat LNP explants obtained from different anteroposterior levels of the 
neural plate (Fig. 3.1) were cultured alone and assayed for expression of SHH  
by in situ hybridisation (column 1), or for expression of FP3 (column 2) or 
HNF-3p (column 3) by immunocytochemistry.
The percentage of positive explants is indicated and the num ber of 

recombinates examined is shown in parentheses.
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Figure 3.6.

Induction of HNF-3p and FP3 expression in E9 rat pLNP explants by 
notochord or prechordal mesoderm after 40h in culture, 
a - c) Induction of HNF-3p and FP3 expression by notochord, 
d - f )  Induction of HNF-3p and FP3 expression by prechordal mesoderm.
(a - c) Phase contrast micrograph (a) of a section through a rat E9 posterior 
lateral neural plate (pL)-chick notochord (N) conjugate cultured for 40h and 
doubled labelled to detect expression of HNF-3p (b) and rat FP3 (c) antigens. 
Neural plate cells adjacent to the notochord express HNF-3p and FP3.
(d -f) Phase contrast micrograph (d) of a section through a rat E9 posterior 
lateral neural plate (pL)-chick prechordal mesoderm (M) conjugate cultured 
for 40h and double labelled to detect expression of HNF-3p (e) and rat FP3 (f) 
antigens. Neural plate cells were induced to express HNF-3P but they did 
not express FP3.

Scale bar 19pm (a-f)
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Discussion of Results: Section 3.

The ventral midline of the rat embryonic CNS displays heterogeneity along 
the anteroposterior axis

My analyses of the expression profile of midline markers reveal that 
in the rat embryo as in the chick, the ventral midline of the neuroectoderm 
is a heterogeneous cell population along the anteroposterior axis.

RDVM cells express SHH (Fig.3.3h), yet express HNF-3P only 
transiently (Fig. 3.2 and 3.4) and do not express the rat-specific floor plate 
m arker, FP3 (Fig. 3.4). Floor plate cells by com parison show relatively 
sustained expression of HNF-3P (Fig. 3.2. and 3.4), and express both SHFi 
(Fig. 3.3 and 3.4) and FP3 (3.4). Of these three markers, HNF-3p is detected 
first, in both floor plate and RDVM cells. The initial expression of HNF-3p 
in both floor plate cells and RDVM cells suggests that these cells m ay 
represent a common ventralised precursor (Ericson et al., 1996).

Prechordal mesoderm patterns the overlying ventral neuroectoderm.
My expression analyses reveal that in rat embryos, as observed in the 

chick (see results section 1), prechordal mesoderm  transiently underlies 
prospective RDVM cells. This observation raises the possibility that, just as 
in posterior regions of the CNS where notochord induces the differentiation 
of floor plate cells in overlying neuroectoderm, so too, in anterior regions, 
prechordal mesoderm may induces RDVM cell differentiation. As outlined 
in the introduction, previous studies had suggested that anterior mesoderm 
exerts a patterning influence within the forebrain (Spemann and Mangold, 
1924; Ruiz i Altaba, 1992; Storey et al., 1992; Ruiz i Altaba, 1994). However, 
in these stud ies the inducing tissue was com prised of prospective 
prechordal plate, prechordal m esoderm  and underlying endoderm  and 
consequently, it is not clear from these experiments in which tissue the 
patterning properties reside. I have compared the inductive potential of 
axial prechordal mesoderm to that of notochord, by analysing the induction 
of m idline m arkers in LNP tissue in vitro. These results show that 
prechordal m esoderm  is able to specify cell fate in undifferentiated  
neuroectoderm  tissue. Moreover, prechordal mesoderm displays different 
inducing properties to those exhibited by notochord. Thus, prechordal 
m esoderm  induces RDVM differentiation, as judged by the transient 
expression of HNF3p and sustained expression of SHH in the absence of 
FP3 expression (Fig. 3.5i-p and Table 3). In contrast, notochord is able to
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specifically induce floor plate cells, in vitro, as judged by the sustained 
expression of all three markers.

Thus, the expression profile of m idline m arkers induced  by 
prechordal m esoderm  in vitro match that described for overlying RDVM 
cells in vivo, raising the possibility that these cells m ay be induced by 
vertically acting signals from underlying prechordal mesoderm.

Mechanism of RDVM cell differentiation versus that of floor plate cells.
The specific induction of RDVM cells by prechordal mesoderm shows 

that not all aspects of ventral m idline developm ent are regulated in the 
same way. In particular this study shows an uncoupling of HNF-3p and 
SHH. W hile prechordal m esoderm  induces HNF-3p expression only 
transiently, it induces sustained expression of SHH. As outlined above, the 
initial expression of HNF-3p by prospective ventral m idline cells of the 
floor plate and RDVM, and in LNP explants exposed to both notochord and 
p rechordal m esoderm , suggests these cells m ay represent a common 
ventralised progenitor. It is unclear whether a downregulation of HNF-3p 
expression, in prospective RDVM cells and in explants exposed to 
prechordal m esoderm , is required for the subsequent differentiation of 
RDVM cells. It is equally unclear whether sustained expression of HNF-3p 
is necessary for the further differentiation of floor plate characteristics, such 
as FF3. However, it has been shown that H N F-3p,is an im m ediate early 
response gene to floor plate induction (Fan and Tessier-Lavigne, 1995) and 
in vivo experiments in which HNF-3p  is adm inistered ectopically suggests 
that this gene mediates floor plate differentiation (Ruiz i Altaba et ah, 1993a; 
Sasaki and Hogan, 1994; Ruiz i Altaba et ah, 1995a). M oreover, w hen 
expressed as a transgene in mouse embryos, high levels of the HNF-3P  
transgene appear necessary to induce the expression of the endogenous 
HNF-3p gene(Sasaki and Hogan, 1994).

These experiments suggest a m odel in which only high levels of 
HNF-3p  w ould induce floor plate differentiation. They raise the possibility 
that the mechanistic basis for the different inducing abilities of prechordal 
m esoderm  and notochord is their ability to induce different absolute 
am ounts of HNF-3p, such that the absence of a sustained source of HNF-3p 
in the diencephalon inhibits the further differentiation of floor plate cells.
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Rat neuroectodermal tissue retains developmental potency at neural plate 
stages.

My in vitro experiments examined the ability of LNP explants from 
different anteroposterior levels to respond to these two potential signalling 
centres. I found that the specific cell type induced by either prechordal 
mesoderm or notochord was independent of the anteroposterior origin of 
the responsive explant. This observation that axial m esoderm  from 
different anteroposterior levels can specifically affect the fate of neural plate 
tissue, is in contrast w ith two previous studies which indicate that the 
outcom e of exposure to an inducing  signal is dependen t on the 
predeterm ined anteroposterior character of the responding neural tissue 
(Ericson et ah, 1995; Hynes et ah, 1995a).

Thus, one study in chick revealed that pLNP explants from early 
neurula embryos cannot be directed to a diencephalic fate (Ericson et ah, 
1995). This finding conflicts with our observations that rat posterior neural 
tissue can differentiate to a diencephalic fate in the presence of prechordal 
mesoderm. One possible explanation which might reconcile these findings 
is provided by my analyses of ventral midline cell development in rat and 
chick embryos, which suggest that the maturation of ventral midline cells is 
delayed in rats as compared to chick embryos. Thus, while pLNP explants 
from neural plate stage chick embryos may have lost competence to become 
diencephalic in character at the time of isolation, rat pLNP explants from 
similar staged embryos may be less mature and consequently more "plastic' 
than the chick.

A sim ilar study  in rat looking at the induction  of m idbrain  
dopam inergic neurons (Hynes et ah, 1995a), also suggested that anterior 
neuroectoderm  is prepatterned and consequently restricted in how it m ay 
respond to an inducing signal. However, in this study aLNP explants were 
isolated from an older (5 somite) stage than we routinely use, at a time that 
we also observe restriction in potency of cell fate.

As outlined above, due to the heterogeneous nature of the aLNP 
explants, it is im possible to exclude that prechordal m esoderm  and 
notochord were acting on distinct cell types, in terms of prospective fate, 
w ithin these explants. Consequently, while prechordal m esoderm  can 
clearly anteriorise posterior neural tissue inducing it to express RDVM 
characteristics, it remains unclear whether notochord acts to change the fate 
of an terio r neuroectoderm  Thus, notochord m ay have been either 
posteriorising prospective diencephalic tissue by inducing FP3 expression or

137



Discussion of Results: Section 3

alternatively, the FP3 expression may have just revealed pattern ing  of 
prospective midbrain cells within these anterior explants.
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Section 4
Prechordal mesoderm signals through an SHH-mediated pathway.

4.1 Introduction.
As outlined in the Introduction, cyclops m utant embryos lack ventral 

midline structures along the entire neuraxis (Macdonald et al., 1995). Since 
the cyclops m utation is thought to attenuate a cells' ability to respond to a 
signalling molecule, this suggested the action of a common signalling 
molecule along the entire anteroposterior axis. In posterior regions of the 
neuraxis in vitro studies have show n that the signalling molecule sonic 
hedgehog (SHH) can m ediate the floor p late-inducing properties of 
notochord through the action of the amino-terminal cleavage product of 
the protein (SHH-N) (Roelink et al., 1994; Marti et al., 1995a). Thus, the 
finding that prechordal mesoderm expresses SHH at a time in development 
when it is underlying prospective RDVM cells (Fig 2e, 8h, k), together w ith 
previous observations that purified SHH-N can induce anterior ventral cell 
types in vitro (Ericson et al., 1995; Hynes et al., 1995a) raises the possibility 
that SHH  expression within prechordal mesoderm may be necessary for the 
induction of overlying RDVM cells. Recent studies show ed that mice 
homozygous for a disrupted SHH  gene lack neuroectodermal midline cells 
along the neuraxis (Chiang et al., 1996). Since floor plate cells are absent 
despite the presence of a differentiated notochord these studies provide 
strong evidence that SHH-signalling from the notochord m ediates floor 
plate development. The requirem ent for SHH in prechordal m esoderm  
signalling is less clear. The anteroposterior degeneration of axial mesoderm 
in these m utant embryos means that prechordal mesoderm is likely to have 
been lost before the character of RDVM cells is established. Thus, in the 
absence of differentiated prechordal mesoderm  it is not clear whether the 
lack of RDVM cells is due solely to the absence of SHH activity in 
prechordal mesoderm or whether other factors derived from this structure 
are required for RDVM differentiation.

4.2 Loss of inducing activity correlates with loss of SHH expression in 
prechordal mesoderm.

To test the requirem ent for SHH in the ability of prechordal 
m esoderm  to m ediate the induction of RDVM cells, I first exam ined 
w hether the inducing activity of prechordal mesoderm correlates w ith the 
tem poral expression profile of SHH in this tissue. W hereas RDVM cells 
w ere induced in LNP explants cu ltured  in contact w ith  p rechordal
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m esoderm  from young chick embryos (HH st 6-10 see above), older 
prechordal mesoderm, taken from HH st 11 embryos, showed no inducing 
activity (Table 4). Since SH H  expression in prechordal m esoderm  is 
downregulated around HH st 11 (Fig. 1.4), this supports the idea that SHH is 
an integral component of the signalling properties of prechordal mesoderm.

4.3 Function-blocking antibodies to SHH-N inhibit RDVM induction by 
prechordal mesoderm.

Strong support for the idea that the ability of prechordal mesoderm to 
induce RDVM cells requires SHH activity, came from using specific 
function-blocking antibodies to SHH-N. The efficacy of the antibodies was 
initially tested on notochord-pLNP recombinates. Induction of FP3 by 
notochord was prevented in the presence of blocking antibodies to SHH-N 
(0% n=4. Fig. 4.1.a and b). The effect of the antibodies was then assessed on 
prechordal mesoderm-pLNP recombinates, using HNF-3|3 as a marker of an 
induced phenotype. As described previously, in control cultures prechordal 
m esoderm  induces the transient expression of HNF-3P in pLNP explants 
(Fig. 3.5.i,j and 4.2.a). In contrast, in the presence of function-blocking 
antibodies to SHH-N prechordal m esoderm  did  not induce HNF-3P 
expression in pLNP explants (0% n=7, Fig.4.2.b). To ensure that the presence 
of blocking antibodies specifically affected SH H -signalling, sim ilar 
recombinates were cultured in the presence of blocking antibodies to SHH- 
N, together with purified SHH-N, in an attem pt to specifically compete out 
the effect of the block. Addition of purified SHH-N protein to prechordal 
mesoderm-pLNP explants cultured in the presence of blocking antibodies to 
SHH-N restored expression of HNF3p (100% n=3. Fig. 4.2.c). These results 
demonstrate that the induction of RDVM cells in vitro by chick prechordal 
mesoderm requires SHH.

4.4 The inducing properties of notochord and prechordal mesoderm can be 
mimicked by purified SHH-N.

Two possible models could account for how SHH may m ediate the 
different signalling properties of both notochord and prechordal mesoderm. 
F irstly, as outlined  in the in troduction , recent stud ies looking at 
dorsoventral patterning in caudal regions of the neuraxis have shown that 
SHH-N can act as a m orphogen to induce different cell types at different 
threshold concentrations (Marti et al., 1995a; Roelink et al., 1995). Thus, it is 
possible that SHH may be differentially expressed in prechordal mesoderm 
as compared to notochord and that the different levels of SHH-N specifically
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Table 4

M arker
profile

HNF-3P 40h HNF-ap 72h SHH  65h

HH st6-10 +ve -ve +ve
PM 93% 0% 69%
+ pLNP n=16 n = ll n=16
H H  s t l l -ve -ve -ve
PM 0% 0% 0%
+ pLNP n=5 n=3 n=4

Induction of SHH and HNF-SP in E9 pLNP explants to
compare the inductive capacity of prechordal mesoderm at different
developm ental stages.

Rat pLNP explants w ere cu ltured  in contact w ith  chick p rechordal 
mesoderm (PM) and assayed for expression of HNF-3p (columns 2 and 3) by 
im m unocytochem istry or for expression of SHH by in situ hybridisation 
(column 4). The percentage of positive explants is indicated and the num ber 
of recombinates examined (n) is also shown.
Prechordal mesoderm loses its inductive abilities at around HH s t l l .
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Figure 4.1.

Function-blocking anti-SHH-N antibodies inhibit the inducing activities of 
notochord.
Each panel shows a T.S. of a recombinate explant analysed by 
immunocytochemistry for expression of FP3 (a) after 72h culture, 
a and b) Analysis of FP3 expression in notochord-posterior lateral neural 
plate (pLNP) recombinate explants.
a) Notochord induces the expression of FP3 in pLNP tissue.
b) N o FP3 expression is observed when a similar recombinate is cultured in 
the presence of 4% polyclonal function-blocking antibodies to SHH-N.

Scale bar, 19pm (a and b)
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Figure 4.2.

Inhibition of prechordal mesoderm-mediated HNF-3p induction in rat E9 
pLNP expiants using function-blocking antibodies to SHH-N. 
a,b and c) T.S. through recombinate explants, cultured for 40h and analysed 
for HNF-3p expression by immunocytochemistry.
a) Prechordal mesoderm is able to induce HNF-3p expression in pLNP 
tissue.
b) pLNP tissue co-cultured with prechordal mesoderm in the presence of 4% 
polyclonal function-blocking antibodies to SHH-N does not express HNF-3p.
c) HNF-3p expression is restored with the addition of ISOnM SHH-N  
recombinate explants cultured in the presence of anti-SHH-N antibody.

Scale bar, 31 pm (a-c)
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induce either RDVM cells or floor plate cells, respectively. The observation 
that prechordal mesoderm downregulates SHH  expression at a time when 
S H H  expression in the notochord is m aintained (Fig. 1.4), raises the 
possibility that this may be a temporal difference rather than an absolute 
spatial difference in the amount of SHH signal provided by axial mesoderm 
along the anteroposterior axis. Secondly, it is possible that another 
molecule(s) m ay be present in prechordal mesoderm or notochord which 
modulates the patterning activities of SHH in vivo. I have tested the first of 
these two possibilities, namely whether different concentrations of SHH-N 
will induce different neuroectodermal m idline cell types in anterior and 
posterior neural plate explants.

To test w hether different concentrations of SHH-N can mimic the 
different patterning activities of prechordal mesoderm and notochord, LNP 
explants were exposed to a concentration range of purified SHH-N. pLNP 
explants were chosen initially. pLNP explants were dissected as described 
above, cultured for 23h or 72h in the presence of purified SHH-N and 
subsequently analysed for the expression of a range of midline markers (see 
Table 5). Previous studies, have shown that floor plate cells can be induced 
in chick pLNP explants exposed to lOnM SHH-N in vitro (Roelink et ah,
1994). Thus, initially I exposed rat pLNP explants to lOnM SHH-N. As 
expected, floor plate cells were induced as judged by the sustained 
expression of FP3, HNF-3p and SHH after 72h (Fig. 4.3 and Table 5). Since 
SHH expression in prechordal mesoderm is transient relative to that seen in 
notochord (Fig. 1.4), I next tested whether a lower concentration of SHH-N 
th an  th a t w hich  induces floor p la te  cells w ould  induce RDVM 
differentiation in pLNP explants. pLNP explants cultured with SHH-N at 
5nM or 7nM showed no induction of FP3, SHH or HNF-3p (Table 5).

In the latter experiments SHH-N was present in the culture m edium  
throughout the duration of the culture period. In order to address whether 
the dow n-regulation of SHH expression by prechordal m esoderm  may 
influence the outcome of SHH signalling by this tissue, the length of time 
pLNP explants were exposed to SHH-N was varied in vitro. Thus, SHH-N 
at lOnM was included in the culture m edium for the first 12h of incubation 
and then for the rem ainder of the 72h culture period this m edium  was 
replaced w ith fresh m edium  lacking any SHH-N protein. I found that 
administering SHH-N to pLNP explants for only the first 12h of the culture 
period did not change the outcome of the cell type induced. Consequently 
the data for transient and sustained exposure to SHH-N was combined 
(Table 5).

147



Results Section 4

Since decreasing the concentration of SHH-N, com pared to that 
required to induce floor plate, did not lead to the induction of RDVM cells 
in pLNP explants, I next attempted to induce RDVM cells by administering 
higher concentrations of SHH-N protein to pLNP explants. I found that on 
exposure to a 2.5-fold higher concentration of SHH-N than that required to 
induce floor p late  characteristics, pLNP explants w ere induced  to 
differentiate to a cell type that exhibited an expression profile resembling 
that of RDVM cells. Thus, at 25nM, SHH-N appears to mimic prechordal 
m esoderm  activity by inducing sustained expression of SHH, transient 
expression of HNF-3p, w ith a marked reduction in the appearance of FP3 
expression in pLNP explants (Fig. 4.3. and Table 5). Moreover, the explants 
which did express FP3 showed weak and diffuse labelling (data not shown).

The outcome of SHH-N-signalling in aLNP explant cultures was next 
assessed (see Table 5). Initially the concentrations tested were those which 
had been effective in patterning pLNP explants (Table 5). In contrast to my 
observations with pLNP explants, aLNP explants exposed to lOnM SHH-N 
showed no expression of FP3, HNF-3P or SHH. However, when exposed to 
25nM SHH-N aLNP explants exhibited floor plate characteristics as judged 
by the sustained expression of FP3, HNF-3P and S H H  (Fig. 4.4c,e,g). 
Furthermore, at 50nM SHH-N, aLNP explants showed transient expression 
of HNF-3P, sustained expression of SHH, in the absence of floor plate 
m arkers, and thus expressed the characteristics of RDVM cells (Fig. 
4.4b,d,f,h). As described above for pLNP explants, I found that the 
concentration of SHH-N signal and not the length of time to which aLNP 
explants are exposed to the signal determines the cell type that is induced 
(Table 5).

Thus, pLNP explants developed floor plate characteristics w hen 
exposed to lOnM SHH-N for either the whole incubation period or for only 
12h of a total of 72h incubation. In contrast, pLNP explants were induced to 
differentiate into a cell type that exhibited RDVM characteristics, w hen 
exposed to 25nM SHH-N, regardless of whether they perceived the signal for 
just the first 12h or the entire 72h incubation period. Similarly, aLNP 
explants developed floor plate characteristics when exposed to 25nM SHH-N 
for either the whole incubation period or for only 12h of a total of 72h 
incubation. However, aLNP explants were induced to differentiate into a 
cell type that exhibited RDVM characteristics, when exposed to 50nM SHH-
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N, regardless of whether they perceived the signal for just the first 12h or 
the entire 72h incubation period. These results reveal that in both aLNP 
and pLNF explants the floor plate-inducing properties of notochord and the 
RDVM-inducing properties of prechordal m esoderm  can be m im icked 
using different concentrations of purified SHH-N. However, the threshold 
concentrations of SHH-N required to induce these two cell fates in vitro are 
higher for aLNP explants than for pLNP explants (Table 5).
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Figure 4.3.

Induction of the midline markers HNF-3p, SHH and FP3, analysed by 
immunocytochemistry, in E9 pLNP explants exposed to different 
concentrations of purified SHH-N.
A-D) T.S. showing the expression of each of the markers in aLNP explants 
exposed to lOnM SHH-N.
E-H) T.S. showing the expression of each of the markers in aLNP explants 
exposed to 25nM SHH-N.
A and B) Induction of HNF-3p expression in pLNP explants exposed to 
lOnM after 23h (A) and 72h (B).
E and F) 25nM SHH-N is able to induce HNF-3P expression in pLNP 
explants after 23h in culture (E) but this expression is transient and is down- 
regulated after 72h in culture (F).
C and G) Induction of SHH expression after 65h culture, in pLNP explants 
exposed to lOnM (C) and 25nM (G) SHH-N.
D) Exposure to lOnM SHH-N induces the expression of FP3 in pLNP 
explants.
H) pLNP explants cultured in the presence of 25nM SHH-N do not express 
FP3.

Scale bar, 31pm (A-H)
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Figure 4.4

Induction of the m idline m arkers HNF-3p, SHH  and FP3 in E9 aLNP 
explants using different concentrations of purified SHH-N.
a,c,e and  g) T.S. show ing the expression of each of the markers in aLNP 
explants exposed to 25nM SHH-N.
b,d,f and  h) T.S. show ing the expression of each of the m arkers in aLNP 
explants exposed to 50nM SHH-N.
a and  c) Induction of HNF-3p expression in  aLNP explants exposed to 25nM 
after 23h (a) and  72h (c).
b and d) 50nM SHH-N is able to induce HNF-3P expression in aLNP 
explants after 23h in  culture (b) but this expression is transient and is down- 
regulated after 72h in  culture (d).
e and  f) Induction of SHH  expression after 65h culture, in  aLNP explants 
exposed to  25nM (e) and  50nM (f) SHH-N.
g) Exposure to 25nM SHH-N induces the expression of FP3 in  aLNP 
explants.
h) aLNP explants cultured in the presence of 50nM SHH-N do not express 
FP3.

Scale bar, 19pm (a-d and g-h), 31pm (e- f).
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Table 5

Analysis of the induction of HNF-3p, SHH and FP3 in E9 aLNP and 
pLNP explants in response to a range of SHH-N concentrations.

Rat LNP explants dissected from different anteroposterior levels of the 
neural plate (see Fig. 3.1), were cultured in the presence of a number of 
specific SHH-N concentrations; 5nM, 7nM, lOnM, 25nM and 50nM. 
These explants were assayed for expression of HNF-3p, or FP3 by 
immunocytochemistry, or for expression of SHH by either in situ 
hybridisation or immunocytochemistry.
The percentage of positive explants is indicated and the number of 
explants examined is shown below each percentage.
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pLNP SOnM 25nM lOnM 7nM 5nM

HNF-3P ND 67% 75% ND ND
23h n=9 n=4
HNF-3P 0% 0% 53% 0% 0%
72h n=3 n=15 n=38 n=5 n=15
SHH 100% 44% 100% 0% 0%

n=3 n=9 n=9 n=5 n=8
FF3 0% 7% 66% 0% 0%

n=3 n=28 n=53 n=5 n=24
aLNP

HNF-3P 78% 75% 0% ND ND
23h n=9 n=4 n=5
HNF-3P 0% 42% 0% ND ND
72h n=6 n=19 n=17
SHH 80% 58% 0% ND ND

n=15 n=12 n=4
FF3 0% 47% 0% ND ND

n=6 n=21 n=20
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Discussion of Results: Section 4.

Prechordal mesoderm patterns neural tissue in an SHH-dependent manner.
A large num ber of in vitro studies together w ith analyses of the 

phenotype of mice that are homozygous null for SHH, have suggested that 
expression of the signalling molecule, SHH, by notochord cells is necessary 
and in fact mediates its ability to induce floor plate differentiation (Roelink 
et ah, 1994; Tabata and Kornberg, 1994; Hynes et ah, 1995a; Marti et ah, 1995a; 
Roelink et ah, 1995; Chiang et ah, 1996; Ericson et ah, 1996). In fact, m utant 
embryos lacking SHH activity lack ventral m idline cells along the entire 
neuraxis, raising the possibility that SHH+ve anterior axial mesoderm  may 
likewise specify anterior ventral cell fate in a SH H -dependent m anner. 
However, since these m utant mice exhibit an anteroposterior degeneration 
of axial m esoderm , it is unclear w hether w ith the loss of prechordal 
mesoderm and the absence of anterior ventral midline cells is due to the 
lack of SHH-signalling or to the lack of other signals em anating from 
prechordal mesoderm.

I have analysed the requirement for SHH signalling in the induction 
of RDVM cells by prechordal mesoderm. Experiments using function- 
blocking antibodies to SHH-N revealed an absolute requirement for SHH in 
both the induction of floor plate by notochord ((Ericson et ah, 1996) and Fig. 
4.1) and in prechordal m esoderm -m ediated induction of RDVM cells in 
LNP explants (Fig. 4.2). If prechordal mesoderm-pLNP recombinate explants 
are incubated in the presence of both  SHH-N and the anti-SH H-N 
antibodies, patterning properties are restored (Fig. 4.2c). These findings 
suggest that, in vivo , the dow nregulation of SHH expression by chick 
prechordal mesoderm at ~HH st 11 (Fig. 1.4), may mark the time at which 
prechordal mesoderm might lose its inducing properties: an idea which is 
supported by these in vitro studies (Table 4). Furthermore, this m arks a 
time in vivo w hen prechordal mesoderm no longer underlies prospective 
RDVM cells (Fig. 1.7).

SHH-N mimics the patterning properties of both notochord and prechordal 
mesoderm in a concentration dependent manner.

Previous in vitro studies, looking at the dorsoventral patterning of 
the spinal cord have shown that purified SHH-N can act to elicit different 
cell fates at different threshold concentrations (Hynes et ah, 1995a; Marti et 
ah, 1995a; Roelink et ah, 1995; Ericson et ah, 1996). Thus, exposure to a high 
concentration of SHH-N induces the differentiation of floor plate cells in
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neural p late  explants, w hereas a low er concentra tion  induces the 
differentiation of cells types such as m otor neurons, w hich are found 
further from the source of SHH, in vivo. In this study, experiments using 
purified SHH-N reveal that SHH is also able to mimic the inducing activity 
of prechordal mesoderm. At a concentration 2.5-fold higher than that 
required to m ediate floor plate induction (Roelink et al., 1995), SHH-N 
induces pLNP explants to express RDVM characteristics (Fig. 4.3 and 4.4). 
Thus, pLNF explants exposed to lOnM SHH-N show ed floor p late 
characteristics, as assessed by the sustained expression of HNF-3p, SHH and 
FF3 (Fig. 4.3). However, similar explants exposed to 25nM SHH-N, showed 
transient expression of HNF-3P and sustained expression of SHH, in the 
absence of FF3 expression, a signature indicative of RDVM cell fate (Fig. 4.3). 
Exposing aLNF explants to a 2-fold concentration difference of purified 
SHH-N also governs whether they differentiate into floor plate cells or 
RDVM cells. However, the threshold concentration of SHH-N which 
directs these two cell fates in aLNF explants is 2-fold higher than observed 
for posterior tissue, thus, 25nM and 50nM SHH-N, direct floor plate and 
RDVM differentiation, respectively, in aLNF explants (Fig. 4.4 and Table 5).

The observation that the threshold concentration of SHH-N required 
to induce these two cell fates in aLNF explants is higher than that required 
for pLNF explants implies that, at the stages I dissect, the neuroectoderm  
may be prepatterned. It seems possible that at the time of isolation aLNF 
explants may have already been exposed to a signal which is refractory to 
m idline developm ent, since, using SHH-N alone in the absence of an 
additional factor(s) from prechordal mesoderm, m uch more SHH signal is 
required to overcome this inhibition.

Nonetheless, both aLNF and pLNF explants require higher levels of 
SHH signal to become RDVM cells, rather than floor plate. This observation 
suggests that the differential inducing properties of underly ing  axial 
m esoderm  may be due to their presenting different levels of SHH signal 
along the anteroposterior axis. According to this hypothesis prechordal 
m esoderm  m ight exp ress /p resen t h igher levels of SHH signal than  
notochord. However, as alluded to above these studies do not address the 
possibility that there may be another molecule(s) expressed by prechordal 
m esoderm  which modifies the patterning activities of SHH in prechordal 
mesoderm  a n d /o r  the competence of overlying neuroectoderm  to respond 
to midline inducing signals.
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S ection  5
Patterning activ ity  o f prechordal m esoderm  in  s i tu ,

5.1 Introduction.
The experim ents outlined above, provide the first evidence that 

prechordal m esoderm  can induce RDVM cells and suggest that high 
concentrations of SHH-N can mediate this event. My experiments raised a 
num ber of questions, some of which were being addressed by other 
members of the laboratory (C. Vesque, N. Sattar and M. Placzek). Since 
these experiments and their outcome impinge directly on my subsequent 
studies I shall summarise them below.

Firstly, a limitation to my studies was the lack of an RDVM-specific 
marker. In my studies, I characterised RDVM cells through their expression 
of a subset of floor plate markers. It seemed im portant to extend my 
observations to include a definitive marker of RDVM cells. In the course of 
my studies, two RDVM-specific markers, the homeobox gene, Nkx2.1 and 
BMP7, a TGpp-superfamily member, were found to be expressed by RDVM 
cells but not floor plate cells, in both rat and chick embryos. Both Nkx2.1 
and BMP7 were shown to be induced by prechordal m esoderm  and not 
notochord in pLNP explants, and I found that Nkx2.1 was induced in pLNP 
explants in response to 25nM SHH-N (100% n=5). For technical reasons, it 
was not possible to monitor the induction of BMP7 in similar assays. Thus, 
Nkx2.1 serves as a definitive RDVM marker in vivo and in vitro.

S eco n d ly , the experim ents described in the prev ious sections 
represent an experimental system in which the patterning activity of chick 
prechordal mesoderm is assessed on rat neural tissue. These experiments 
show that chick prechordal mesoderm can induce RDVM cells in rat LNP 
explants in vitro. I have also show n that during  both  rat and chick 
embryonic development SHH-expressing prechordal m esoderm  transiently 
underlies RDVM cells (Fig. 1.2.e, 3.2.h,k), raising the possibility that in both 
species RDVM cells are induced by underlying prechordal m esoderm  in 
vivo. Using BMP7 and Nkx2.1 as specific markers of RDVM cells, it was 
found that the expression of these markers by RDVM cells is dependent on 
underlying prechordal mesoderm. Prospective RDVM cells isolated from 
neural plate stage chick or rat embryos and cultured in the absence of 
prechordal mesoderm  do not express BMP7 or Nkx2.1. However, similar 
RDVM explants from  chick or rat em bryos cu ltu red  together w ith  
underlying prechordal mesoderm do express RDVM characteristics. These
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studies suggest that prechordal mesoderm patterning activity is required for 
the differentiation of RDVM cells in vivo.

Thirdly, as discussed previously, rather than providing different 
levels of SHH signal, a second possibility for the differential patterning 
activities of prechordal mesoderm and notochord may be that prechordal 
m esoderm expresses a molecule(s) that alters the signalling properties of 
SHH. Simultaneous with my examining whether different concentrations 
of SHH-N can mimic notochord and prechordal m esoderm  signalling, 
others in the lab were attem pting to obtain evidence for a molecule in 
prechordal m esoderm  that could m odulate SHH-signalling: notochord- 
pLNP recombinate explants were cultured within a ring of distantly placed 
prechordal (or anterior paraxial) m esoderm  explants. In this assay 
notochord induces RDVM differentiation, at the expense of floor plate 
differentiation, w ithin pLNP explants. These experim ents successfully 
showed that a diffusible molecule present throughout anterior axial (and 
paraxial) mesoderm can modify notochord-mediated SHH-signalling. This 
modifying agent is specific to anterior mesoderm since using the same assay 
posterior paraxial m esoderm  does not alter the inducing properties of 
no tochord  signalling. M oreover, BMP7, a m em ber of the TGpp 
superfam ily, which is expressed in both prechordal m esoderm  and the 
adjacent paraxial mesoderm, but not in posterior m esoderm , in neurula 
stage chick and rat embryos, can mimic this m odulation of SHH activity. 
Thus in the presence of purified BMP7 protein, notochord induces RDVM 
cells instead of floor plate cells. Finally, C. Vesque has provided evidence 
that, while purified BMP7 does not induce ventral midline characteristics 
itself, pLNP explants cultured in the presence of both lOnM SHH-N, (which 
as I have show n w ould norm ally induce floor plate differentiation), 
together w ith purified BMP7 protein can be induced to express RDVM 
characteristics.

In sum m ary, the combined results of the lab show that prechordal 
mesoderm is necessary for the development of RDVM cells in the overlying 
neuroectoderm . Moreover, the induction of RDVM cells in vitro can be 
achieved by one of two means; e ither by p rov id ing  pLNP w ith  a 
concentration of SHH-N 2.5-fold higher than required to induce floor plate 
(25nM) or by providing lOnM SHH-N together with BMP7.

There were two main goals of the work described in Results section 5 
below: firstly, to address whether SHH activity in prechordal mesoderm  is
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required for the patterning of RDVM cells in situ, and secondly, to address 
w hether the induction of RDVM cells by prechordal mesoderm  is likely to 
be m ediated by either high concentrations of SHH-N or by the combined 
activities of SHH and BMP7.

5.2 Function-blocking antibodies to SHH-N inhibit the induction of RDVM 
cells by prechordal mesoderm in situ .

Initially I tested w hether SHH activity in prechordal m esoderm  
operates to pa ttern  RDVM cells in chick (see Table 6). Explants of 
prospective RDVM cells w ith underlying prechordal m esendoderm  were 
isolated from HH st 6-7 chick embryos and cultured either alone or in the 
presence of function-b locking  an tibodies to SHH-N. The term  
m esendoderm  refers to both the m esoderm  (including axial prechordal 
mesoderm) and endoderm  layers underlying the neuroectoderm. Explants 
cultured alone for 12 h expressed HNF-SP and Nkx2.1 (Fig. 5.1a and b and 
Table 6). As expected the expression domains of these two markers were not 
entirely superimposed (see Fig. 5.1), since HNF-3p is expressed by all three 
germ layers while Nkx2.1 is neural-specific. Similar explants cultured for 
48h no longer expressed HNF-3p, but did show neural expression of Nkx2.1 
(Fig. 5.1c and d and Table 6). The transient expression of HNF-3P within the 
Nkx2.1+ve dom ain is indicative of the developm ent of RDVM cells. 
Explants cultured for 48h in the presence of function-blocking antibodies to 
SHH-N did not express Nkx2.1 (Fig. 5.le). These experiments indicate that 
SHH expression in prechordal mesoderm in the developing chick embryo is 
required for the differentiation of RDVM cells.

Complementary experiments using E9.5 rat embryos were performed 
to determine whether SHH activity in rat prechordal mesoderm operates to 
pattern overlying RDVM cells in the developing embryo (Table 7). Initially 
explants of prospective RDVM cells from E9.5 rat embryos were cultured 
w ith underlying prechordal m esendoderm. After 48h in culture double 
labelling experiments were performed on these explants using antibodies to 
Nkx2.1 and HNF-3p. HNF-3p and Nkx2.1 expression were observed in 
m utually exclusive domains (compare Fig. 5.2a and b). To determine which 
germ layer each of these markers was labelling, I performed double-labelling 
experim ents on similar recombinates using antibodies to N estin (a pan- 
neural marker (Lendahl et al, 1990)) together with either HNF-3P or Nkx2.1. 
These analyses revealed that HNF-3p expression was excluded from the 
neural component (n=8 compare Fig. 5.2e and f). Thus, unlike the situation 
in  the  chick, H N F-3p expression  in the  ra t p e rs is ts  in the
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Figure 5.1.

Function-blocking antibodies to SHH-N inhibit the patterning of RDVM 
cells by chick prechordal mesoderm in situ.
Each panel shows a T.S. of an RDVM explant from HH st7 chick embryos 
together with underlying mesendoderm. The term mesendoderm refers to 
both the mesoderm (including axial prechordal mesoderm) and endoderm  
layers underlying the neuroectoderm. These explants were analysed by 
immunocytochemistry for expression of HNF-3p (a and c) or Nkx2.1 (b,d 
and e).
a and b) The same section of an RDVM/mesendoderm explant expressing 
HNF-3P (a) and Nkx2.1 (b) after 12h in culture. While the Nkx2.1+ve cells 
co-express HNF-3p, there are some HNF-3p+ve cells that do not express 
Nkx2.1 - see white arrowheads. Since HNF-3p is expressed by all three germ 
layers at these early stages of development, these latter cells could be either 
mesodermal or endodermal cells, (refer to Results section 1 - Fig. 1.7). 
c and d) RDVM/mesendoderm explant after 48h in culture showing 
maintained expression of Nkx2.1 (d) in the absence of HNF-3p (c).
e) A similar explant cultured in the presence of 4% polyclonal function- 
blocking antibodies to SHH-N showing that Nkx2.1 expression is no longer 
observed.

Scale bar, 19pm (a-c), 31pm (d-e).
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Table 6

Results Section 5

HH st.6-8 
RDVM

HNF-SP Nkx2.1

+ mesend. 100% 100%
12h n=6 n=6
+ mesend. 12h 0% 0%
+antiSHH PC 4% n=8 n=8
+ mesend. 0% 100%
48h n=5 n=9
+ mesend. 48h 0% 0%
+antiSHH PC 4% n=6 n=7

Function-blocking antibodies to SHH-N inhibit chick prechordal mesoderm  
from patterning overlying RDVM cells in situ.

The explants used in this assay were comprised of prospective RDVM cells 
to g e th e r w ith  u n d e rly in g  m esendoderm  (m esend.). The term  
m esendoderm  refers to both the m esoderm  (including axial prechordal 
m esoderm ) and endoderm  layers underlying the neuroectoderm . These 
explants were isolated from more posterior and lateral regions of HH st.6-8 
chick embryos and cultured in the presence (rows 3 and 5) or absence (rows 2 
and 4) of function-blocking antibodies to SHH-N. Subsequently, the explants 
were analysed for expression of HNF-3p (column 2) or Nkx2.1 (column 3) by 
im m unocytochem istry.
The percentage of positive explants is indicated and the num ber of explants 
examined is shown below each percentage.
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m esendoderm  com ponent of these explants w hen it has been down- 
regulated by overlying Nkx2.1+ve RDVM cells. The analysis of HNF-3p 
expression in vivo, see Results section 3, demonstrates that at a time when 
RDVM cells no longer express this gene the underlying gut endoderm  
continues to show strong HNF-3p expression (Fig. 3.4). Taken together 
these results suggest that the expression of HNF-3p in these prospective 
RDVM /mesendoderm explants is likely to be restricted to endodermal cells.

Consequently, Nkx2.1 expression alone was used as a m arker of 
RDVM cells in subsequent experiments.

RDVM explants were next isolated from underlying m esendoderm , 
cultured and examined for Nkx2.1 expression. No expression was observed 
(Table 7). Finally, RDVM explants together w ith underlying prechordal 
m esendoderm  w ere cu ltu red  in the presence of function-blocking 
antibodies to SHH-N. These explants no longer expressed Nkx2.1 (Fig. 5.2d 
and Table 7). These results demonstrate that SHH activity in prechordal 
m esoderm  in the developing rat is required for the patterning of RDVM 
cells in the overlying neuroectoderm.

5.3 Does prechordal mesoderm express higher levels of SHH than 
notochord in v ivo?

The in vitro experiments described in section 4 in which purified 
SHH-N protein was adm inistered to LNP explants, suggested that the 
induction of RDVM cells requires a higher concentration of SHH-N activity 
than that needed for floor plate induction. This raises the possibility that 
SHH-N m ight be expressed at higher levels in prechordal m esoderm  
compared to notochord and thereby account for its ability to induce RDVM 
and not floor plate cells. The anterior ventral m idline explant assay, 
described in section 5.2, was used to address whether different levels of SHH 
activity can account for the differential patterning activity of prechordal 
mesoderm as compared to notochord.

Explants of prospective RDVM cells together w ith  underly ing  
m esendoderm were isolated from E9.5 rat embryos and thus at a stage when 
SHH expression is restricted to the mesodermal germ layer (Fig. 3.3d-f). 
These explants were cultured in the presence of a dilution series of SHH-N 
blocking antibodies in an attem pt to titrate prechordal mesoderm-associated 
SHH activity to a level that would induce floor plate instead of RDVM cells 
(Table 7). Subsequent to culture the explants were analysed for expression of 
Nkx2.1 and FP3 (Table 7). I was unable to find a concentration of anti-SHH 
antibody that inhibited prechordal m esoderm -derived SHH activity to a
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Figure 5.2.

Function-blocking antibodies to SHH-N inhibit the patterning of RDVM 
cells by rat prechordal mesoderm in situ.

Each panel shows a T.S. of an RDVM explant from an E9.5 rat embryo 
together with underlying prechordal mesendoderm. The term 
mesendoderm refers to both the mesoderm (including axial prechordal 
mesoderm) and endoderm layers underlying the neuroectoderm. These 
explants were analysed by immunocytochemistry for expression of HNF-3|3 
(a and d), Nkx2.1 (b and f) and Nestin (e) after 48h culture.
Explant double-labelled to detect expression of HNF-3p (a) and Nkx2.1 (b) 
antigens. The expression domains of these two markers are mutually 
exclusive. Phase contrast micrograph of the same explant (c). 
d and e) Explant doubled labelled to detect expression of HNF-3P (d) and 
Nestin (e) antigens. The expression domains of these two markers are also 
mutually exclusive which indicates that the HNF-3P+ve cells are not 
neural. These latter cells are indeed likely to be endodermal, since this germ 
layer maintains expression of HNF-3p at a time when neuroectodermal 
expression of this gene has been down-regulated,
f) A similar explant cultured in the presence of 4% polyclonal function- 
blocking antibodies to SHH-N showing that Nkx2.1 expression is no longer 
observed.

Scale bar, 31|im (a,b,c,f), 61pm (d-e).
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Table 7

Function-blocking antibodies to SHH-N inhibit rat prechordal 
mesoderm from patterning overlying RDVM cells in situ.
Explants comprising prospective RDVM cells together with (rows 3-9) 
or in the absence of (row 2) underlying mesendoderm (mesend.) were 
isolated from more posterior and lateral regions of E9.5 rat embryos. 
The term mesendoderm refers to both the mesoderm (including axial 
prechordal mesoderm) and endoderm layers underlying the 
neuroectoderm.
These explants were analysed for expression of HNF-SP (column 2), 
Nkx2.1 (column 3), FP3 (column 4) or Nestin (column 5) by 
immunocytochemistry.
Initially I tested a polyclonal anti-SHH-N antibody (PC) and found that 
it effectively blocked expression of Nkx2.1 in explants cultured in 
either a 4% or 8% solution of the PC antibody, (rows 4 and 5). 
Simultaneously, M. Placzek showed that explants of prospective 
RDVM/mesendoderm cultured in a 10% solution of anti-SHH-N 
monoclonal antibody (MC) inhibits expression of Nkx2.1(row 9).

1 performed the titration experiments (see text; chapter 5.3) by culturing 
prospective RDVM/mesendoderm explants in either a 2%, 4% or 8% 
solution of the monoclonal (MC) antibody (rows 6, 7 and 8 
respectively)

The percentage of positive explants is indicated and the number of 
explants examined is shown below each percentage.
ND, not done.
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E9.5 RDVM 
48h

HNF-3P Nkx2.1 EPS N estin

alone 0%
n=2

0%
n=2

0%
n=2

ND

+ mesend. 75%
n=16

100%
n=8

0%
n=15

100%
n=8

+ mesend. 
+antiSHH PC 
4%

diffuse
75%
n=8

0%
n=8

0%
n=4

ND

+m esend. 
+antiSHH PC 
8%

0%
n=3

0%
n=3

0%
n=3

ND

+m esend.
+antiSHH
MC
2%

weak
50%
n=2

100%
n=3

0%
n=3

ND

+m esend.
+antiSHH
MC
4%

weak
14%
n=7

100%
n=7

0%
n=7

ND

+m esend.
+antiSHH
MC
8%

weak
33%
n=3

100%
n=3

0%
n=3

ND

4-mesend.
+antiSHH
MC
10%

ND 0%
n=3

0%
n=3

ND
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point that it would now induce floor plate cells in these anterior explants. 
Thus, a lthough  h igh  concentrations of SHH-N m im ic p rechordal 
mesoderm signalling, attempts to lower the effective concentration of SHH- 
N did not lead to the induction of floor plate by prechordal mesoderm.

5.4 Function-blocking antibodies to BMP7 reveal that in the absence of 
BMP7 activity prechordal mesoderm induces floor plate cells.

As outlined above, it has been show n that prechordal m esoderm  
expresses BMP7 and that this molecule can modify SHH signalling by axial 
mesoderm so as to generate RDVM cells at the expense of floor plate cells. 
Thus, it is possible that in the RD V M /m esendoderm  explant assay, 
described in chapter 5.3, BMP7 activity in prechordal m esoderm  acts 
(independently of the varying concentration of SHH-N) to inhibit floor 
p late d ifferentiation either directly or indirectly  by p rom oting  the 
differentiation of RDVM cells.

In an attem pt to determ ine w hether BMP7 expression m odulates 
prechordal m esoderm -derived SHH activity in the induction of RDVM 
cells, prechordal mesoderm-pLNP explants were incubated in the presence 
of function-blocking antibodies to BMP7. Although prechordal mesoderm 
normally induces RDVM cells as judged by the expression of Nkx2.1 in the 
absence of FP3 (Fig. 5.3a and b), in the presence of function-blocking 
antibodies to BMP7, no Nkx2.1 induction was observed (0%, n=6 Fig. 5.3d). 
Instead, FP3 expression was detected (75% n=4, see Fig.5.3c). This suggests 
that in the absence of BMP7, prechordal mesoderm  signals in a m anner 
similar to notochord.

170



Results Section 5

Figure 5.3

Function-blocking anti-BMP7 antibodies modulate the inducing activities of 
prechordal mesoderm.
a-d) Analysis of FP3 (a and c) and Nkx2.1 (b and d) expression in prechordal 
mesoderm-pLNP recombinate explants.
Prechordal mesoderm induces the expression of Nkx2.1 (b) but does not 
induce FP3 expression (a) in pLNP.
Similar recombinates cultured in the presence of lOpg/ml function-blocking 
MAb to BMP7 do not express Nkx2.1 (d) but FP3 expression is observed (c).

Scale bar, 19|im (a,b and d), 31pm (c).
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Discussion of Results: Section 5.

SHH-N activity is required for prechordal mesoderm to pattern RDVM cells 
in the developing embryo.

Previous studies have show n that in cyclops m u tan t em bryos 
specification of prechordal mesoderm appears to be disrupted(Thisse et ah, 
1994). Moreover, normal expression of SHH is completely absent from both 
prechordal m esoderm  and overlying anterior ven tra l neuroectoderm  
(Krauss et aL, 1993). Together these analyses have suggested a requirem ent 
for prechordal m esoderm -derived SHH-signalling in the patterning of the 
ventral forebrain.

Results to the experiments described in sections 3 and 4 show that 
prechordal m esoderm  can induce the differentiation of RDVM cells in a 
SH H-dependent m anner. However, these experim ents w ere perform ed 
using a cross-species assay in which the pattern ing  activity of chick 
prechordal mesoderm was assessed on rat neural tissue. In this section I 
have used function-blocking antibodies to SHH-N to analyse the relevance 
of these latter observations to RDVM development, in situ. My analyses 
suggest that in both the developing chick and rat embryo, SHH expression by 
prechordal mesoderm is required for the differentiation of overlying RDVM 
cells in situ (Fig. 5.1, 5.2 and Tables 6 and 7).

In light of these observations, it is unclear whether in studies where 
SHH has been ectopically over-expressed in the zebrafish embryo (Barth and 
Wilson, 1995; Ekker et aL, 1995; M acdonald et aL, 1995), the phenotype 
derived from SHH-mediated patterning activities in the forebrain should be 
attributed solely to SHH-N signalling derived from RDVM cells (see 
introduction pages 48-49). It is possible that these effects may be secondary to 
SHH-signalling from underlying prechordal mesoderm.

SHH and BMP7 co-operate in RDVM cell induction.
My in vitro analyses, together w ith experim ents perform ed by C. 

Vesque using purified BMP7 protein, reveal that RDVM cells and not floor 
plate cells can be induced in one of three ways: either by exposing pLNP 
explants to a concentration of SHH-N 2.5-fold higher than that required to 
induce floor plate, or by contact w ith BMP7+ve, SHH+ve prechordal 
mesoderm, or finally, by exposing pLNP explants to lOnM SHH-N together 
w ith BMP7 protein.

In light of these observations, one potential hypothesis might be that in 
vivo prechordal mesoderm induces RDVM cell differentiation as a result of

173



Discussion of Results: Section 5

expressing higher levels of SHH, compared to notochord. As documented 
in this section, however, I find no evidence for this. Indeed, three 
observations dispute that hypothesis. First, although RDVM cells appear to 
express higher levels of SHH compared to the floor plate (Fig. 3.3i), we find 
no evidence that prechordal m esoderm  expresses h igher levels than 
notochord; rather we find that SHH is dow n-regulated by prechordal 
mesoderm at a time when notochord maintains its expression (Fig. 1.4 and 
see also (Marti et aL, 1995b)). Second, if RDVM cells were exposed to high 
levels of SHH regions of the neuroepithelium  lateral to RDVM cells would 
potentially be exposed to lower concentrations of SHH and might be expected 
to differentiate into floor plate cells. I find no evidence for this. Finally, I 
w as unable to use function-blocking antibodies to SHH-N to titrate 
p rechordal m esoderm -associated SHH to a po in t w here p rechordal 
mesoderm induced floor plate in overlying neural tissue (Table 7).

Although these results seem to exclude the possibility that there are 
high levels of SHH associated with prechordal mesoderm, the finding that 
prechordal mesoderm expresses BMP7, a molecule that inhibits floor plate 
induction, clouds these conclusions. Thus, even if prechordal m esoderm  
did express high levels of SHH, the absence of floor plate in regions lateral to 
RDVM cells may be due to BMP7 expression that acts to inhibit floor plate 
developm ent. Likewise, all attem pts to titrate levels of SHH-N to a 
concentration which w ould induce floor plate w ould be in vain if BMP7 
expression in the prechordal mesoderm component of those explants was 
acting to prevent floor plate development.

Although it is difficult to exclude that prechordal mesoderm provides a 
source of high levels of SHH-N, thereby inducing RDVM differentiation, my 
studies together with those of others in the lab., favour the notion that a 
further signal(s) m odulates SHH-signalling by prechordal m esoderm  to 
promote the RDVM cell fate. This signal can be mimicked by BMP7, whose 
expression profile fits w ith it perform ing this m odulatory role: BMP7 is 
anteriorly restricted and thus excluded from posterior regions of the embryo 
w here floor plate cells develop. M oreover, culturing notochord-pLN P 
recombinates in the presence of BMP7 leads to the induction of RDVM cells 
and not floor plate cells (C.V. and M.P.), indicating that notochord tissue can 
present sufficient levels of SHH-signal to induce RDVM cells, given a source 
of BMP7. My observations that prechordal mesoderm which is exposed to 
function-blocking antibodies to BMP7 induces floor plate and not RDVM 
cells (Fig. 5.3), provide strong support for the idea that the RDVM-inducing
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activity of prechordal mesoderm is due to its co-expression of SHH and 
BMP7, rather than its expression of high levels of SHH alone.

Thus, axial mesoderm may express a similar level of SHH along its 
entire anteroposterior axis. The anteroposterior character of ventral midline 
cell fate induced by SHH+ve axial mesoderm is likely to depend upon the 
presence or absence of BMP7. According to this model BMP7 w ould be 
acting in two ways to m odulate the signalling properties of SHH in the 
anterior CNS: firstly, to prevent floor plate differentiation, and secondly, to 
prom ote RDVM differentiation by lowering the concentration threshold of 
SHH required to induce RDVM cells. The m odel we propose for the 
developm ent of ventral midline cells along the neuraxis of the vertebrate 
embryo is schematised in (Fig. 5.4).

Forebrain developm ent
In Results section 1, I have show n that anterior m esoderm  is 

regionalised into axial and lateral domains. Expression of both SHH and 
HNF-3P is restricted to the axial portion of this tissue, namely prechordal 
m esoderm . O thers in the lab have show n that B M P 7 is expressed 
throughout axial and lateral mesoderm  (Fig. 5.5). The experim ents in 
results sections 2-4 provide evidence that prechordal m esoderm  transiently 
underlies RDVM cells in vivo and that SHH-expression by prechordal 
m esoderm  is required for RDVM developm ent in situ. The experiments 
described in section 5 demonstrate that BMP7 is required for prechordal 
mesoderm  to specifically induce RDVM differentiation in vitro.

As outlined in the Introduction, a num ber of genes which are 
expressed in anterior mesoderm are thought to play a role in patterning the 
forebrain, on the basis of their null phenotype in mice embryos. Given my 
findings that prechordal mesoderm can induce RDVM cells, it is possible to 
postulate how  a m utation in each of these genes may exert its effect in 
relation to prechordal mesoderm patterning. Firstly, mice homozygous null 
for either SH H  (Chiang et al., 1996) or HNF-3p  (Ang and Rossant, 1994; 
W einstein et aL, 1994) lack ventral forebrain structures bu t retain more 
dorsal features. In the case of SHH  it is possible that this phenotype reflects 
the absence of SHH  activity in prechordal mesoderm. Thus, it may be that, 
just as in the posterior CNS where lack of SHH activity prevents notochord- 
m ediated induction of ventral cell types (Chiang et al., 1996), so too the 
absence of ventral cell types in anterior regions m ay be due to loss of 
prechordal m esoderm -derived SHH signalling. However, the absence of 
anterior ventral m idline tissue in these m utant embryos is difficult to

175



Discussion of Results: Section 5

attribu te  specifically to the loss of SHH signalling from  prechordal 
mesoderm, since this structure appears to degenerate (Chiang et aL, 1996), 
and thus the phenotype may be due to the loss of signals other than SHH.

In the case of HNF-3p mutant embryos, axial mesoderm is absent and 
ventral patterning of the neural tube is severely disrupted along the entire 
embryonic axis (Ang and Rossant, 1994; W einstein et aL, 1994). Mice 
homozygous null for HNF-SP do not express SHH in either axial mesoderm 
or m idline neuroectoderm  cells (Ang and Rossant, 1994; W einstein et aL, 
1994), Thus, the lack of ventral neuroectoderm al m idline cells in these 
m utant embryos is likely to be a secondary consequence of the absence of 
SHH activity in axial mesoderm.

In contrast to mice homozygous null for either SHH  or H N F-3p, mice 
em bryos lacking activity of either LIMl or Otx2  exhibit a striking null 
phenotype seen through the absence of both forebrain and underlying 
prechordal m esoderm  (Acampora et aL, 1995; Matsuo et aL, 1995; Shawlot 
and Behringer, 1995; Ang et aL, 1996). In the case of L IM l,  the expression 
pattern  of this gene in the anterior m esoderm  has not been carefully 
analysed w ith respect to the different prechordal domains. Consequently, 
while the dramatic effects of this m utation illustrate the importance of the 
function of this gene in forebrain developm ent, it is unclear w hich 
structures are specifically affected by loss of LIMl activity. The analyses of 
anterior mesodermal Otx2 expression documented to date have described a 
general prechordal expression domain. However, recent studies in the lab 
(C.V.), have revealed that m esoderm al expression of Otx2  in the chick 
em bryo is restricted to prechordal m esoderm  (Fig. 5.5). The severe 
phenotype of mice homozygous null for Otx2 compared to SHH  and HNF- 
3P raises the possibility that rather than specifically influencing RDVM 
differentiation, prechordal mesodermal expression of Otx2 m ay have more 
widespread effects in the patterning of the forebrain. However, since Otx2 is 
also expressed throughout the m ediolateral extent of the neuroectoderm , 
loss of gene activity in this germ layer may in part underlie the dramatic 
forebrain phenotype in hom ozygous null embryos. In either case, while 
activities of both SHH  and HNF-3p  are required for patterning of ventral 
neuroectodermal cell types, loss of Otx2 activity appears to disrupt aspects of 
both dorsal and ventral forebrain patterning. In light of previous studies, it 
is possible that loss of O tx2  activity d isrup t the effects of the TGFp 
superfamily of signalling molecules such as BMP7, BMP4 and dorsalin: since 
these latter factors appear to play a role in patterning dorsal regions of the 
posterior neuraxis (Basler et aL, 1993; Liem et aL, 1995).
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Continued analyses of the distinct expression profiles and functions of 
genes expressed in the prechordal domain, together w ith an understanding 
of how  these factors in teract w ith  each o ther w ill enhance our 
understand ing  of the events w hich culm inate in a fully pa tterned  
diencephalon.
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Figure 5.4

Model for the tissue and signal interactions which underlie the 
development of neuroectodermal ventral midline cells.

Ventral midline cells of the vertebrate embryonic CNS are a heterogeneous 
population. Posterior floor plate cells are characterised through their 
sustained co-expression of HNF-3p, SHH and FP3, while RDVM cells are 
characterised through the transient expression of HNF-3p, the sustained 
expression of SHH and Nkx2.1 in the absence of FP3.

This heterogeneity reflects the inducing ability of underlying axial 
mesoderm at different anteroposterior levels. Thus, notochord cells which 
underlie floor plate cells in vivo, induce floor plate differentiation in vitro. 
In contrast, prechordal mesoderm underlies RDVM cells in vivo and 
induces LNP explants to display an expression profile characteristic of 
RDVM cells in vitro.

SHH-expression in both mesodermal tissues is required to mediate their 
patterning properties. However, the ability of prechordal mesoderm to 
specifically induce RDVM cell differentiation is due to its co-expressing SHH 
and BMP7.
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Figure 5.5

Schematic diagram  to illustrate the anterior mesodermal expression profile 
of genes which play a role in the patterning of the vertebrate forebrain.

Otx2, HNF-3p and SHH expression is restricted to the axial prechordal 
mesoderm, while BMP7 is expressed throughout the mediolateral extent of 
the anterior mesoderm.

The expression of each of these genes by anterior mesoderm is thought to 
contribute in varying extents (see text) to the patterning of the forebrain. 
Evidence for this is provided in part by this study and in part by analyses of 
mice homozygous null for each of these factors.

PM, prechordal mesoderm; RDVM, rostral diencephalic ventral midline.
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Chapter 4

Future Studies
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Future Studies

Proposals for further investigation.

1) In the studies documented in this thesis I have established that SHH- 
expression in prechordal m esoderm  is required for the pattern ing  of 
overlying RDVM cells in both the developing rat and chick embryo. 
H ow ever, prechordal m esoderm  expresses SHH only transien tly  in 
com parison w ith notochord, and m oreover, prechordal m esoderm  only 
transiently underlies prospective RDVM cells in vivo. I have shown that at 
early neural plate stages of developm ent, in both the ra t and chick, 
prospective RDVM cells cultured in the absence of underlying prechordal 
mesoderm are not committed to their fate. I will thus try to establish when 
RDVM cell fate becomes specified w ith reference to the position and 
expression profile of underlying prechordal mesoderm. To do this I will 
culture explants of prospective RDVM cells in the absence of underlying 
mesoderm , from different stages of development, and analyse them  for 
expression of RDVM specific markers.

2) In this study I have characterised RDVM cells through their transient 
expression of HNF-3(3 and sustained expression of SHH and Nkx2.1. I have 
shown that pLNP explants can be induced to display this expression profile 
through contact w ith prechordal mesoderm or on exposure to either 25nM 
SHH-N or lOnM SHH-N in the presence of BMP7. BMP7 is also expressed by 
RDVM cells in vivo and in the introduction to Results section 5, I outlined 
some experiments in which other members of the lab have found that 
prechordal mesoderm induces expression of BMP7 in pLNP explants. I will 
attem pt to establish whether 25nM SHH-N also induces expression of BMP7 
in pLNP explants. To date the antibody to BMP7 has proved to be difficult to 
w ork with. Consequently, I will need to optimise the conditions under 
which the antibody is used. Alternatively, I will use an antisense probe to 
detect BMP7 RNA. I will also try to establish whether expression of BMP7 in 
RDVM cells is necessary for their developm ent a n d /o r  their patterning 
properties (Ericson et aL, 1995). I will assay for this by culturing pLNP 
explants in the presence of both 25nM SHH-N and function-blocking 
antibodies to BMP7.

3) The finding that either 25nM SHH-N or lOnM SHH-N in the presence of 
BMP7 can induce the differentiation of RDVM cells in pLNP explants is 
intriguing. BMP7 appears to lower the threshold concentration of SHH-N 
required for specification of RDVM cell fate; i.e. BMP7 increases the
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sensitivity of the neural tissue to the SHH signal and thereby changes the 
m idline cell fate adopted. One means by which BMP7 m ay act to both 
inh ib it floor plate developm ent and sim ultaneously  prom ote RDVM 
differentiation would be to influence the SHH signal transduction pathway. 
As discussed in Results section 3, some aspects of ven tra l m idline 
development are shared by floor plate and RDVM cells. Thus, BMP7 may 
act to antagonise some aspects of the SHH signal pathway an d /o r specifically 
prom ote others. A num ber of studies have show n that PKA acts to 
antagonise some aspects of SHH signalling (Fan et al., 1995; Hynes et al., 
1995a; Epstein et al., 1996; Hammerschmidt et al., 1996), however it has been 
suggested that not all aspects of SHH signalling are influenced by PKA 
activity (Perrimon, 1995). Thus, it is possible that influencing the levels of 
intracellular PKA activity may affect the cell fate induced by SHH, by 
blocking some aspects of the SHH signal transduction process and leaving 
others intact. I intend to address whether BMP7 acts directly on the SHH 
signalling pathw ay. Initially I will do this by com paring the effect of 
culturing pLNP explants in the presence of lOnM SHH-N w ith or w ithout 
purified  BMP7 or in the presence of 25nM SHH-N by using semi- 
quantitative PCR to analyse any changes in intracellular PKA levels.

4) The fate m apping studies described here reveal that the injection sites at 
the anterior-most regions of HH st 6 embryos labelled cells which do not 
express SHH or HNF-3p, and which fate map to the telencephalic ventral 
midline. In contrast, labelled cells whose progeny come to lie in the RDVM, 
initially express both SHH and HNF-3p an d  lie caudal to prechordal 
mesoderm, at HH st 6. The ventral m idline cells in the intervening region 
at HH st 6 also show expression of SHH and HNF-3p. I intend to fate map 
this region of the ventral midline to try and establish w hether these cells 
m aintain expression of SHH and fate map to the RDVM or whether they are 
destined to downregulate SHH expression and come to lie in more anterior 
regions of the neuraxis. I also intend to fate map midline neuroectodermal 
cells at HH st 5 to establish firstly, the position and expression profile of 
prospective RDVM cells at this stage and secondly to determine the fate of 
cells which overlie anterior mesoderm early on.

5) The in situ hybridisation analyses presented here report that at early 
stages of chick developm ent the anterior-m ost neuroectoderm al cells 
overlie SHH-expressing cells of the prechordal plate. A lthough these 
anterior-most neuroectodermal cells do not express HNF-3p or SHH a recent
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s tudy  reported  that FGF is expressed in an terio r ven tra l m idline 
neuroectodermal cells extending to the anterior neuropore (Mahmood et ah, 
1995). This implies that prechordal plate cells may induce the expression of 
FGF3, a possibility supported by the finding that in the developing 
vertebrate limb bud, SHH may induce expression of FGF4 (Niswander et ah, 
1994; Tickle and Eichele, 1994). In order to address this I will test the ability 
of SHH-expressing prechordal plate cells to induce FGF3 expression in LNF 
explants.
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