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A bstra ct

Embryogenesis requires cell-cell communication in which individual cells send and receive
signals that determine their final fate. The transforming growth factor-p (TGF-p)
superfamily of molecules encodes secreted factors which are capable of regulating cellular
growth and differentiation. Recently, members of the TGF-p superfamily have emerged as
candidates for many postulated embryonic inductive interactions. As a step towards
understanding such interactions, this thesis investigates the hypothesis that TGF-p
superfamily molecules may act as embryonic inducing factors in the mouse. The embryonic
expression of a number of TGF-p superfamily members and a putative inhibitor of one of
these, follistatin, were investigated. While activin (a mesoderm inducing factor in Xenopus
animal caps) was not expressed in the mouse embryo, follistatin, BMP-7, BMP-2 and Vgr-2
were expressed during gastrulation and early organogenesis. Strategies were designed to
ectopically express two of these molecules, BMP-7 and Vgr-2 in embryogenesis. Firstly,
embryonic stem (ES) cells were used as a vehicle to secrete Vgr-2 throughout the embryo.
No effect on embryonic morphology was detected, although conditioned medium from the
ES cells is capable of inducing mesoderm in Xenopus. Secondly, COS cells were used to
deliver a localised source of BMP-7 to the cranial neural plate in cultured embryos. Such
ectopic expression resulted in the induction of ectopic dorsal neural marker expression
{Msxl and AP-2), the diminished expression of a ventral marker {Shh), and a localised
expansion of neurectodermal tissue. The locahsation of endogenous BMP-7 mRNA during
formation and patterning of the neural axis, together with the activities shown in this assay,
suggest that BMP-7 may direct one or more aspects of early central nervous system
formation in the mouse.
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In t r o d u c t i o n

Chapter 1

1.1

CELL-CELL COMMUNICATION AND EMBRYONIC DEVELOPMENT

Inductive interactions during embryogenesis
The co-ordinated programme by which the embryonic cells of multicellular organisms
divide, become restricted in their potency and undergo appropriate cell movements is
dependent upon cell-ceU communication. The importance of this communication was first
demonstrated by embryological manipulation; experiments in which transplantation of a
group of cells to a new location could change the fate of the surrounding cells provided
evidence of an instructive role for the transplanted cells. In this type of experiment the
transplanted cells are said to have "induced" the formation of the inappropriate tissue, and
the transplanted cells may be considered the "inducer" and the host tissue the "responder".
A caveat of these experiments is that a lack of response from the host tissue does not
necessarily mean that the transplanted cells are incapable of providing instruction. To
produce an effect the host tissue must be able to respond to the inducer; it is this capability
which is referred to as "competence." A tissue which has already come under the influences
which restrict its developmental potential may not be competent to respond to the inducer.
Hence these experiments which test the ability of tissues to send signals are at the same time
a test of another tissue's ability to receive signals.
One of the most striking examples of inductive tissue interactions is that of the
transplantation experiments performed by Spemann and Mangold and reviewed in Spemann
(1938). In these experiments transplantation of the dorsal blastopore lip of an amphibian
embryo into a ventral location in a host embryo resulted in the formation of a secondary
embryo. The additional embryo contained a neural tube, otic vesicles, somites and a
notochord in correct orientation with respect to themselves and parallel to the primary
embryo. When these experiments were performed with marked cells so that the contribution
of host and donor tissues to the second embryo could be determined, it was shown that the
secondary neural plate was host derived. Thus the presence of the grafted tissue had
diverted the fate of the host ectoderm and induced a secondary neural plate. In contrast to
the neural tissue, the secondary notochord and somites were formed from both donor and
host tissue. Therefore the blastopore lip had reorganised not only the overlying ectoderm
but also the developing mesoderm on the ventral side of the host embryo. Transplantation of
tissue from other regions of developing embryos did not produce a secondary embryo,
consequently the amphibian dorsal blastopore lip has become known as the "organiser".
It has since been demonstrated that a structure known as Henson's node in the chick embryo
shares the organiser properties of the frog dorsal blastopore lip. When this region is
transplanted the graft gives rise to mesoderm structures including notochord and somites and
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an ectopic neural groove may develop above the mesodermal part of the graft (Waddington,
1932). Importantly, since this thesis concerns inductive interactions in mammalian
development, the node of the mouse embryo has also been shown to have similar organiser
properties (Beddington, 1994). Together these experiments suggest that embryogenesis
proceeds via a continuous process of cellular interaction, whereby cells can both influence
and be influenced by their local environment. Furthermore, the continual cell movements
and rearrangements during embryogenesis constantly alter a given cell's potential
interactions. The fact that such interactions are fundamental to embryonic development is
supported by experimental embryology in diverse organisms and organ systems (reviewed
in WesseUs, 1977; Jacobson and Sater, 1988). Additionally, the fact that secondary embryo
formation can be demonstrated in Amphibia, Avians and Mammals highlights the possibility
that the development of animals with overtly different form may utihse common interactions.
How do cells communicate?
The communication underlying the tissue interactions which occur throughout an organism's
life is achieved through a variety of mechanisms. Cells in contact with one another can
communicate via specialised membrane junctions (gap junctions) which allow exchange of
small molecules or via plasma-membrane bound signalling molecules which can interact with
adjacent cells. A more remote form of communication occurs when cells secrete signalling
molecules which act either at a distant site or in the vicinity of the cell from which they were
secreted. The importance of each of these forms of communication during embryogenesis
win be briefly discussed.
Junctional communication and embryogenesis
Cells in most tissues are linked together via gap junctions (Loewenstein, 1966). These gap
junctions allow the direct exchange of small molecules including ions and other second
messengers (Paul, 1995). It is therefore possible that these membrane junctions play a role
in cell communication during development. However, several experiments which interfere
with junctional communication during embryogenesis produce surprisingly mild
phenotypes. Mesoderm induction in Xenopus proceeds normally when an antibody directed
against the major gap junction protein (cormexin) is used to block junctional communication
prior to gastrulation (Warner and Gurdon, 1987). If either this antibody, or a dominant
negative cormexin molecule, is injected into the blastomere of the Xenopus embryo which is
the precursor of the anterior central nervous system, the resulting tadpoles display
abnormalities in the brain, eye and other anterior structures (Warner et al„ 1984; Paul et al.,
1995). These latter experiments argue that junctional communication is required for the
formation of some embryonic structures but do not provide a clear indication of the stage or
pruccss at which this requirement acts.
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Similarly, a mild phenotype results when a loss of function mutation in cormexin43 is
introduced into the rnouse embryo. Despite expression of this molecule during normal
development in several regions of the developing embryo (Yancey et al., 1992), the resulting
homozygous mice survive to term (Reaume et al., 1995). Putative dominant negative
mutations in connexin molecules have recently been implicated in two human diseases;
visceroatrial heterotaxia is associated with mutations in connexin43 (Britz-Cunningham et
al., 1995), and the X-linked form of a human neuropathy, Charcot-Marie-Tooth disease is
caused by mutations in cormexin32 (Berghoffen et al., 1993). None of these mutations in
gap junction proteins show perturbation of early embryonic development. This again argues
that junctional communication is not the major form of cell-ceU communication involved in
embryonic induction.
Signalling molecules and embryogenesis
Chemical signalling molecules may be distinguished by the distance over which they upcralc;
they may act systemically or locally. It has long been known that hormones, in a process
termed endocrine signalling, act systemically to co-ordinate the cells of an organism in
response to environmental change. Hormones are chemical agents, such as steroids,
modified amino acids, peptides or proteins, which are synthesised by particular parts of the
body, generally specialised ductless glands (endocrine glands). Endocrine cells secrete their
hormone molecules into the extracellular fluid from where they diffuse into the bloodstream
and the bloodstream carries them to another part of the body where they evoke systemic
adjustments by acting on specific target tissues or organs (Turner, 1966; Gordon, 1977).
The embryonic inducer molecules often act before a vascular system and blood circulation
has been established in the embryo and hormones do not play a role in the local interactions
utilised during embryonic induction. Another form of specialised chemical messengers are
the neurotransmitters which are responsible for synaptic signalling (Keynes and Aidley,
1981). Although these chemicals act locally, synaptic signalling is confined to the
specialised synaptic junctions found only in the nervous system, and this form of signalling
does not participate in embryonic tissue interactions.
The overwhelming majority of molecules responsible for embryonic induction are proteins
which act as local chemical mediators. These proteins may be plasma-membrane bound
signalling molecules or molecules which are secreted into the extracellular environment. In
some cases the same protein may exist in different forms and therefore be capable of
functioning either as a cell surface bound signalling molecule or as a diffusible molecule
(Rathjen et al., 1990a; Porter et al., 1995). Molecules which act locally to regulate cell
behaviour have classically been said to constitute the paracrine signalling system. As more
has become known about how molecules operate to produce local cell-cell signalling, the

term "paracrine" has come to encompass those molecules which are secreted by one cell and
act on other cells in close proximity. The additional terms, autocrine (Spom and Todaro,
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1980), juxtacrine (Massagué, 1990a) and intraciine (Re, 1989), have been proposed to
define the other modes of action shown in Figure 1.1.
Just as the modes of action of these local signalling molecules are diverse, the cellular
responses to these factors are varied, and the same factor may evoke different responses in
different cell types (Spom and Roberts, 1988). The first local signalling molecule to be
isolated was epidermal growth factor (EGF). EGF was purified, and named, because it
causes specific cells to undergo proliferation (Cohen, 1962), yet it was subsequently shown
to inhibit proliferation in different cells (Panaretto et al., 1983). A large number of proteins
have now been purified that function as local chemical mediators in processes which include
the regulation of cell growth and also differentiation (Seyedin et al., 1986), cell-cell adhesion
(Anklessaria et al., 1990), cell migration (Bhargava et al., 1992) and chemotropism (Serafini
et al., 1994). All of these processes are intrinsic to embryonic development
Cells respond to all of the chemical signalling molecules discussed in this section through
receptors which bind the signalling molecule and initiate the cellular response. Certain
small, hydrophobic signalling molecules, such as the steroid and thyroid hormones, pass
through the plasma membrane and activate receptors inside the ceU. The activated receptor
hormone complexes then bind to DNA and directly influence gene transcription (King, 1988;
Nunez, 1988). However, most signalling molecules are hydrophilic and activate receptors
located on the surface of the target cell. In this case, binding of the signalling molecules
activates the receptor which initiates an intracellular signalling cascade resulting in
transduction of the appropriate signal to the nucleus.
In recent years progress has been made in identifying locally acting, signalling molecules
which are capable of mimicking the interactions identified in tissue transplantation
experiments. As a step towards understanding how such molecules are utilised during
mouse embryogenesis, this thesis investigates the possibility that proteins implicated in
inductive interactions in other organisms also act during mouse development. The proteins
investigated are from the transforming growth factor-p (TGF-p) superfamily of molecules.
The structure of this superfamily, as well as some biochemical aspects of the mode in which
family members function, are described later in this introduction. TGF-p superfamily
members have been shown to direct cell fate in both invertebrates and vertebrates. A
Drosophila superfamily member, decapentaplegic (dpp) functions as a morphogen during
early patterning of the fly embryo to direct dorsal cell fate. Because mutations have been
identified in this gene and in several other genes which produce related phenotypes, dpp has
served as a model for how superfamily members may function. More recently it has also
provided tools for cloning vertebrate counterparts of genes which interact with TGF-p
superfamily molecules to direct cell fate. To demonstrate the importance of TGF-p

Figure 1.1 Modes of local chemical signalling. Molecules produced by a cell
(black circles) may act on the same cell that produced them (autocrine or intracrine mode), or
on other cells (juxtacrine or paracrine mode). Interaction requires the presence of
transmembrane receptors specific for the signalling molecule. The result of ligand/receptor
interaction is shown as an arrow pointing towards the nucleus. The cellular response to the
stimulus may include regulation of growth, differentiation or physical properties such as
adhesion or motility. All arrows are represented by dashed lines to indicate that these actions
may not be direct. Specialised chemical mediators such as hormones and neurotransmitters
are not included in the diagram. Diagram adapted from McKay (1993).

Intracrine

J u x ta c r in e

A u to crin e

P aracrine
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superfamily molecules during embryogenesis a review of the role of dpp in specifying dorsal
cell fate is included here.
Decapentaplegic and the specification of dorsal cell fate in Drosophila
embryogenesis
The Drosophila dpp gene provides an excellent example of two of the themes which will be
reiterated throughout this thesis. The first is that one molecule may function in more than
one aspect of embryonic development and the second is that the conservation of molecules
between species potentially represents some degree of conserved function. Additionally, the
methods by which dpp function has been investigated demonstrate the power of genetic
analysis of embryonic development and this will also be discussed in this thesis. The dpp
gene is implicated in processes as diverse as the specification of dorsal cell fates during
embryogenesis (Ferguson and Anderson, 1992a; Wharton et al., 1993), gut morphogenesis
(Panganiban cl al., 1990), progression of Ihc morphogenetic furrow during eye development
(Heberlein et al., 1993) and appendage development (Spencer et al., 1982). Its role in
establishing dorsal pattern during embryogenesis was first identified because loss of this
zygotically active gene product produces embryos which lack dorsal structures (Irish and
Gelbart, 1987). Of the zygotic genes which are required for the development of dorsal cell
types, mutations in dpp produce the most severe phenotype. When dpp RNA is injected into
mutant embryos which lack inherent dorsal-ventral polarity different amounts of RNA
specify different ceU fates; the highest levels of RNA define the most dorsal structures
(Ferguson and Anderson, 1992a). Similarly, altering the gene dosage of dpp shifts ceU fates
along the dorsal-ventral axis (Wharton et al., 1993). Thus, during Drosophila
embryogenesis dpp appears to act as a true secreted morphogen which specifies different cell
fates in a dose dependent manner. Cloning of the gene responsible for the dpp mutation
showed that it has homology to the TGF-p family (Padgett et al., 1987), although it is now
known to be more closely related to other members of the superfamily.
As described later, there are two classes of receptors for TGF-p superfamily molecules, type
I and type H. Three Dpp receptors have recently been identified, thickveins (tkv) and
saxophone (sax) encode type I receptors and punt encodes a type II receptor (Childs et al.,
1993; Brummel et al., 1994; Nellen et al., 1994; Okano et al., 1994; Penton et al., 1994;
Letsou et al., 1995). Similar to the homologous mammahan receptors described below, it is
proposed that Dpp binds to these receptors in a co-operative maimer. While tkv is able to
bind ligand on its own. co-expression of punt enhances ligand binding (Penton et al., 1994;
Letsou et al., 1995). In the case of sax, co-expression of punt is essential for binding
(Brummel et al., 1994; Letsou et al., 1995). Messenger RNA for aU three receptors is
provided both maternally and zygotically (Childs et al., 1993; Brummel et al., 1994; Okano
et al., 1994; Penton et al., 1994). Complete loss of tkv or punt produces embryos whose
phenotype is indistinguishable from one another, or from complete loss of dpp. This is not
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due to a transcriptional dependence of one of these genes on the other; dpp expression is
unaltered in punt and tkv mutants and transgene supphed tkv cannot rescue the punt
phenotype, nor can transgene supplied punt rescue the tkv phenotype. These experiments
demonstrate an absolute requirement for both tkv and punt during dpp signalling (Ruberte et
al., 1995). Maternal and zygotic loss of the second type I receptor, sax, produces embryos
which lack only the dorsal most cell type, suggesting that it is required to interpret the
highest levels of Dpp (Nellen et al., 1994). RNA for sax is found ubiquitously, both
maternally and zygotically (Brummel et al., 1994; Penton et al., 1994), yet, as described, in
the absence of functional tkv, sax and punt are not sufficient for the development of any
dorsal structures. It is not clear why sax appears to be able to modulate the tkvlpunt
response (to induce the most dorsal cell type) and yet cannot transduce signal in the absence
of tkv.
Genetic analysis of the interaction between dpp and the six other zygotically active genes
required for the development of dorsal cell types demonstrated that three (tolloid, shrew and
short gastrulation (sog)) act by regulating the activity of dpp at a post transcriptional level
(Ray et al., 1991; Ferguson and Anderson, 1992b). The dorsally transcribed gene tolloid
(Schimmell et al,, 1991) acts by elevating dpp activity, as does the shrew gene (Ferguson
and Anderson, 1992b). In contrast the sog gene antagonises dpp ventrally (Ferguson and
Anderson, 1992b). The sequence of sog (François et al., 1994) shows that it is likely to be
secreted. It is expressed in an adjacent but non overlapping domain with respect to the dpp
expression domain and it is proposed that soluble sog may diffuse into the region of dpp
expression and antagonise its activity (François et al., 1994).
Drosophila dpp appears to have a vertebrate homologue known as bone morphogenetic
protein-4 (BMP-4), BMP-4 is a TGF-p superfamily molecule which can produce ectopic
bone formation in rats and promote ventral mesoderm formation in Xenopus. Drosophila
Dpp can induce ectopic bone formation in rats and human BMP-4 can rescue dpp mutant
Drosophila embryos, suggesting that these two molecules are functional homologues
(Padgett et al., 1993; Sampath et al., 1993). Recently, a molecule has been isolated from
Xenopus, called chordin, which has homology to the Drosophila sog gene (Sasai et al.,
1994). Xenopus chordin is able to mimic the abihty of Drosophila sog to promote ventral
development in Drosophila (Holley et al., 1995). Similarly, both chordin and sog
antagonise the action of BMP-4 'mXenopus mesoderm induction assays (Sasai et al., 1995;
Schmidt et al., 1995a). The apparent, conserved interaction between Dpp/sog and BMP4/chordin highhghts the possibility that the mode of action of TGF-p superfamily molecules
may be conserved from invertebrates to vertebrates. TGF-p superfamily molecules are
therefore extremely good candidates for potential inducing molecules in mouse
embryogenesis. Furthermore, the ability of Dpp to act as a morphogen is similar to the
ability of both BMP-4 and activin, another TGF-p superfamily member, to act in a dose

Figure 1.2 The TGF-p superfamily. (A) Diagram showing the structure of a TGFp superfamily molecule. TGF-p precursor proteins contain an amino-terminal signal which
targets the precursor to the secretory pathway. A variable pro-domain may assist in folding,
dimérisation and regulation of factor activity. The actual signalling molecule is a homo- or
heterodimer of a small carboxy-terminal fragment, the mature domain. Seven characteristic
cysteine residues in this region are nearly invariant between family members, aa; amino
acid. (B) Diagram showing the similarity between the ainiho acid sequerice, beginning
with the first invariant cysteine of the mature domain, of the members of the activin and
DVR subfamilies of TGF-p molecules. Human sequences are compared with the following
exceptions: dpp and 60A (Drosophila); Vgl (Xenopus); dorsalin (chick); Vgr-2 and nodal
(mouse). Both diagrams are from Kingsley (1994).
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dependent manner in Xenopus mesoderm induction assays (Green and Smith, 1990; Dale et
al., 1992; Ferguson and Anderson, 1992a). This has raised the issue of whether this may
be a general property of the TGF-p superfamily.

1.2

THE TGF-P SUPERFAMILY OF SECRETED MOLECULES

TGF-p related molecules
TGF-p, the founding member of this superfamily, was first found in culture medium from
various oncogenically transformed cell lines (Anzano et al., 1983; Massagué, 1983). Three
closely related molecules, (TGF-p 1,2 and 3) now make up the mammalian TGF-p family,
and many other molecules share structural homology with this family and thus are grouped
together as the TGF-p superfamily. There are now at least twenty-eight molecules belonging
to the TGF-p superfamily (Meno et al., 1996; reviewed by Kingsley, 1994). All of these are
initially synthesised as larger precursor molecules with an amino-terminal signal sequence
and a pro-domain of variable size (Figure 1.2). The pro-domain is poorly conserved
between family members but appears to be necessary for the production of active protein
(Thomsen and Melton, 1993). The precursor protein is cleaved to release a mature carboxyterminal segment of 110 -140 amino acids. This mature region may remain noncovalently
. associated with the pro-domain, yielding a latent complex that is unable to bind receptor but
which can be activated later in the extracellular medium (Massagué et al., 1994). The active
signalling molecule is made up of homo- or hctcrodimcrs of the mature region (Massagué,
1990b). The mature region is the most conserved part of the protein and it contains the
seven cysteine residues which are the hallmark of the family members. Crystallography
studies of TGF-p2 have shown that six of these cysteines are used to create a cysteine knot.
The remaining cysteine residue is used to link two monomers into a dimer (Daopin et al.,
1992; Schlunegger and Griitter, 1992). Three family members, Vgr-2, GDF-9 and lefty,
lack the cysteine involved in dimérisation and it is not clear whether these proteins function
as a dimer (Jones et al., 1992a; McPherron and Lee, 1993; Meno et al., 1996).
In the same way that the TGF-p molecules may be considered a subfamily within the TGF-p
superfamily, other molecules can be grouped into subfamilies based on the degree of
conservation between their mature regions. This thesis concerns molecules which come
from two of these subfamilies, the activin subfamily and the DVR subfamily, the structure of
these subfamilies is shown in Figure 1.2. The activin subfamily contains the inhibin Pa and
inhibin Pb molecules which homo- or hetero-dimerise to form activin A, activin B or activin
AB. Activin was originally isolated on the basis of its abihty to promote the release of
follicle stimulating hormone (Ying, 1988). It is a measure of the diversity of the activity of
TGF-p superfamily that the inhibin p chains can also form heterodimers with the inhibin a
chain (itself a TGF-p molecule) to inhibit the release of follicle stimulating hormone (Ying,

Chapter 1

g

1988). The inhibin a chain is not classified as belonging to the activin subfamily. While
inhibin does not oppose the activity of activin in all assays of activin function, the ability of
TGF-p superfamily molecules to form different dimers which may result in distinct activities
should be kept in mind when discussing the function and regulation of this class of
molecules.
The second subfamily of molecules studied in this thesis is the Dpp, Vgl related (DVR)
subfamily. This subfamily takes its name from two founding members, the first is dpp, the
Drosophila gene already discussed, and the second is Xenopus Vgl. Vgl was isolated in a
screen for maternal mRNAs which were unequally locahsed within the early Xenopus
embryo (Rebagliati et al., 1985; Weeks and Melton, 1987). When this subfamily was
described (Lyons et al., 1991) it contained fourteen molecules. Unlike either the TGF-p or
the activin subfamilies, the DVR class of molecules contains invertebrate members. In fact
on the basis of homology to two of the Drosophila homologues, this class has been further
subdivided into the dpp subclass and the 60A subclass. This subfamily contains many
molecules which have been demonstrated to play a role in instructive interactions during
early development (Ferguson and Anderson, 1992a; Easier et al., 1993; Thomsen and
Melton, 1993). Many of the mammahan members of this class of molecules were purified
on the basis of theif ability to cause ectopic bone formation when placed subcutaneously or
intramuscularly in rats, hence they are named bone morphogenetic proteins (BMP) (Lyons et
al., 1991; Rosen and Thies, 1992). Although it is possible that the closely related BMP
proteins hetero-dimerise, it is not clear whether they do.
Signal transduction by TGF-p superfamily members
In recent years there has been much progress made in identifying and understanding the
mechanisms of action of TGF-p superfanüly receptors. Not surprisingly, given the number
of hgands, there are now a large number of receptor molecules identified in both invertebrate
and vertebrate species. The first information came from studies on the binding properties of
TGF-p 1 molecules. Initial studies showed that TGF-p 1 molecules bound to at least three
major cell surface proteins found on many cell types, and these were designated type I, type
n and type HI on the basis of their size (Massagué, 1990b). The type I and type II receptors
were the best candidates for the endogenous receptor because ceU lines which were selected
for their inability to respond to TGF-p stimulation were lacking these receptors (Laiho et al.,
1990).
The expression cloning of the first type II receptor (Mathews and Vale, 1991) and the first
type I receptors (Attisano et al., 1993; Ebner et al., 1993; Franzén et al., 1993) showed that
both classes of molecules are serine/threonine kinases. Cloning of further receptors has
allowed the general structural properties of these molecules to be identified. Both classes of
receptors have a small extracellular domain, a single transmembrane spanning domain and an
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intracellular kinase domain. The two classes can be distinguished on the basis of their size
and the cysteine pattern in the extracellular domain and the presence of a glycine/serine rich
region, the GS domain, at the amino terminus of the kinase domain (Figure 1.3) (Kingsley,
1994; Massagué et al., 1994). It appears that individual TGF-p receptors are not sufficient
for signd transduction and it is believed that they function as heteromeric signalling
complexes. The evidence for this is based largely on the study of the cell lines which were
selected for their inabihty to respond to TGF-p stimulation and includes the following. In
the absence of functional type I receptors, the type II receptor can bind ligand but not signal
TGF-p responses (Wrana et al., 1992). The addition of functional type I receptors to this
system restores TGF-p responsiveness (Franzén et al., 1993; Bassing et al., 1994; Cârcamo
et al., 1995). In the absence of a functional type II receptor, a truncated type II receptor
which lacks the cytoplasmic domain, binds ligand but the cells remain insensitive to TGF-p
(Wieser et al., 1993). Transfection into these cells of a wild type type II receptor restores
TGF-p responsiveness (Wrana et al., 1992; Inagaki et al., 1993).
Activin and BMP proteins also signal through complexes of type I and type II receptors
(Attisano et al., 1993; Cârcamo et al., 1995; Liu et al., 1995). In the case of all three
subfamilies the molecular basis for this interdependence is becoming clear (Figure 1.3). The
activins and TGF-ps first bind to type II receptors and the receptor-ligand complex is
recognised by the type I receptors which cannot bind ligand on their own (Attisano et al.,
1993; Ebner et al., 1993; Franzén et al., 1993; Bassing et al., 1994). The type II receptor is
a constitutively active kinase and it phosphorylates the type I receptor at the GS domain and
the type I receptors propagate the signal (Wrana et al., 1994). In contrast to this, the BMP
molecules are able to bind type I receptors on their own (Brummel et al., 1994; Penton et al.,
1994; Suzuki et al., 1994). The cloning of the BMP and Dpp type II receptors and analysis
of ligand binding demonstrated that binding of BMP molecules is co-operative between their
type I and n receptors (Brummel et al., 1994; Liu et al., 1995).
Each type II receptor can interact with more than one type I receptor and some type I
receptors can interact with a variety of type II receptors. In the activin and TGF-p systems,
the biological response conferred by ligand binding is determined primarily by the type I
receptor engaged in the complex (Attisano et al., 1993; Cârcamo et al., 1995). The existence
of type I and II receptors which can bind members of both the activin and BMP subfamilies
provides a mechanism of interaction between activin and BMP molecules, for example,
activin can bind to its type IT receptor and block BMP binding which requires interaction of
both the type I and n receptor. The array of receptors so far isolated and the combinatorial
nature of their function may play a large part in generating the multitude of cellular responses
that various members of the TGF-p superfamily are capable of eliciting.

Figure 1.3 TGF-p superfamily receptors. (A) Diagram showing the general
features of the TGF-p superfamily type I and type II receptors. The receptors have an
extracellular domain, each with a cysteine box. Other cysteines which vary between the
receptor types are also present in this region but not shown in the diagram. Both have a
single transmembrane spanning domain and an intracellular serine/threonine kinase domain.
Type I receptors may be distinguished by the presence of a glycine/serine rich region (GS
domain) at the amino terminus of the kinase domian.
Models of ligand interaction with
the heteromeric receptor complexes. BMP molecules bind co-operatively to the receptors,
requiring both type I and type II receptors for efficient binding. TGF-p and activin
molecules bind initially to type II receptors (1) and the type I receptor can interact with this
receptor/ligand complex (2). In each case only the ligand complexed with both receptor
types is capable of propagating signal. Diagrams adapted from Massagué et al. (1994) and
Liu et al. (1995).
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In addition to these receptors, several other TGF-p binding proteins have been isolated
(Massagué, 1990b; Lin and Lodish, 1993). These include foUistatin, a soluble glycoprotein
made by ovaries that binds activin and blocks its effects on pituitary cells (Ying et al., 1987).
FoUistatin has been isolated from many vertebrates, but like activin it is not clear if it has an
invertebrate counterpart. Betaglycan is also known as the TGF-p type m receptor, which
may present different TGF-p isoforms to the type II receptors (Wang et al., 1991; LôpezCasiUas et al., 1993). It is possible that this category should also include Drosophila sog
and Xenopus chordin. As has already been discussed, these protein products modulate the
activity of Dpp and BMP-4 respectively, yet it remains to be demonstrated that this is
through direct binding. However, aU of these molecules may play a part in determining the
ceUular response to TGF-p related molecules. Little is known about the mechanism of signal
transduction between the TGF-p superfamily receptors and the nucleus. However, the
recent cloning of mothers against dpp, a gene beUeved to act downstream of a Drosophila
TGF-p as weU as evidence that this molecule is conserved between Drosophila and C.
elegans suggests that progress in this area wiU be made over the next few years (Sekelsky et
al., 1995; Savage et al., 1996).

1.3

VERTEBRATE EMBRYONIC INDUCTION

The experiments so far described iUustrate that ceU-ceU communication is indispensable
during embryonic development. This communication proceeds via locaUy acting chemical
signalling molecules which bind to specific receptors. The fact that members of the TGF-p
superfamily are capable of acting as such signalling molecules is demonstrated both by the
action of dpp during Drosophila embryogenesis and by the biochemical studies of the mode
of action of these proteins. Several pieces of evidence suggest that TGF-p related molecules
can function as secreted signalling factors in vertebrates, including the fact that a number of
TGF-p related molecules induce ectopic bone formation when injected\ .. ; subcutaneously in
rats (Rosen and Thies, 1992). Mutations in either of two such molecules result in skeletal
defects in the mouse (Kingsley et al., 1992; Storm et al., 1994). Together, this
demonstrates that these molecules can act to regulate cell fate in vertebrates.
In order to generate the tissues which form the basis of the vertebrate embryo it appears that
at least two main inductions occur; mesoderm induction and neural induction. Each of these
events is followed by or incorporates, a secondary process of patterning the newly formed
tissues. Of all the ceU-ceU interactions which occur during these processes, TGF-p related
molecules have most consistently been associated with mesoderm induction and patterning
(for review see Smith, 1995) and with establishing dorsal-ventral axis of the neural tissue
(Easier et al., 1993; Liem et al., 1995). This thesis investigates the role of TGF-p
superfamily molecules in these processes during mouse embryogenesis. Therefore the rest
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of this introduction summarises what is known of TGF-p superfamily molecules in these
processes from other organisms and describes the development of the mouse embryo,
focusing on mesoderm formation and development of the neural tissue.
Xenopus mesoderm induction
The fundamental role that TGF-p superfamily molecules play in the tissue interactions that
establish the vertebrate embryo has been clearly demonstrated by experiments on Xenopus
mesoderm induction. The phenomenon of mesoderm induction is inferred by the differences
between the fate maps and specification maps of Xenopus development (for review see
Smith, 1989). At the morula stage of development the amphibian embryo consists of two
types of tissue; the animal pole cells and the vegetal pole cells. If these tissues are cultured
in isolation, the animal pole will form only epidermis’and the vegetal pole only endoderm
(Holtfreter and Hamburger, 1955; Slack and Forman, 1980; Jones and Woodland, 1986),
thus the formation of other embryonic tissues such as the mesoderm and the neurectoderm
must be dependent upon subsequent embryonic interactions. Fate maps of the gastrulae
show that mesoderm is formed from the equatorial region which hes at the junction of the
animal and vegetal poles (the marginal zone) (Keller, 1975). When new boundaries are
created between the animal pole cells and cells of the vegetal pole, either in tissue
recombinants (Nieuwkoop, 1969) or via heterotopic grafting (Jones and Woodland, 1987),
mesoderm arises from the conjugates. If these juxtaposition experiments are performed with
marked tissues, it becomes clear that the mesoderm forms entirely from the animal pole in
response to induction by the prospective endoderm (Nieuwkoop and Ubbels, 1972; Dale et
al., 1985). Furthermore the type of mesoderm formed in animal vegetal combinations
depends on the origin of the vegetal cells; cells from the dorsal vegetal region induce dorsal
cell types such as notochord and muscle, and lateral and ventral vegetal blastomeres induce
blood along with mesenchyme and mésothélium, i.e. ventral mesoderm (Boterenbrood and
Nieuwkoop, 1973; Dale and Slack, 1987). Therefore patterning of the mesoderm occurs, at
least in part, in response to information derived from the underlying vegetal blastomeres.
Additionally Slack and Forman (1980) showed that tissue from the ventral marginal zone,
when juxtaposed with tissue taken from the dorsal aspect of the marginal zone (the organiser
region), forms structures more dorsal than those it would form in isolation or normal
development. They suggested that this was the same interaction as occurred in the ventral
tissue in the organiser grafts of Spemann and Mangold. This was confirmed by repeating
the original organiser grafts using cell marking techniques (Smith and Slack, 1983). This
information suggested that three signals are required for mesoderm induction in the Xenopus
embryo (Smith and Slack, 1983). The first two signals arise from the vegetal cells and are
mesoderm inducing signals. The ventral vegetal signal induces ventral mesoderm while the

dorsal vegetal signal induces the formation of dorsal mesoderm, or organiser region. A
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third, mesoderm patterning signal subsequently emanates from the organiser to "dorsalize"
adjacent ventral mesoderm, thus producing mesoderm of an intermediate character.
Mesoderm inducing factors
Many secreted factors have been proposed as candidates for molecules which instigate one
or more of these interactions, as reviewed in Sive (1993); Slack (1994); Smith (1995) and
several candidates come from the TGF-p superfamily. At least two family members appear
to be capable of providing the signal which emanates from the vegetal region to induce
dorsal mesoderm. The first of these is activin which was purified as the mesoderm inducing
component offwe^/W from a Xenopus ceU line capable of mesoderm induction and shown to
elicit the formation of dorsal mesoderm in animal caps (Smith, 1987; Smith et al., 1988;
Smith et al., 1990). Activin is able to act as a morphogen in Xenopus embryonic tissue:
cells exposed to activin distinguish between small differences in concentration to form
different types of mesoderm (Green and Smith, 1990), and a given mesodermal marker is
expressed further from the source of activin as the amount of activin is increased (Gurdon et
al., 1994). However, it is not clear whether activin is an endogenous inducing molecule.
Overexpression of a truncated activin type II receptor blocks embryonic activin signalling
and abohshes virtually aU mesoderm formation (Hemmati-Brivanlou and Melton, 1992),
however this truncated receptor also blocks signalling by another TGF-p related candidate
mesoderm inducing molecule, Vgl (Schulte-Merker et al., 1994; Kessler and Melton,
1995). The activin-binding protein, foUistatin, which blocks the function of activin but hot
of Vgl has no effect when overexpressed in whole embryos (Schulte-Merker et al., 1994).
Or, if an increased amount of foUistatin is injected into the embryo, results in loss of
posterior structures, with relatively Uttle effect on the dorso-anterior structures activin is
supposed to promote (Kessler and Melton, 1995).
A second TGF-p superfamUy member and candidate dorsal vegetal inducing factor was
isolated in a screen for vegetaUy locahsed maternal RNAs and named Vgl (RebagUati et al.,
1985; Weeks and Melton, 1987; Vize and Thomsen, 1994). Vgl is one of the proteins from
which the previously described DVR subfamUy of TGF-p related molecules takes its name.
Despite the expression pattern of Vgl being consistent with a role in mesoderm induction
injection of Vgl RNA into early embryos does not result in ectopic mesoderm formation
(Dale et al., 1989; TannahiU and Melton, 1989; Dale et al., 1993; Thomsen and Melton,
1993). However this appears to be caused by inefficient processing of native Vgl: if,
instead, a chimeric protein consisting of either an activin or BMP pro-domain with the Vgl
mature region is tested, it is found that this protein does have powerful mesoderm inducing
properties (Dale et al., 1993; Thomsen and Melton, 1993; Kessler and Melton, 1995). It
remains unclear whether processed Vgl is produced during mesoderm induction in
Xenopus.
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Recently, three closely related molecules have been identified, two of which, like activin and
Vgl, function as dorsal mesoderm inducers. These genes are all related to nodal, a murine
TGF-p superfamily molecule originally identified as being the target of a retroviral insertion
mutation, 413.d (Conlon et al., 1991; Zhou et al., 1993). The three Xenopus genes are
termed Xenopus nodal related genes (Xnr-1, Xnr-2 and Xnr-3). Unlike activin all three of
the Xnr molecules can dorsalize ventral marginal zone explants and induce muscle
differentiation, (Jones et al., 1995; Smith et al., 1995), thus mimicking the effect of the
organiser in the recombination experiments of Slack and Forman (1980), described above.
Furthermore, in the embryo these molecules are ideally placed to exert this dorsal patterning
influence, since they are aU expressed in presumptive mesoderm during Xenopus
gastrulation, exhibiting highest transcript levels on the dorsal side of the embryo.
As discussed previously, the vertebrate homologue of Dpp (BMP-4) has also been
implicated in mesodemi induction and patterning in Xenopus. BMP-4 is a good candidate
for
a molecule which promotes ventral mesoderm formation. Ectopic expression of
BMP-4 in animal caps results in the formation of ventral mesoderm tissue, and ectopic
expression in the embryo results in the formation of ventralized embryos, similar in many
respects to those generated by UV irradiation ’
i (Dale et al., 1992; Jones et al.,
1992b). Conversely, overexpression of a truncated BMP receptor results in embryos which
lack dorsal structures (Maéno et al., 1994). BMP-4 transcripts are provided both maternally
and zygoticaUy, in the gastrula BMP-4 is present throughout the mesoderm, except in the
dorsal blastopore lip (Dale et al., 1992; Fainsod et al., 1994; Schmidt et al., 1995b). It is
possible that BMP-4 acts both to induce the formation of ventral mesoderm and to titrate the
s tr e n ^ of the dorsalization signal in the prospective mesoderm so that the full range of
dorsal, lateral and ventral mesodermal tissues is produced. It seems that this ability to
oppose the dorsaUzing signal represents a fourth signal, not predicted on the basis of the
transplantation experiments, which operates during Xenopus mesoderm formation.
TGF-p related proteins are not the only candidates for the Xenopus mesoderm inducing
signals. Molecules from two other families of signalling molecules, the fibroblast growth
factor family and the Wnt family are also implicated in this process (for review see Sive,
1993; Slack, 1994; Smith, 1995). The Xenopus experiments reveal which molecules are
capable of eliciting a particular response, yet the challenge is to identify the molecules
responsible for these interactions in vivo. The inability to carry out definitive loss of
function experiments in amphibians has significantly hampered progress towards identifying
the endogenous inducers. The fact that the mouse is the vertebrate organism most amenable
to genetic loss of function experiments means it will play a central role in identifying the
endogenous molecules responsible for embryonic tissue interactions. Yet, to date, the
mouse embryo has not been the organism of choice for much of the embryology on which
current knowledge of these interactions is based. In order to make full use of genetic
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strategies in the mouse it is important to estabhsh the complementary isolation,
recombination and overexpression systems which have proved informative in other
organisms.
Mesoderm formation in the mouse embryo
In the mouse embryo mesoderm formation is concomitant with gastrulation. This section
describes the formation of the embryonic germ layers focusing on mesoderm. A fuQ
description of the morphological development of the mouse embryo can be found in Snell
and Stevens (1966) as well as in textbooks such as Rugh (1968); Kaufman (1992); Hogan et
al. (1994) and much of the information presented here is from these sources. Throughout
the thesis mouse embryos undergoing gastrulation will be staged according to Downs and
Davies (1993) and for ease of reference a copy of this staging system is provided as
Appendix I. Embryos of later stage will be classified according to somite number.
Prior to gastrulation the mouse embryo is a cylindrical, bilaminar structure consisting of
visceral endoderm on the outside and ectoderm on the inside. As shown in Figure 1.4 the
egg cylinder is surrounded by several extraembryonic membranes. The parietal endoderm
which surrounds the egg cylinder is attached to the trophectoderm derived trophoblast giant
cells. Between the layers of parietal endoderm and giant cells, a thin, noncellular membrane
is formed (Reichert's membrane). These tissues continue to surround the embryo and
separate it from the maternal decidua, in which the embryo is embedded, well into
embryonic life. Before gastrulation it is apparent that the ectoderm which constitutes the
inner layer of the egg cylinder is divided into two parts. The proximal ectoderm
(extraembryonic ectoderm) is derived from the trophectoderm and will give rise to part of the
placenta. The distal ectoderm is derived from the inner cell mass and is termed embryonic
ectoderm or epiblast. The cavity in the ectoderm is known as the proamniotic cavity.
The epiblast which will give rise to all of the tissues of the embryo and to the extraembryonic
mesoderm (reviewed in Beddington, 1986) is not regionahsed with respect to potency
(Beddington, 1983; Lawson et al., 1991; Lawson and Pedersen, 1992). The fate of epiblast
cells has now been investigated by a variety of means, including single cell analysis
(Lawson et al., 1991; Lawson and Pedersen, 1992), the orthotopic transplanting of groups
of labelled cells (Beddington, 1981; Beddington, 1982; Tam and Beddington, 1987; Tam,
1989; Quinlan et al., 1995), or by labelling in situ of a group of cells (Beddington, 1994;
Smith et al., 1994a). AU of these studies show that the epiblast, both prior to gastrulation
and during elongation of the primitive streak, is regionahsed with respect to its fate. As
shown in Figure 1.5, prior to gastrulation the ceUs which wiU contribute to embryonic
mesoderm are located adjacent to their future site of ingression (the primitive streak) and the
ceUs which wiU leave the embryo proper to form the extraembryonic mesoderm are in the
posterior and proximal epiblast.

Figure 1.4 Early postimplantation mouse development. (A) Implantation stage
blastocyst. The inner cell mass consists of the epiblast (blue) and a layer of primitive
endoderm (gold). (B) The egg cylinder and trophoblast. The inner cell mass has grown
downwards into the yolk cavity and the junction between the embryonic region (below the
dotted line) and the extraembryonic region is now apparent. Two layers of endoderm are
present, visceral endoderm forms the outside of the egg cylinder and parietal endoderm lines
the trophectoderm which now consists of giant cells. These extraembryonic membranes are
not shown in further diagrams. (C) Pregastrulation egg cylinder. The proammotic cavity
has developed within the ectoderm and the ectoplacental cone has formed. Only the epiblast
cells will contribute to the germ layer tissues. (D) Early primitive streak stage embryo.
The mesoderm (red) lies between the ectoderm and endoderm of both the proximal
embryonic and extraembryonic region. (E) Mid primitive streak stage embryo. The wings
of mesoderm have almost encircled the embryonic rejgion, constricting the ectoderm at the
extraembryonic/embryonic junction so that the posterior amniotic fold is visible. (F) Late
primitive streak stage embryo. All three germ layers are present, the node and head process
have formed and the definitive (gut) endoderm (yellow) has begun to displace the visceral
endoderm. There are three cavities in the embryo separated by the chorion and the amnion.
(G) Four somite stage embryo. The epiblast cells continue to invaginate through the
primitive streak while rostral to the node differentiation of the germ layers into organs is
beginning. The diagram is modified from Hogan et al. (1994).
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Figure 1.5 Fate maps of epiblast before and during gastrulation. (A) The
prospective fate o f epiblast tissue in the mouse. (B) A comparative representation of the
fate maps of the organism s as listed. The diagram is modified from Hogan et al. (1994).
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Formation o f the germ layers
Gastrulation converts the relatively undifferentiated sheet of epiblast cells into the three germ
layers from which the embryo is derived. The process begins when a group of epiblast cells
at the junction of the embryonic and extraembryonic ectoderm delaminate and ingress
through a region o f the embryo known as the primitive streak. Initially the primitive streak
extends approximately halfway to the distal tip of the egg cylinder (early streak stage)
(Figure 1.4D). The primitive streak lies at the future posterior of the embryo, thus its
appearance immediately marks an anteroposterior axis. The mesoderm cells that emerge
from the primitive streak form a loose tissue which wedges its way laterally between the
epiblast and the endoderm towards the anterior margin of the egg cylinder. Some mesoderm
cells push their way between the extraembryonic ectoderm and the overlying endoderm, thus
leaving the region of the embryo proper. These mesoderm cells will contribute to the
extraembryonic tissues o f amnion, visceral yolk sac, chorion and allantois. The continued
formation o f mesoderm causes the epiblast and extraembryonic ectoderm at the junction of
the embryonic and extraembryonic regions to bulge into the amniotic cavity, this bulge is the
beginning o f the posterior amniotic fold (Figure 1.4E).
By 7.5 dpc the primitive streak has extended to the distal tip of the egg cylinder and the
mesoderm has encircled the cylinder. At the rostral end of the primitive streak an indentation
is apparent, which is known as the node, at this point there is a hiatus in the outer endoderm
layer so that delaminating epiblast cells have direct access to the outer surface of the cylinder.
The cells which ingress through this region of the streak form the definitive endoderm and
are distributed both rostro-caudally and laterally to progressively displace most of the pre
existing visceral endoderm to extraembryonic regions (Tam and Beddington, 1992). Arising
anteriorly from the node in the midline is the axial mesoderm. Initially the axial m esoderm is
intercalated in a structure which is continuous with the endoderm and which will be referred
to here as the notochordal plate. This structure is sometimes referred to as the head process
which is how it is labelled in Figure 1.4F. The cells of the epiblast which do not move
through the primitive streak differentiate to form the definitive ectoderm.
When the mesoderm reaches the anterior aspect of the egg cylinder, a small anterior
proamniotic fold is formed in the ectoderm which eventually meets and fuses with the
posterior amniotic fold to create the amnion. At the same time a cavity (the exocoelom)
forms in the extraembryonic mesoderm separating the extraembryonic ectoderm from the
epiblast. Thus three cavities are now present in the egg cylinder in place of the single
proamniotic cavity. Distally the amniotic cavity is lined with epiblast and is separated by the
amnion from the exocoelom which is lined with extraembryonic mesoderm. Proximally the
exocoelom is separated by the chorion from the ectoplacental cavity which is lined with
extraembryonic ectoderm (Figure 1.4F). Into the exocoelom grows the allantois, an
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extraembryonic mesoderm structure which will fuse with the chorion to form a major
component of the placenta.
The extraembryonic mesoderm is produced early in gastrulation via ingression of cells
through the primitive streak (Lawson et al., 1991) and the movement of cells into the
extraembryonic mesoderm has mostly ceased by the headfold stage of development (Tam
and Beddington, 1987; Parameswaran and Tam, 1995). The embryonic mesoderm is laid
down in a rostro-caudal sequence which appears to be dependent upon the time and position
at which cells move through the primitive streak. The cells which move through the
primitive streak first will contribute to the heart and cranial mesoderm (Lawson et al., 1991).
The next cells which pass through the streak will contribute to the paraxial and lateral
mesoderm o f the rostral trunk, with the mesoderm of the more caudal trunk passing through
the primitive streak after this (Tam and Beddington, 1987; Lawson et al., 1991; Smith et al.,
1994a; W ilson and Beddington, 1996). These studies also show that the medio-lateral fate
of cells is dependent on the position at which cells pass through the streak. The cells which
move through the node and the most anterior streak will contribute to the notochord. In the
more intermediate area o f the streak are the precursors to the paraxial mesoderm and cells
which move through the posterior of the streak will give rise to the lateral mesoderm. This
arrangement is conserved not only during germ-layer formation but also during axis
elongation and tail bud formation (Wilson and Beddington, 1996). These studies also
highlight the fact that during gastmlation and axis elongation in the mouse embryo the size of
the primitive streak remains the same and explicit node regression does not occur.
When heterotopic grafts of the primitive streak (late streak stage) are performed it is found
that the cells take on the fate appropriate for their new location (Beddington, 1982). This
demonstrates that it is unlikely that cells are committed to a particular type of mesoderm upon
leaving the primitive streak. In addition, in orthotopic grafts o f presomitic mesoderm, cells
can contribute to both somites and lateral mesoderm (Tam and Trainor, 1994), suggesting
that the cells which constitute the presomitic mesoderm are not restricted to the somitic
lineage. However, because heterotopic grafts of mesoderm have yet to be performed, it is
not clear when mesoderm cells do become restricted in their potential such that they can
contribute to only one type of mesoderm.

Mesoderm induction in the mouse embryo
Although, as described above, it is known that in the mouse embryo mesoderm arises de
novo from the epiblast via ingression through the primitive streak, there remains to date no
clear evidence that this is due to an inductive event. However, when the fate maps of
various vertebrates are com pared (Figure 1.5) striking similarities are apparent, as discussed
in Lawson et al. (1991); Beddington and Smith (1993); Tam and Quinlan, (1996). In the
species compared, the cells which will form the mesoderm and endoderm are adjacent to the
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region of involution, and the organiser region is associated with the involution region. The
cells which will form the dorsal mesoderm (notochord and somites) are closer to this
organiser region than are the precursors of the ventral mesoderm. In those animals which
will produce extraembryonic mesoderm these precursors are furthest from the organiser. In
all cases the cells which will form the ectoderm derivatives are separated from the site of
involution by the band of mesoderm and endoderm precursors. This conservation makes it
tempting to speculate that similar mechanisms do underlie events such as mesoderm
formation in different vertebrates.
The vertebrate embryo in which mesoderm formation is best studied is Xenopus where (as
discussed) m esoderm is induced in response to signals from the vegetal hemisphere. In the
mouse embryo since mesoderm formation is dependent upon primitive streak formation, a
mesoderm induction signal may be one which would initiate primitive streak formation in
only one region of the epiblast. The potential sources of this molecule may be listed from
the morphology of the pregastrulation mouse embryo. The embryo is surrounded by
maternal tissue, hence the source could be the decidua, or the ectoplacental cone. It could
come from a more closely apposed tissue such as the extraembryonic ectoderm, or from the
primitive endoderm. Alternatively it could emanate from the site of formation of the
primitive streak itself, i.e. the epiblast. If the similarities between the fate maps are taken to
their logical conclusion then, the primitive endoderm in the region of the site of formation of
the primitive streak must be considered the analogous tissue to the Xenopus vegetal pole.
Interestingly, while there is no evidence that this tissue can provide the necessary signals,
this endoderm remains contiguous with the primitive streak throughout germ layer formation
(Tam and Beddington, 1992).

1.4

V ER TEB R A TE

DORSAL-VENTRAL

NEURECTODERM

PATTERNING

The second process investigated in this thesis is patterning of the dorsal-ventral axis of the
mouse neurectoderm. W hile a variety of embryological experiments has led to a model for
how the vertebrate neural tube is patterned along the dorsal-ventral axis, few of these
experiments have been performed in the mouse embryo. Many of the experiments described
here have been performed in chick or amphibian embryos. From these experiments it is
proposed that the dorsal-ventral fate of cells is detemiined via an interplay of signals which
exert either a ventralising or dorsalizing influence on the neurepithelium. The structures
which differentiate

ventral ly

(floor plate and motor neurons) do so in response to

a signal from the underlying notochord: removal of the notochord results in a failure of
these cells to differentiate (Smith and Schoenwolf, 1989; Clarke et al., 1991; Hirano et al.,
1991; Yamada et al., 1991), while grafting a notochord adjacent to the lateral or dorsal
neural tube causes ectopic formation of a floor plate and motor neurons (van Straaten et al..
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1988; Placzek et al., 1990; Yamada et al., 1991), as does in vitro recom bination of
notochord with naive neural plate cells (Placzek et al., 1993; Yamada et al., 1993).
The discovery that Sonic hedgehog (Shh), a vertebrate homologue of the Drosophila
segment polarity gene hedgehog, encodes a secreted molecule expressed in the notochord
and floor plate (Echelard et al., 1993; Krauss et al., 1993; Riddle et al., 1993; Roelink et al.,
1994) led to an investigation of the role of Shh in this process. Shh can substitute for the
notochord in in vitro induction assays (Roelink et al., 1994) and ectopic expression of Shh
causes activation of floor plate markers in inappropriate regions of the neurectoderm
(Echelard et al., 1993; Krauss et al., 1993; Roelink et al., 1994). The Shh protein
undergoes autoproteolytic cleavage to generate an amino-terminally derived (ShhN) and a
carboxy-term inal portion (ShhC) (Bumcrot et al., 1995). The ShhN fragment is responsible
for all of the identified activities of Shh; higher concentrations of ShhN induce floor plate
markers in neural explants and lower concentrations induce motor neuron markers (Marti et
al., 1995; Roelink et al., 1995) These experiments provide good evidence that Shh mediates
the endogenous, notochord derived, floor plate inducing signal (for review see Ingham,
1995; Placzek, 1995).
As well as positively regulating certain genes that are normally expressed in the ventral
region of the neural tube, the notochord can repress the expression o f some genes which are
normally restricted to the lateral or dorsal aspect of the neural tube (Darnell et al., 1992;
Basler et al., 1993; Goulding et al., 1993; Liem et al., 1995) and again Shh reproduces the
effect of the notochord (Liem et al., 1995). W hile this provides evidence that signals from
the notochord may be able to regulate gene expression at all dorsal-ventral levels, the
realisation that grafting a notochord adjacent to the dorsal neural tube does not prevent the
differentiation of dorsal cell types (neural crest cells and commissural neurons) led to the
suggestion that a positive dorsalizing signal may also exist (Artinger and Bronner-Fraser,
1992). There is now evidence that during embryonic development such a signal is provided
by the surface ectoderm which abuts the dorsal neurectoderm: juxtaposition of these two
tissues is sufficient to produce neural crest cells either in grafting experiments (Moury and
Jacobson, 1989; M oury and Jacobson, 1990; Selleck and Bronner-Fraser, 1995) or in
recom bination assays (Dickinson et al., 1995; Liem et al., 1995).
In recom bination assays members of the TGF-p superfamily of secreted proteins can mimic
the effect o f the surface ectoderm (Basler et al., 1993; Liem et al., 1995). A novel member
o f the TGF-p superfamily, dorsalin-1, was isolated by degenerate PGR from chick
embryonic spinal cord. Addition of recombinant D orsalin-1 to naive neurectoderm in culture
promotes the formation of neural crest cells and inhibits the induction of m otor neurons by
the notochord and floorplate (Basler et al., 1993). However, dorsalin-1 is not expressed
during the period in which the proposed dorsalizing signals operate (Basler et al., 1993).
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On the basis of gene expression the BM P molecules BM P-4 and BM P-7 are better
candidates for providing such signals in the developing chick spinal cord and these
molecules appear to mimic the dorsalizing activity of the surface ectoderm (Liem et ak,
1995). It is proposed that in vivo these dorsally located proteins counteract a long-range
ventralising influence of the notochord (Liem et al., 1995).

Neural development in the mouse
This section describes the origin and early differentiation events of the neurectoderm in the
mouse embryo, focusing on the development of the cranial region which is the subject of
experiments reported in this thesis. Because, as described above, the surface ectoderm and
the axial mesoderm are believed to be cmcial for patterning the dorsal-ventral axis of the
neurectoderm, descriptions of the formation of these two tissues are also included here. The
epiblast cells which do not move through the primitive streak differentiate to give rise to two
types o f ectoderm; neurectoderm and surface ectoderm. Fate maps show that before
gastrulation the precursor populations of the ectoderm are localised to the anterior epiblast.
The more proximal ectoderm will generate the surface ectoderm and the more distal the
neurectoderm (Figure 1.5). At later stages of development, an interaction between these two
epithelia generates the neural crest.
In the mouse embryo, as in other vertebrates, transplantation of the organiser region to an
ectopic site is sufficient to divert the overlying ectoderm to a neural fate (Beddington, 1994)
therefore formation of the neurectoderm in the mouse embryo is likely to proceed by
inductive interactions. Isolation experiments show that expression o f neural markers is
autonomous to the anterior ectoderm in late primitive streak stage embryos, demonstrating
that neural induction is underway by this stage. Molecules capable of neural induction are
found in the anterior mesendoderm of early headfold stage embryos since in vitro
recombination o f this tissue with naive ectoderm induces expression of both general and
region specific neural markers (Ang and Rossant, 1993).
The cranial neural plate
Shortly after the allantoic bud has been formed, the neural plate in the cranial region begins
to grow rapidly, forming a large fold over the foregut invagination, thus creating the
headfolds. In other vertebrates the neural plate can be subdivided into two regions: the
anterior of the plate is called the prechordal plate and gives rise to the nervous system
anterior to the midbrain. The rest of the neural plate is termed the epichordal plate, as it lies
over the notochord. The epichordal plate will give rise to the midbrain and all o f the central
nervous system posterior to the midbrain (Papalopulu and Kintner, 1992). In the mouse
em bryo it is not known whether the forebrain does develop from a region which has never
been underlain by notochordal mesoderm. However, at the headfold stage of development
the notochord does not extend to the anterior of the embryo (Kaufman, 1992). W hilst not
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providing evidence of lineage, the expression pattern of several genes supports the notion
that _ at this early stage of development the rostral extent of the notochord corresponds to
the future forebrain/midbrain boundary (Ang et al., 1993; Echelard et al., 1993; Echelard et
al., 1994; Hermesz et al., 1996). The only other morphological landmark of the cranial
neural plate at this stage of development is the preotic sulcus, which will mark the boundary
between rhombomeres (r) 2 and 3 at later stages of development (Figure 1.6A). By the early
somite stages several such neuromeric junctions can be distinguished and fate mapping of
the cells at these divisions has shown that they do correspond to early divisions of the central
nervous system as shown in Figure 1.6B (Trainor and Tam, 1995).
The development of the surface ectoderm proceeds in parallel with that of the neurectoderm.
The surface ectoderm forms at the margin of the embryo between the amnion and the neural
plate; in transverse section it is first seen in the rostral embryo at the late allantoic bud stage
of development (Kaufman, 1992). As the yolk sac encloses the embryo the surface
ectoderm grows over the mesoderm underlying the neural plate, remaining continuous with
the amnion. At this early stage of development the surface ectoderm, when examined by
light microscopy, is morphologically indistinguishable from the adjacent neurectoderm.
CeUs from the dorsal neural tube, very close to the junction with the surface ectoderm, wiU .
give rise to the neural crest ceUs (Chan and Tam, 1988). In the cranial region of vertebrate
embryos the neural crest provides much of the precursor population of the skeleton and
connective tissue of the cranium, as weU as some peripheral gangUa (Bronner-Fraser, 1993).
In many vertebrates the neural crest ceUs migrate from the neurectoderm after the folds have
fused (Tosney, 1982). However, in the cranial region of the mouse embryo, neural crest
ceU emigration occurs at the early somite stage and is finished by the time the neural folds
have closed (Nichols, 1981; Nichols, 1986; Chan and Tam, 1988; Serbedzija et al., 1992).
The first ceUs to emerge do so from the rostral hindbrain at the 5-somite stage and migration
from this region has ceased by the 11-somite stage. Neural crest ceU migration from the
caudal hindbrain begins slightly later at about the 8-somite stage and finishes by the 14somite stage. Neural crest ceUs arise from each of the eight rhombomeres (Serbedzija et al.,
1992) and leave the neurectoderm forming three broad streams of neural crest ceUs which
migrate subectodermaUy, each populating a single branchial arch.
The cranial neural tube
At the 5-somite stage of development the neural folds are still open along the entire
embryonic axis. Neural tube closure is initiated at three points along the axis. The first
point of closure occurs at the cervical/hindbrain boundary when the embryo has 6-7 somites.
This closure then spreads in both directions. In embryos with 10- to 12-somites two sites of
closure are initiated in the cranial region, one at the midbrain/hindbrain junction which is
shortly followed by initiation of closure at the rostral extremity of the forebrain. Closure

Figure 1.6 Early neural development. All diagrams represent an embryo which is
bisected laterally and viewed from the median. (A) Presomite (late headfold) stage embryo.
The cranial neural plate occupies most of the neurectoderm rostral of the node. The only
distinguishing features are the preotic sulcus and the anterior limit of the notochord which
separates the neural plate into the prechordal and epichordal plate. (B) Prospective cranial
region of a 5-somite embryo, prior to neural fold closure. The neuromeric junctions which
divide the forebrain, midbrain and hindbrain may now be distinguished. Further
segmentation of the hindbrain occi^ and emigration of neural crest cells from the open neural
plate begins in the hindbrain region. (C) Cranial region of a 19-somite embryo, after
completion of cranial neural closure. The forebrain is divided into two vesicles, the
telencephalon and diencephalon, and the development of 8 rhombomeres is complete (not all
rhombomeres are shown). Neural crest migration from the cranial neurectoderm has ceased.
F/M: forebrain/midbrain boundary, M/H: midbrain/hindbrain boundary, P: preotic sulcus,
OS: otic sulcus.
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spreads to neighbouring regions such that closure of the cranial neural folds is complete in
em bryos with 17- to 19-somites (Copp et al., 1994).
Once the neural folds close, the space inside enlarges so that the primary brain vesicles are
formed (Figure 1.6C). During the preceding 24 hours the forebrain (prosencephalon) has
enlarged considerably such that now two vesicles are recognised (rostrally the telencephalon
and caudally the diencephalon). The midbrain consists of one vesicle (mesencephalon) and
the hindbrain of two vesicles which are further segmented into 8 rhombomeres
(metancephalon; rl and r2, and the myelencephalon; r3 to r8). Upon closure of the neural
tube, the surface ectoderm and the neurectoderm separate. Scanning electron microscopy
has shown that as neumlation proceeds, the neurepithelial cells elongate while the surface
ectodermal cells remain cuboidal. W hen the neurectoderm folds a space staits to form
separating the two epithelia, this space elongates dorsally until it extends almost to the tip of
the neural fold. As the neural folds fuse the interepithelial spaces in the two folds connect,
thereby causing the separation of the surface ectodem i from the neurectoderm (see Figure
1.7) (M artins-G reen, 1988).
The ventral neural tube
In the mouse embryo, as in other vertebrates, the cells which occupy the future floor plate do
not have the same origin as cells in other regions of the neural plate. Instead, they share a
com mon origin with the notochord cells (Figure 1.8). At the onset of gastm lation the
precursor cells of the notochord and floor plate are located anterolateral to the anterior of the
streak, i.e. next to the prospective organiser region, in the chick, frog and mouse (Gerhart
and Keller, 1986; Jessell et al., 1989; Lawson and Pedersen, 1992). In am phibians and
chick this group of cells within the developing neural plate have been termed the notoplate
cells, however, the significance o f these cells sharing the same origin as the notochord cells
is uncleai'. It has been postulated that these cells undergo similar convergence and extension
movements as the notochord, and therefore are important in the anteroposterior elongation of
the neural plate (Keller et al., 1985). It has also been postulated that these cells may be
already primed to undergo floorplate development (Jessell et al., 1989).
Upon formation of the neural groove it can be seen that the midline (future ventral) cells in
the mouse neural plate have a different morphology, being wedged shape, rather than the
spindle shape described for cells in the lateral region (Smith et al., 1994b). As will be
shown in Chapter 4, the investigation of mRNA distribution during mouse embryogenesis is
beginning to reveal restricted expression of certain genes to this region remarkably early in
development. It is not clear exactly when the ventral region of the mouse neural tube
acquires identified floor plate properties such as the ability to induce motor neuron
differentiation, although, expression of Shh which is believed to mediate this function is
initiated in the cranial ventral neurectoderm in embryos with 8-somites (Echelard et al.,

Figure 1.7 Neurulation in the mouse embryo. (A) Neural plate. The surface
ectoderm and neurectoderm cells are similar in shape. Interepithelial spaces begin to form at
the junction of the surface and neural ectoderm, the basal lamina (dotted line) remains
continuous beneath these spaces. The notochordal plate is continuous laterally with the
endoderm. (B) Neural fold elevation. The neurectodermal cells take on their longitiudinal
shape while the surface ectoderm cells remain cuboidal, the interepithelial spaces extend

,

dorsally. The notochord is beginning to fold off dorsally from the endoderm. (C)
Continued fold elevation. The interepithelial spaces between the surface and the
neurectoderm have created two separate epitheha, although basal lamina still does not invade
these spaces. The notochord has folded off from the roof of the gut but remains in contact
with the neural tube. (D) Neural fold fusion. The interepithelial spaces fuse, leaving two
separate epithelia with the dorsal aspect of the neural tube covered by a sparse basal lamina.
The notochord eventually becomes detached from the neural tube and is surrounded by a
distinct basal lamina. The arrows point to the interepithelial spaces.

B

Figure 1.8 Clonal analysis of presumptive ectoderm fate between the early .
primitive streak and early somite stage. (A) Lateral view of early primitive streak
stage embryo with regions which will contribute to the ectoderm identified by shading. (B)
Lateral view of a late allantoic bud stage embryo. (C) Dorsal view of flattened early somite
stage embryo. The extent of the primitive streak is indicated by heavy shading, ant:
anterior, post: posterior. Diagram is from Lawson and Pederson (1992).
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1993). The first neurons to form, do so immediately lateral to the floorplate. These are the
motor neurons, and Isletl which provides an early marker for the formation of these neurons
(Ericson et al., 1992) is expressed in the cranial region of embryos which have 25-somites
(Pfaffet al., 1996).
The axial mesoderm
Much confusion exists in the literature concerning nomenclature of the axial mesoderm in the
mouse embryo and the following description defines the terms which will be used
throughout the thesis. The node is a bilaminar structure at the anterior of the streak, the
dorsal layer consists of epiblast cells and the ventral layer of a group of cells which is
continuous with the axial mesendoderm. Cells which ingress through this region will give
rise to the definitive endoderm and the axial mesoderm (Beddington, 1981; Tam and
Beddington, 1992). It appears that the majority of cells which will contribute to the
endoderm have passed through the node by the late streak stage, since labelling the ventral
surface of the node later than this leads to mainly notochord labelling (Beddington, 1994;
Sulik et al., 1994; Wilson and Beddington, 1996). These same labelling studies indicate that
the notochord is formed not only from cells which delaminate from the epiblast, but also
from a stem cell like population that resides in the node (Beddington, 1994; Wilson and
Beddington, 1996).
The morphological development of the notochord has been studied by Jurand (1974), and
Sulik et al (1994), and most of the information presented here is derived from these two
studies. When cells of the axial mesoderm emerge from the node, they form the notochordal
plate. The notochordal plate is an epithelial structure continuous laterally with the endoderm
which WÜ1 form the roof of the gut and is in contact dorsally with the midline neurectoderm
cells. At its caudal end, adjacent to the node, it is a broad group of cells but it becomes
tapered towards its rostral end. During these early stages of notochord development, the
entire midline area from the prechordal plate to the node is only two cell layers thick. Sulik
et al describe a morphologically distinct stmcture at the rostral extent of the notochordal
plate, visualised by electron microscopy, which is made up of similar cells but is a broader,
circular region, and is attached to the neural plate at the future forebrain level. The exact
location of this structure with respect to the embryonic/extraembryonic junction in the early
allantoic bud stage embryos exanmed is unclear and it is not known exactly what this
structure corresponds to, although it is likely to be analagous to chick prechordal mesoderm^
It is not until the somite stage of development that the cells of the notochordal plate form the
notochord by folding off in a dorsal direction from the roof of the gut (Figure 1.7). At this
stage four regions of axial mesoderm can be distinguished. Rostrally the neurectoderm is
not underlain by notochordal mesoderm, and the ectoderm in this region is called the
prechordal plate; correspondingly the mesoderm of this region may be considered the
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prechordal plate mesoderm. Rostral to the anterior of the notochord is a small segment of
axial mesoderm which can be distinguished morphologically, and as shown in Chapter 4 can
also be distinguished by gene expression, this structure will be referred to as the prechordal
mesoderm. Caudally the prechordal mesoderm is continuous with the notochord, which
after separation from the endoderm is rod like in shape. The notochord is continuous at its
caudal extremity with the node, which will be considered the fourth region of axial
mesoderm.
Dorsal-ventral patterning of mouse neurectoderm
Little is known of the interactions which establish dorsal-ventral neural pattern in the mouse
neurepithelium. Again, little information has been contributed by in vitro isolation or
recombination experiments. However, as shown in Figure 1.8, clonal analysis of the fate of
cranial neurectoderm precursors shows that the dorsal-ventral pattern of cells at the early
somite stage eorresponds to their anterior-posterior level in the late primitive streak stage
embryo (Lawson and Pedersen, 1992). The cells which at the late streak stage are located
in the most proximal position (i.e. those designated as surface ectoderm/prosencephalon in
the late streak fate map shown in figure 1.5) will contribute cells to the prosencephalon, but
also to the surface ectoderm and dorsal most neurectoderm of all levels of the early somite
stage neural plate. Correspondingly, those cells fated for the mesencephalon (Figure 1.5)
will contribute to the lateral neurectoderm of more posterior regions than the midbrain and
those cells fated as hindbrain will also contribute to the more medial region of the midbrain,
hindbrain and spinal column. As such, the anteroposterior relationship of cells in the streak
stage embryo is converted to a dorsoventral one in the hindbrain. The special origin of the
ventral midline neural cells has already been described.
The available experimental evidence does suggest that some general features of dorsalventral neural patterning are conserved between the mouse and other organisms. In the
mouse Shh may encode a ventral signal: the mRNA locahsation of Shh and unusual form of
autoproteolytic cleavage are conserved in the mouse (Echelard et al., 1993, Bumcrot et al.,
1995) and ectopic expression of Shh in the dorsal neural tube induces expression of the
winged helix transcription factor HNF3-P, a gene whose neurectoderm expression is usually
confined to the floor plate region (Echelard et al., 1993). Furthermore, preliminary analysis
of mice lacking functional Shh suggests these mice are lacking ventral neural structures
(cited in Beddington, 1996). The possibility that the surface ectoderm may also contribute to
neural pattern in the mouse is supported by analysis of mice which are homozygous for a
mutation in the Wnt-Sa gene. In these embryos the neural plate caudal of the forelimb bud
exhibits additional points of contact with the surface ectoderm. The neurectoderm in these
regions expresses some genes which are normally dorsaUy restiicted (Takada cl al., 1994).
It is therefore likely that in the mouse, as in other vertebrates, the dorsal-ventral neural axis
is patterned by the interaction of ventral and dorsal signals.
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1.5:

SUMMARY

Embryonic tissue diversification relies upon ceU-cell interactions. These interactions are not
only responsible for cellular differentiation but must stimulate appropriate growth and
movement to ensure that interacting tissues are correctly juxtaposed at the appropriate
developmental stage. Many of these cellular interactions are instigated by secreted signalling
molecules. Members of the TGF-p supeifamily of secreted molecules have been shown to
function in determining cell fate in both invertebrates and vertebrates. A large number of
vertebrate TGF-p superfamily molecules have so far been identified. While recent years
have seen tremendous progress in understanding the potential function of many superfamily
molecules, it is clear that in order to determine which of these molecules are endogenous
signalling factors, genetic loss of function experiments will be required. The necessary
techniques for targeted ablation of specific gene products in the mouse are now well
established. However, our knowledge of embryonic tissue interactions in the mouse is quite
mdimentary, for example, we do not even know whether mesoderm induction occurs. The
clear indications that at least some aspects of tissues interactions and molecular interactions
may be conserved across a wide range of species, from invertebrates to vertebrates, provides
the incentive to begin to explore mammalian inductive interactions using knowledge from
other organisms. It is hoped that such investigation will not only contribute to our
understanding of gene function during mouse development, but serve as a guide for further
investigation of these processes both in wildtype and mutant animals.
Objectives
The aim of this thesis is two-fold. Firstly, it aims to investigate the hypothesis that TGF-p
superfamily molecules contribute to the cell-ceU interactions that establish the mammalian
body plan. Coupled with this is the aim to establish relatively simple gain of function assays
for secreted molecules in the mouse embryo. While overexpression in the mouse may
typically be achieved using transgenesis, this rehes entirely on the availabihty of suitable,
tissue-specific promoters. Two overexpression systems are presented here, both of which
are independent of such promoters.
The three specific questions investigated are:
❖ Are TGF-p superfamily molecules expressed during early mouse development?
The possibility that activin may function in mammalian development is explored.
Despite the fact that activin appears to be produced within the maternal tissue
surrounding the developing mouse embryo, as shown in Chapter 3, no evidence
of activin mRNA is found within the embryo itself. Somewhat surprisingly.
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follistatiriy a molecule believed to bind specifically to activin, is shown to be
expressed during gastmlation and early organogenesis. This finding prompted a
screen to identify molecules which have stmctural homology to activin but which
are present within the developing embryo. This resulted in the cloning of a TGFp superfamily member, bone morphogenetic protein-7 (BMP-7), The mRNA
localisation of BMP-7 which is presented in Chapter 4 suggests a role in axis
formation; BMP-7 may act in conjunction with other BMP molecules in
embryonic anterior-posterior axis formation, or it may be involved in establishing
the dorsal-ventral axis of the neurectoderm, especially in the cranial region.
Evidence from the chick embryo suggests that BMP molecules may regulate
aspects of development of the dorsal-ventral neural axis and the potential role of
BMP-7 in this process in the mouse embryo was investigated.
A second TGF-p superfamily molecule implicated in Xenopus mesoderm
formation is Vgl. A murine gene which has some homology to Vgl has
previously been isolated and namedVgr-2 (Jones et al., 1992a). Interestingly
murine Vgr-2 is capable of mesoderm induction in Xenopus assay systems (M.
Jones, personal communication). Vgr-2 transcripts are present in the mouse
embryo at the onset of gastmlation as shown in Chapter 5.

❖ Does Vgr-2 function in mesoderm formation in the mouse embryo?
To assess whether Vgr-2 can also induce mesoderm in the mouse embryo,
murine embryonic stem cells (ES cells; Robertson, 1987) overexpressing Vgr-2
were generated and these cells secrete a factor active in Xenopus animal cap
assays (Chapter 6). While chimeric mouse embryos generated with the Vgr-2
overexpressing ceU lines do not produce excess mesoderm, the overexpressing
cells appear to preferentially colonise mesoderm derivatives. It has not been
possible to demonstrate that this bias can be attributed solely to the expression of
Vgr-2 by the cell lines.
❖ Does BMP-7 function in establishing the mouse cranial neural plate?
To address this question a method of delivering secreted molecules to specific
locations in cultured, postimplantation embryos was developed (Chapter 7). A
transformed monkey kidney cell line (COS cells; Gluzman, 1981) was utilised
because of its abihty to drive high level expression of exogenous DNA. When
COS cells transfected with BMP-7 are grafted into the mesoderm adjacent to the
developing hindbrain, several changes in the neurectoderm are elicited. These
changes are consistent with BMP-7 acting both to regulate growth and to specify
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cell fate during the establishment of the dorsal-ventral axis of the mammalian
cranial neural plate.

These assays represent the first demonstration that overexpression of TGF-p superfamily
proteins can alter mammalian embryogenesis. They provide information about the potential
function of these two molecules and establish a future framework for the study of both these
and other secreted factors in mouse development.

C h a p te r 2
M a te ria ls an d M e th o d s
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2.1

MOLECULAR BIOLOGY

General materials and methods for those techniques used in more than one part of this thesis
are included in this chapter. For these techniques, specific information, such as the amount
of DNA used in a particular Southern analysis, will be reported in the figure legend
accompanying the results of the analysis. More specialised techniques which apply to only
one chapter will be described at the beginning of the appropriate chapter.

DNA isolation
Small quantities (20 |ig) of plasmid DNA were isolated by alkali lysis as described in
Sambrook et al. (1989). Larger quantities of plasmid DNA (150 pg) were isolated by scaled
up alkali lysis and purification over QIAGEN (Hybaid) columns. Plasmid DNA to be used
for COS cell transfections was further purified (after QIAGEN purification), by
centrifugation over a caesium chloride gradient as described in Sambrook et al. (1989).
RNA isolation
RNA from embryonic tissue which had previously been collected and frozen in denaturing
solution containing 4 M guanidinium thiocyanate, 25 mM sodium citrate, 0.5% sarcosyl and
0.01 M p-mercaptoethanol was isolated following a method modified from that of
Chomczynski and Sacchi (1987). The tissue was homogenised by pipetting up and down
with a Gilson PI000 tip. The volume of denaturing solution was adjusted to 500 ul for each
sample, 5 pg of yeast tRNA was added to act as carrier and the following added: 0.1 volume
sodium acetate, pH 4.0; 1 volume phenol and 0.2 volumes chloroform:isoamyl-alcohol
(49:1). Samples were placed on ice for 15 minutes before centrifuging for 20 minutes,
10000 g, 4°C. The RNA-containing aqueous phase was removed and precipitated with an
equal volume of isopropanol overnight at -20°C. The RNA was pelleted by centrifuging for
20 minutes, 10000 g, 4°C, the supernatant discarded and the RNA dissolved in 50 pi of
denaturing solution. RNA was again precipitated with an equal volume of isopropanol
overnight at -20°C. RNA was pelleted by centrifuging 20 minutes, 10000 g, 4°C. The
supernatant was discarded and the pellet resuspended in 75% ethanol by vortexing and
incubated for 15 minutes at room temperature. The sample was centrifuged for 5 minutes,
10000 g, room temperature and the supernatant discarded. The RNA pellet was air dried
and dissolved in 1 pi of (IH2O per embryo and stored at -20°C. For isolation of RNA from
embryonic stem (ES) cells, undifferentiated ES cells were grown to confluency on a 10 cm
dish, as described in Section 2.2, and washed once with phosphate buffered saline (PBS; 10
mM phosphate buffer, 137 mM NaCl and 2.7 mM KCl), then covered with denaturing
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solution and the lysed cells collected. RNA was isolated from these cells using the
procedure of Chomczynski and Sacchi (1987) as described above.
Southern analysis
DNA was separated in a 1% agarose gel in TAE (0.04 M Tris-acetate, 0.001 M
ethylenediaminetetra-acetic acid, disodium salt (EDTA)). After electrophoresis at 5 V cm'i
in TAE buffer the DNA was denatured by shaking the gel in 0.5 M NaOH, 1.5 M NaCl for
30 minutes at room temperature. The DNA was then transferred to a nylon membrane
(Hybond-N, Amersham) using a dryblotting procedure as follows: the nylon membrane was
placed onto the gel and two sheets of blotting paper (3Chr, Whatman) wet in the denaturing
solution (0.5 M NaOH, 1.5 M NaCl) placed on top of this. Next, eight sheets of dry
blotting paper were placed on top followed by a stack of paper towels, a glass plate and a
0.5 kg weight. DNA transfer continued overnight after which DNA was fixed to the
membrane by exposure to UV light (1 x Autocrosslink, UV Stratalinker 1800, Stratagene)
before proceeding with hybridisation as described below.
Northern analysis
RNA was denatured in 50% formamide, Ix MOPS buffer (20 mM MOPS [ 3(Nmorpholine) propanesulfonic acid], 5 mM NaAC and 1 mM EDTA) and 6% formaldehyde
by heating for 5 minutes at 65°C prior to electrophoresis. RNA was size separated in a 1%
agarose in Ix MOPS and 6% formaldehyde gel electrophoresed in Ix MOPS buffer at 5 V
cm-i. RNA was transferred to a nylon membrane (Hybond-N) by dry blotting overnight.
Dry blotting was carried out as described for Southern analysis except that the blotting paper
was wet in lOx SSC (Ix SSC is 0.15 M NaCl and 15 mM sodium citrate, pH 7.0) The
membrane was exposed to UV light (as described for DNA) to crosslink the RNA to the
filter before proceeding with hybridisation as described below.
Colony screening
Bacteria for colony screening were diluted to a volume of 4 mis in L broth (0.01% tryptone,
0.005% yeast extract (Bacto, Difco Laboratories) and 0.005% NaCl) and spread onto a
nylon membrane (Biodyne A, 0.2 pm, Pall) laid on a 22 cm square plate of LB agar
(0.015% Bacto-Agar (Difco Laboratories) in L broth) containing 100 pg ml-i ampicillin.
Bacteria were grown at 37°C until 1 mm in diameter. Colonies were transferred from this
master filter to two replica nylon filters (Hybond-N) by replica plating (Sambrook et al.,
1989). Colonies on the replica filters were allowed to grow for 2 hours at 37°C before
colony lysis. Bacteria were lysed by placing the replica filter onto blotting paper (3Chr,
Whatman) soaked in 10% sodium dodecyl sulphate (SDS) for 4 minutes. DNA was
denatured by transferring the filter to blotting paper soaked in DNA denaturing solution for 5
minutes and neutralised on blotting paper soaked in 0.5 M Tris-HCl (pH 7.2), 1.5 M NaCl
for 5 minutes. Bacterial debris was removed from the filter by wiping with tissues soaked in
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the neutrahsing solution until it appeared clean. Filters were rinsed in 2x SSC and DNA
fixed to the membrane by exposure to UV light. Before hybridisation, filters were
prewashed twice by shaking in 50 mM Tris-HCl (pH 8.0), 1 M NaCl, 0.5 M EDTA and
0.1% SDS for 30 minutes at 42°C.
DNA probes
DNA probes for detecting mRNA transcripts and cDNA
Probes corresponding to regions of the mouse inhibin Pa and pg subunits, BMP-7^ Vgr-!,
Oct-4 and T oDNAs wore made. All probe templates wore prepared using polymerase chain
reaction (PCR; see below) to amplify the region of interest. Table 2.1 describes the probes
and lists the oligonucleotides used for PCR.
DNA probe for detecting rRNA transcripts
A 7.3 kilobase fragment spanning the mouse ribosomal genes was used to detect ribosomal
transcripts. The fragment covers the 3' region of the 18s rRNA gene, all of the 5s rRNA
gene and the 5' end of the 28s rRNA gene (Rothstein et al., 1992).
Radiolabelling DNA
All DNA probes were radiolabelled by random priming, incorporating 50 p.Ci a^^PdCTP
using a Boehiinger Mannheim Random Primed DNA labelling kit. Purified DNA (100 ng)
was labelled, typically resulting in a specific activity of 0.7x10^ cpm pg-i DNA.
Unincorporated nucleotides were removed on a Sephadex G-50 column, centrifuged at 2000
g for 2 minutes at room temperature.
Filter hybridisation
High stringency
Filters were prehybridised in 0.5 M phosphate buffer (Na2HP04/NaH2P04, pH 7.2), 7%
SDS, and 1 mM EDTA (Church and Gilbert, 1984) at 65°C for 5 minutes. For
hybridisation, 1x10^ cpm of the appropriate radiolabelled probe was added per ml of
hybridisation solution. Filters were hybridised for 16 hours at 65°C before washing as
follows: 0.5x SSC, 0.1% SDS, two washes for 30 minutes each at 65°C; 0.2x SSC, 0.1%
SDS one wash for 30 minutes at 65°C. Hybridisation signal was visualised either by
exposure to Kodak X-OMAT AR or X-ograph BLUE film, or by exposure to a
Phosphorlmage screen and subsequent analysis with Imagequant (Molecular Dynamics).
Low stringency
Filters were prehybridised for 5 minutes and hybridised for 16 hours under the following
conditions: 20% formamide, 5x SSC, 5x Denhardts (Ix Denhardts is 0.1 g Ficoll, 0.1 g
Polyvinylpyrolidine, 0.1 g bovine serum albumin (Fraction V) in 500 ml H2O) (Denhardt,
1966), 1% SDS and 100 pg ml‘i yeast RNA at 37°C. For hybridisation 1x10^ cpm of the
appropriate radiolabelled probe was added per ml of hybridisation solution. Filters were

Table 2.1 DNA probes. Probes corresponding to the regions of cDNA listed were
synthesised by PCR using the primers shown. The base numbering of the cDNAs is as
shown in the listed reference. The inhibin probes were provided by R. Albano and J. Smith
and the Vgr-2 probe was provided by M. Jones.

Probe

Description

Oligonucleotide Sequence

Inhibin Pa Bases 1113 - 1435 of the
5' oligomer:
mouse Pa cDNA,
GCAAGGTCAACAITIGC
corresponding to the mature 3' ohgomer:
region.
Inhibin pp Bases 22 - 357 of the
mouse Pb cDNA,
corresponding to the mature
region.

Reference
Albano et al. (1993)

ACACTOCIOZACAAICAr
5' oligomer:
GGCCTAGAGTGTGATG
G
3' oligomer:

Albano et al. (1993)

ACACTCCTCCACGATCA
T
BMP-7

Vgr-2

Bases 1392 - 1817 of the
mouse BMP-7 cDNA,
corresponding to the
3'UTR.
Bases 1-1142 of the
mouse Vgr-2 cDNA,
corresponding to full length
coding sequence.

5' ohgomer:
Ozkaynak et al.
ACTAGCTCTTCCTGAGA (1991)
3' ohgomer:
CATTACAGTGGCTTCTG
5' ohgomer:

Jones et al. (1992a)

ATGCAGCCTTATCAAC
G
3' ohgomer:
CArrACAGTGGCTTCTG

Oct-4

T

Bases 714-1140 of the
mouse Oct-4 cDNA,
corresponding to the last
281 bases of the coding
sequence and the first 265
bases of the 3' UTR.
Bases 1213 - 1695 of the
mouse T cDNA,
corresponding to the last
207 bases of the coding
sequence plus the first 275
bases of the 3' UTR.

5' ohgomer:
Scholer et al. (1990)
TiœAGTAIGGTIUIGTAA
OC
3' ohgomer:
AGGCIGCIGATCAACAGCA
T
5' ohgomer:
Herrmann et al.
AACGGGCTGGGAGCTCAG (1990)
T ic r r r
3' ohgomer:
GAAITOCAGGATITCAAAG
TCACA
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washed twice in 2x SSC, 0.1% SDS for 20 minutes at 37°C before exposure to Kodak XOMATARfilm.
Ligation of DNA
Typically 50 ng of vector was ligated to a ten fold molar excess of insert in 50 mM Tris-HCl
(pH 7.6), 10 mM MgCl2, 1 mM ATP, 5% Poly Ethylene Glycol (PEG) 5000,1 mM
dithiothreitol (DTT) with 50 U ml'^ T4 DNA ligase (Gibco BRL) in a total volume of 20 pi.
The ligation was incubated for 3 hours at room temperature and was then precipitated in the
presence of 5 pg of carrier yeast tRNA and resuspended in 5 pi dH20.
Electrotransformation
Electrocompetent bacteria
A single E. coli colony was used to inoculate 500 ml of SOB-Mg (Hanahan et al., 1991) and
grown at 37°C with shaking until the OD550 reached 0.75. The cells were harvested by
centrifugation at 6000 g, 10 minutes, 0°C and washed twice hy resuspension in 400 ml of
10% glycerol followed by centrifugation. The final pellet was resuspended in sufficient
10% glycerol to give an OD550 of 200 U ml-i. The cells were snap frozen and stored at
-70°C.
Transformation ofE. coli
Either 10 pg of plasmid DNA or 1 pi of a ligation was added to 20 pi of electrocompetent
cells and electroshocked in a 0.1 cm chamber (Bio-Rad) using a Bio-Rad genepulser under
the following conditions: 1.8 kV, 25 pF and 200 W. SOC (1 ml) (Hanahan et al., 1991)
was added to the cells which were transferred to a plastic tube and incubated with shaking at
37°C for 1 hour before selection on LB agar plates containing 100 pg ml'i ampicillin.
Polymerase Chain Reaction
DNA was amplified in 10 mM Tris-HCl (pH 8.3, 20°C), 1.5 mM MgCl2, 50 mM KCl using
50 pmoles of each oligonucleotide primer and 0.3 U Taq DNA polymerase (Perkin Elmer).
DNA was denatured initially for 2 minutes at 94°C and then amplified by 30 cycles of
denaturing for 20 seconds at 93°C, annealing for 30 seconds at a temperature appropriate for
the melting temperature of the primer pair and DNA extension for 30 seconds at 72°C.
DNA sequencing
Double stranded DNA for sequencing was precipitated with 20% PEG-8000 in 2.5 M NaCl
to remove contaminating RNA and denatured in 0.2 M NaOH. 2 pg of this DNA was
resuspended in the presence of the sequencing primer and sequenced using a Sequenase
version 2.0 kit (USB) according to the manufacturer's instructions, incorporating
a^^SdATP. The sequencing reactions were denatured by heating at 80°C for 2 minutes
immediately before separation on a 6% Polyacrylamide, 50% Urea in TBE (0.9 M Tris-
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borate, 2 mM EDTA) gel. The acrylamide gel was fixed in 5% acetic acid and 15%
methanol for 15 minutes before drying and exposure to BLUE X-ray film (X-ograph).
RNA probes
Antisense riboprobes were synthesised which corresponded to specific regions of the mouse
inhibin a. Pa and ps subunit,/oZ/wtorin, BMP-7, BMP-!, Vgr-!, Pax-3, Shh, HNF3-p, AP! and Msxl cDNAs. Table 2.2 describes the probes. While many of the probes include
regions known to be conserved between gene family members, the stringent hybridisation
conditions of the whole mount in situ hybridisation protocol are sufficient to prevent cross
hybridisation. Plasmid DNA was digested at the 5' extreme of the probe and RNA
transcribed from 1-3 pg of plasmid template incorporating digoxigenin (DIG) labelled
dUTP, following the protocol of the Boehiinger Mannheim DIG nucleic acid labelling kit
After synthesis, probes were treated with 20 U DNase (Boehringer Mannheim) at 37°C for
20 minutes to remove the plasmid template. All probes were electrophoresed on a 1%
agarose in TAE gel to check the size and integrity of the probe and the amount of DIG
incorporation tested by detection of dilutions of the probe. Typically a 10-^ dilution of the
probe could be detected after overnight incubation with the colorimetric substrate.

2.2

CELL CULTURE

COS cell culture
COS7c cells were maintained in culture at 37°C in 5% CO2 in a humidified incubator. The
cells were grown on plasticware (COSTAR) in Dulbecco's Modified Eagle's Medium
(DMEM; HyClone), supplemented with 10% fetal calf serum (Advanced Protein Products)
and 2 mM L-glutamine. Cells were dissociated with 0.25% trypsin, 0.5% EDTA in PBS.
ES cell culture
Germ line competent CGR8 ES cells (Mountford et al., 1994) were maintained at 37°C in
5% ÇO2 in a humidified incubator, on plasticware coated with 0.1% gelatin in PBS. Cells
were grown in DMEM (HyClone) with 15% fetal calf serum (Advanced Protein Products), 2
mM L-glutamine and 100 pM p-mercaptoethanol. Murine Leukemia Inhibitory Factor (LIF)
was added fresh to the medium at a concentration equivalent to 1000 U ml-i to prevent
differentiation of the ES cells. Cells were disaggregated with 0.25% trypsin, 0.5% EDTA in
PBS.
Preparation of LIF
COS cells were transfected with a LIE expression construct, pDRlO (Rathjen et al., 1990a)
following the protocol described in Chapter 7. The conditioned transfection media was
collected 72 hours after transfection. ES cells were grown either in dilutions of this media or

Table 2.2 RNA probes. Probes corresponding to the regions of cDNA listed were
synthesised, the base numbering of the cDNAs is as shown in the hsted reference. The
inhibin and foUistatin probes were provided by R. Albano and j. Smith, the BMP-2 and
Vgr-2 probes were provided by M. Jones, the Shh probe was provided by A. McMahon, the
HNF3-P probe was provided by B. Hogan and the AP-2 probe was provided by P. Mitchell.

Probe
Inhibin a

Description and Preparation
211 basepair fragment of the mouse inhibin a chain

Reference
Albano et al. (1993)

cDNA, corresponding to a region of the pro-domain.
Linearised with BamHI, transcribed with T3 polymerase.
Inhibin Pa

204 basepair fragment of the mouse inhibin Pa chain
cDNA, corresponding to a region of the pro-domain.

Albano et al. (1993)

Linearised with EcoRI, transcribed with T7 polymerase.
Inhibin Pb

245 basepair fragment of the mouse inhibin Pb chain
cDNA corrsponding to a region of the 3' UTR.
Linearised witib PstI, transcribed with T3 polymerase.

Albano et al. (1993)

FoUistatin

Bases 738-1055 of mouse/o//wtoft>i cDNA,
corresponding to the last 94 amino acids and the first 27
bases of the 3' UTR and detecting both the short and long
forms of foUistatin mRNA.
Linearised with EcoRV, transcribed with T3 polymerase.

Albano et al. (1994)

BMP-7

Bases 1445 - 1872 of the mouse BMP-7 cDNA,
corresponding to the last 427 bases of the 3' UTR.
Linearised with Sail, tianscribed with SP6 polymerase.

Ozkaynak et al.

BMP-2

Bases 197-1200 of the mouse BMP-2 cDNA,
corresponding to coding sequence.
Linearised with XmallT, transribed with SP6 polymerase.

Wozney et al. (1988)
Lyons et al. (1989)

Vgr-2

Bases 1-1142 of the mouse Vgr-2 cDNA, corresponding
to fiiU length coding sequence.

Jones et al. (1992a)

(1991)

Linearised with EcoRV, transcribed with SP6 polymerase.
Shh

A 2.6kb cDNA, corresponding to the fiiU length cDNA.
Linearised with Xbal, transcribed with T7 polymerase.

Echelard et al.
(1993)

HNF3-P

A 1.5kb fragment (clone c21), corresponding to coding

Sasaki and Hogan
(1993)

sequence and including the forkhead domain.
Linearised with BamHI, transcribed with T3 polymerase.
Pax-3

Bases 1067-1586 of the mouse Pax-3 cDNA,
corresponding to coding sequence which includes the last
67 bases of the homeobox.
Linearised with Hindlll, transcribed with T7 polymerase.

Goulding et al.
(1991)

Probe_______________ Description and Preparation__________________Reference
Msxl

2 kb fragment of Msxl cDNA.
Linearised with BsshU, transcribed with T7 polymerase.

Hill et al. (1989)

AP-2

Bases 13-255 of AP-2 clone A22 corresponding to coding

Mitchell et al. (1991)

sequence.
Linearised with EcoRI, transcribed with T3 polymerase.
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in 1000 U ml'i of commercially available LIF (Gibco BRL) for 7 days. The ES cells were
then fixed in methanoliacetic acid (3:1) for 5 minutes, washed once with PBS and stained
with 10% Giemsa (Sigma) for 5 minutes. The ES cells were scored visually for the
proportion of undifferentiated and differentiated cells, and the appropriate concentration of
transfection media determined.

2.3

EMBRYOLOGY

Embryo dissection
Embryos were collected from timed C57BL6 x DBA matings. Mice were maintained on a
12 hour dark: 12 hour light cycle. Noon on the day of appearance of the vaginal plug is
designated 0.5 dpc. All embryos were dissected in M2 medium (Hogan et al., 1994)
containing 10% fetal calf serum, instead of bovine serum albumin. Embryos for whole
mount in situ hybridisation were dissected from maternal tissue and Reichert's membrane
removed. The amnion was removed from 8.5 and 9.5 dpc embryos and holes made in
regions likely to trap probe. Embryos were rinsed in PBS and transferred to 4%
paraformaldehyde in PBS. Embryos for RNA isolation were dissected from maternal tissue
and Reichert's membrane and ectoplacental cone removed before freezing in denaturing
solution. Embryos for culture were dissected from maternal tissue and Reichert's membrane
removed. Only those embryos in which the ectoplacental cone and yolk sac were fully intact
were used for culture.
Whole mount in situ hybridisation to mouse embryos
Whole mount in situ hybridisation was carried out according to Wilkinson (1992) using the
hybridisation conditions of Rosen and Beddington (1993). The length of proteinase K
treatment varied depending on the stage of the embryos. 5.5 - 6.5 dpc embryos were
incubated for 5 minutes, 7.0 - 8.5 dpc embryos for 10 minutes and 9.0 dpc and older
embryos for 15 minutes. After completion of the in situ procedure, embryos were destained
in PBT (PBS with 0.1% Tween 20: polyoxyethylene sorbitan monolaurate; Sigma) for 48
hours and post-fixed in 4% paraformaldehyde, 0.1% glutaraldehyde in PBS for 1 hour at
room temperature.
Sectioning of mouse embryos
Embryos were processed for paraffin sectioning by dehydration through an ethanol series
(50%,70%, 80%, 87%, 90%, 95%, 100%, 10 minutes each), clearing in Histoclear
(National Diagnostics) and embedding in paraffin wax (Histoplast, m.p. 56®C). Sections (7
pm) were cut using a Bright microtome. Sections were dewaxed in Histoclear (5 minutes)
and mounted under coverslips in DPX mountant (BDH). Embryos were prepared for
cryosectioning by equilibration in OCT cryoembedding solution (BDH) for 30 minutes at
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4°C. The specimens were then frozen in fresh OCT and stored at -70°C. Frozen sections
(10 pm) were cut using a Bright cryostat and mounted under coverslips in either Mowiol (for
non-fluorescent specimens; Heimer and Taylor, 1974) or glycerol (4% PFA in PBS (1:1),
for fluorescent specimens).
Dissection of neurectoderm from embryos
Embryos were placed in a drop of Aquamount (BDH) on a glass microscope shde and the
surface ectoderm, endoderm and paraxial and lateral mesoderm removed using tungsten
needles under the high power objective of a dissecting microscope. The neurectoderm was
transferred to another microscope slide, a fresh drop of aquamount added and the
neurectoderm bisected along the dorsal aspect of the neural tube. The neurectoderm was
flattened and a glass cover slip supported by dabs of silicon grease placed over the
specimen. The cover slip was gently pushed down until the tissue was held flat.
Embryo culture
All embryos were cultured using the conditions described by Beddington (1987). Briefly,
up to 4 embryos were placed in a universal (Nunc) containing 2.5 ml of culture media
(DMEM; HyClone, containing 50% rat serum and 2 mM L-glutamine). The medi^fw
equilibrated in 6% CO2 in a humidified incubator, at 37°C for 20 minutes, after which the
universal was sealed with silicon grease. The embryos were allowed to develop in roller
culture at 37°C for 24 hours.
Photography
Low power (up to 7.5 x) bright field and dark field colour photographs were taken using
tungsten film (Kodak 64T) with a dissecting microscope (Nikon) using a 35 mm camera
attachment. Higher power (10-40 x) colour photographs were taken in a compound
microscope (Zeiss Axiophot) with a 35 mm camera attached. Colour photos taken using
bright field or Nomarski optics used tungsten fdm (Kodak 64T), while Kodak p i600 film
was used for fluorescence photography or fluorescence/Nomarski double exposures. A
variety of background substrates (glass microscope shde, shallow cavity slide, 0.5%
agarose in PBS) and photography media (PBT, 4% PFA in PBT, Aquamount) were used in
a variety of combinations, depending on the specimen to be photographed. Black and white
photographs were taken with 400 ASA film (Ilford).

C hapter 3
ACTIVIN AND FOLUSTATIN M R U A LOCALISATION

Chapters

34

3.1

INTRODUCTION

As described in Chapter 1, mesoderm formation in amphibian embryos occurs as the result
of an inductive interaction in which cells of the vegetal pole act on the overlying equatorial
cells. Activin is one of the several TGF-p supeifamily molecules which are candidate
mesoderm inducing factors, for review see Smith (1995). In Xenopus, activin is capable of
acting as a morphogen. It is able to act over a distance of at least ten cell diameters to specify
mesoderm cell fates in a graded manner; dorsal mesoderm is induced in response to high
concentrations of activin whereas more ventral mesoderm results from exposure to lower
concentrations (Green and Smith, 1990; Gurdon et al., 1994). However, httle or no activin
is found in the early amphibian embryo. Messenger RNA encoding activins A and B are
present in Xenopus oocytes and early embryos at levels so low that they can barely be
detected by polymerase chain reaction (Dohrmann et al., 1993; Rebaghati and Dawid, 1993).
In order to assess the contribution of activin to embryonic development inhibition
experiments have been attempted in Xenopus. Overexpression of a truncated activin type II
receptor, predicted to behave in a dominant negative manner, ablates the mesoderm inducing
activity of activin in animal cap assays. Blocking embryonic activin signalling with this
construct produces embryos which are deficient in mesodermal and axial development
(Hemmati-Brivanlou and Melton, 1992). However, this construct also blocks signalling by
other TGF-p related proteins, such as Vgl (Schulte-Merker et al., 1994; Kessler and Melton,
1995) and these experiments can not be used to analyse embryonic activin function. In
contrast, the activin-binding protein, foUistatin, blocks activin function but does not inhibit
Vgl function (Nakamura et al., 1990; Asashima et al., 1991; Schulte-Merker et al., 1994).
Overexpression of foUistatin in the whole embryo produces either no effect on mesoderm
formation (Schulte-Merker et al., 1994), or if larger amounts of foUistatin are injected, the
development of postero-ventral structures is compromised, but the development of dorsoanterior structures is relatively unaffected (Kessler and Melton, 1995). This is opposite to
the phenotype predicted on the basis of the activity identified for activin in the mesoderm
induction assays. Although foUistatin does not block the activity of Vgl its abiUty to interact
with other TGF-p superfamUy molecules has not been systematicaUy tested.
Despite the lack of mesoderm induction assays, the mouse provides the opportunity to
unequivocaUy inactivate different isoforms of activin, making it important to begin to
investigate the potential role of activin in mesoderm formation in the mouse embryo.
Activins are homo- or heterodimers of the Pa or Pg subunits of inhibin. Inhibin itself is a
heterodimer consisting of one of the p subunits with an a inhibin subunit (Ying, 1988).
Therefore probes to aU three subunits are required to determine if activin is present. cDNAs
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encoding each of the three inhibin subunits have been cloned from the mouse (Albano et al.,
1993) and it is clear, on the basis of sequence analysis, that these cDNAs represent
homologues of the Xenopus genes. In preimplantation mouse embryos activin is present in
aU cells of the morula, it becomes restricted to the inner ceU mass of the blastocyst at 3.5
dpc, but by 4.5 dpc expression has become confined to the trophectoderm (Albano et al.,
1993).
Studies of postimplantation embryos, using RNase protection assays and sectioned
radioactive in situ hybridisation analysis have demonstrated that activin is expressed in the
maternal tissue immediately surrounding the embryo at 5.0 to 8.0 dpc (Manova et al., 1992;
Albano et al., 1994). The maternal tissue may supply activin to the embryo during
mesoderm formation but because in the decidua, activin is expressed uniformly around the
embryo it is not clear how mesoderm formation might be initiated at only one site. One
possibility is that the effects of activin may be modulated in particular regions by activinbinding proteins such as foUistatin (Nakamura et al., 1990), which inhibits the mesoderm
inducing activity of activin (Asashima et al., 1991). In the experiments detaUed in this
chapter, using whole mount in situ hybridisation, it was confirmed that inhibin subunit
mRNA is not present in the embryo proper during gastmlation and the pattern of foUistatin
mRNA distribution was determined. FoUistatin is expressed in the primitive streak, and at
later stages of development, transcripts accumulate in the somites and hindbrain. The results
argue against a function for these activin isoforms in mesoderm formation and suggest that
foUistatin may have function(s) beyond the inhibition of activin activity.

3.2

RESULTS

Embryonic expression of the inhibin subunits
Whole mount in situ analysis of fuU length primitive streak stage to 30-somite embryos
confirmed that the a subunit, diagnostic of the presence of inhibin, is not detected in the
embryo at any stages studied (data not shown). The inhibin chains are expressed in adult
ovaries (Meunier et al., 1988) and strong hybridisation was seen with aU probes to mouse
ovaries indicating that the whole mount in situ hybridisation procedure had worked.
Transcripts encoding the p subunit are not detected in the embryo untU at least the 6-somite
stage when there appears to be expression in the heart of both Pa (Figure 3.1) and Pb (data
not shown) transcripts. Tliis hybridisation signal is weak and it is not possible, from this

whole mount in situ hybridisation analysis, to distinguish between low level expression of
the p inhibin subunits and trapping of the colorimetric product in the heart.
Embryonic expression of foUistatin
Through RNaoe protection and sectioned radioactive in situ hybridisation analysis

Figure 3.1 Inhibin Pa mRNA localisation. Top row, left to right: full length
primitive streak stage, 4-somite embryo and 8-somite embryo. Bottom row, left to right: 2
embryos with 12 - 14-somites, adult ovary. There is weak signal in the heart of embryos
with 8 somites or more (arrowheads). Strong hybridisation was seen in the follicle cells of
the ovary. Scale bar, 480 pm.
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was known to be expressed at high levels within the embryo itself during the stages of
primitive streak formation (Albano et al., 1994). To more precisely determine the sites of
embryonic expression offollistatin whole mount in situ hybridisation was carried out on
embryos of pregastrulation stage to 30-somites (Figure 3.2). Follistatin expression is first
detected in the parietal endoderm surrounding the embryo, Expression in the embryo proper
begins at the early primitive streak stage v/hen follistatin transcripts accumulate in the cells of
the primitive streak. Sections of full length primitive streak stage embryos show
hybridisation in both the ectodermal and mesodermal germ layers in the vicinity of the streak;
this expression extends laterally to approximately halfway around the cylinder. At the early
headfold stage, strong expression continues in the primitive streak and in a spur of paraxial
mesoderm underlying the cranial neural folds (Figure 3.2C). The ventral population of cells
in the node of early headfold stage embryos do not appear to contsm follistatin mRNA.
Transcripts decline in the primitive streak around the 4- to 5-somite stage and by the 8- to
10-somite stage no signal is detected in this region. High transcript levels are, however,
evident in the somites and paraxial mesoderm of the cranial region and low levels of mRNA
can be detected in the presomitic mesoderm. In addition, by the 5-somite stage two
prominent stripes of expression can be distinguished in the developing hindbrain. In turned
embryos it is clear that the neurectodermal expression is limited to rhombomeres 1,2,4 and
6, although transcripts are absent in the ventral midline of the hindbrain (data not shown).
Expression is stiU evident in the cranial paraxial mesoderm of embryos with 30-somites, up
to the forebrain/midbrain junction as well as in all mature somites. Caudally a graded
hybridisation signal is apparent in the presomitic mesoderm; the levels of mRNA increase
towards its rostral aspect. Hov/ever, follistatin transcripts remain undetectable in the most
rostral presomitic ceUs (those about to undergo segmentation) and in the most recently
formed somite, although there is a narrow trail of positively stained cells, of unknown
character, immediately ventrolateral to the somites in this region (Figure 3.2E).

3.3

DISCUSSION

Activin and early mouse development
The majority of the evidence which imphcates activin in early embryonic processes comes
from the study of Xenopus embryos where treatment of prospective ectodermal cells with
activin causes ectopic mesoderm formation (Green et al., 1990). In the mouse embryo, the
apparent lack of inhibin subunit expression at the stages studied here, argues that activin is
not involved in mesoderm formation. However, inhibin Pa and pg transcripts are present in
the maternal tissue immediately surrounding the embryo at the time of mesoderm formation
and are down-regulated beyond this stage and the inhibin a chain is not detected in the
maternal tissue (Manova et al., 1992; Albano et al., 1994). It is possible that decidual

Figure 3.2 Follistatin mRNA localisation. (A) Lateral view of pregastrulation
and early primitive streak stage embryos, the youngest embryo is on the left. Expression is
first detected in the parietal endoderm surrounding the embryo, which is not fully dissected
away from the two left hand embryos and is seen as dots of expression (arrowhead). The
first embryonic expression offollistatin at the onset of gastrulation is restricted to the
primitive streak. (B) Lateral view of 7.5 dpc embryos. Follistatin transcripts are localised
to the primitive streak and adjacent mesoderm and ectoderm. (C) Lateral view of headfoldstage embryos. Expression persists in the streak andfollistatin mRNA is also detected in
paraxial mesoderm (arrowhead) but is absent from the ventral node. (D) Dorsal view of
8.5 dpc early somite stage embryos. The youngest embryo is on the right. Transcript levels
decline in the primitive streak region and cannot be detected by the 10-somite stage (left
embryo). Strong expression is evident in the paraxial mesoderm and two stripes are present
in the hindbrain corresponding to rhombomeres 1 and 2, and 4 of the hindbrain
neurectoderm. (E) Lateral view of 14 - 17-somite embryos. Three stripes of expression
are apparent in the hindbrain neurectoderm corresponding to rhombomeres 1 and 2,4, and
6. Transcripts are evident in all mature somites and in the cranial paraxial mesoderm
extending rostrally to the midbrain/forebrain junction (embryo on left). Expression is
detectable in presomitic mesoderm but is absent in the most recently formed somite and in
the most rostral aspect of the presomitic mesoderm. There is a narrow trail of ventrolateral
cells expressing follistatin in this region (arrowhead). (F) Expression in the paraxial
mesoderm of an 18-somite stage embryo. Transcript levels increase in a graded manner
from caudal to rostral in the presomitic mesoderm and, except ifor the most recently formed
somite and for mesoderm in the process of segmenting (arrowhead), they remain high in the
somites. (G) Dorsal view of the hindbrain region of an 18-somite stage embryo, showing
the alternating pattern of rhornbomeric expression and the presence of transcripts in the
cranial paraxial mesoderm (arrowhead). Scale bar, 250 pm (A); 200 pm (B,C,F); 300 pm
(D,G); 400 pm (E).
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activin acts as an embryonic mesoderm inducer, although it is not clear whether proteins

| t ) 0 ' Se l l ' S 6ron

from the decidua can act on the^embryo. The demonstration that maternal TGF-p 1 can
rescue embryos lacking TG F-pi (Letterio et ah, 1994) shows that during at least some
stages of em bryonic development, TG F-pl can be passed from the mother to the embryo.
TGF~pi mRNA is first detected in the endocardial cells of embryos with 5-7 somites
(Ackhurst et ah, 1990). Therefore the experiments which demonstrate maternal rescue by
TG F-pl do not constitute evidence of mother-to-embryo transfer o f proteins at the onset of
gastrulation. Additionally, at the stage at which activin subunit mRNA is found immediately
adjacent to the embryo, the parietal endoderm which surrounds the embryo expresses
follistatin. In Xenopus mesoderm induction assays follistatin inhibits the activity of activin,
(Asashima et al., 1991) thus in the mouse embryo decidually provided activin may be
inactivated by the follistatin localised to the parietal endoderm. However, on the basis of the
expression data presented in this chapter, the possibility that maternally provided activin is
important for mesoderm formation cannot be ruled out.
Direct evidence that mesoderm formation is not dependent on activin B transported from the
decidua is provided by mice deficient in the inhibin Pb subunit. The mice exhibit eyelid
defects and homozygous mutant females do not rear their young normally. Yet,
homozygous mutant females give birth to pups, demonstrating that embryos form m esoderm
in the absence of either maternal activin B or AB (Vassalli et al., 1994). The test of
requirement for decidual activin A cannot be addressed in the same manner since mice
deficient for the inhibin Pa chain die within 24 hours of birth, presumably as a consequence
of not being able to feed (Matzuk et al., 1995a). Additionally, mice which lack both the
inhibin

pA

and

Pb

chains survive to birth, showing only the additive defects of the individual

mutants, providing clear evidence that mesoderm formation occurs in the absence o f any
zygotic activin, and that one activin subunit does not compensate for the absence of the other
(M atzuk et al., 1995a). Unless decidually provided activin A does function in the embryo
then the lack of embryonic expression of activin and the analysis of the mutant mice argue
that these isoforms of activin are not one of the endogenous mesoderm inducers in the
mouse embryo.
The recent isolation of novel activin isoforms from the human, mouse and Xenopus raises
the question of whether these molecules function during embryogenesis. Xenopus activin D
is present in the early embryo and exhibits mesoderm inducing activity, although this activity
is weaker than that of the activins A and B (Oda et al., 1995). A novel human activin
isoform was recently isolated and named activin C (Rotten et al., 1995). The mouse
homologue of this gene has been cloned but RNase protection analysis of total RNA isolated
from whole embryos failed to detect expression before embryonic day 14 (Schmidt et al.,
1996). The relevance of these isoforms to embryonic development remains to be tested.
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Follistatin and early mouse development
The expression o f follistatin could serve to localise the activity of decidually derived activin.
follistatin is expressed strongly at the site of mesoderm formation and in the cells
of the epiblast fated to form mesoderm. Since follistatin is known to inhibit the mesoderm
inducing activity of activin (Asashima et al., 1991) this seems an unlikely localisation for
follistatin mRNA and raises the question of whether follistatin has a function, distinct from
activin binding, in the mouse embryo.
Follistatin binds to both activin and inhibin, although this interaction is achieved through
their common beta subunit (Shimonaka et al., 1991). In vitro binding studies have shown
that TG F-pl does not compete for the binding of activin to follistatin (Nakamura et ah,
1990), however it is possible that follistatin is capable of binding to other members of the
TGF-p family. Additionally, while there is evidence that follistatin is an inhibitor of activin
both in mesoderm induction (Asashima et al., 1991) and in stimulating release of follicle
stim ulating hormone from the pituitary (Robertson et al., 1987; Ying et al., 1987), it is not
clear that this is always the case. Follistatin can bind heparan sulfate proteoglycans
(Nakamura et al., 1991) and it has been proposed that follistatin may present activin to its
receptor(s) (Matzuk et al., 1995b). The phenotype o f mice which lack follistatin shares
some features with that of activin A deficient mice (M atzuk et al., 1995b) suggesting that in
some circumstances follistatin is used co-operatively with activin. The follistatin deficient
mice are growth retarded and fail to develop fully functioning intercostal and diaphragm
muscles, leading to post-natal lethality. The mice also exhibit various skin and bone
deformations. Skeletal defects are also observed in two mouse mutants, both of which have
recently been attributed to mutations in TGF-p related molecules. A deletion in BM P-5 is
responsible for the short ear mutant (Kingsley et al., 1992), and the recently cloned GDF-5
is responsible for the brachypodism mutant (Storm et al., 1994). It remains possible that in
the absence of activin, follistatin may bind other proteins and such interactions may be
inhibitory or stimulatory.
The survival to birth of follistatin deficient mice suggests that if follistatin does play an
important role during early embryogenesis, other molecules must be capable of fulfilling its
function. A follistatin related protein has been isolated on the basis of its induction in
response to treatment o f osteoblasts with TG F-pi (Shibanum a et al., 1993). Hence,
follistatin may actually belong to a class of molecules which have diverse effects when
com bined with various TGF-p family members. Cloning of this TG F-pl responsive
molecule has revealed a follistatin-like m otif which may now be used to search for similar
molecules and it would be of interest to determine if other family members are also
expressed during mouse development.
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Follistatin and neural development
Som ew hat surprisingly, Xenopus follistatin is expressed in the organiser region o f the
gastrula and expression continues in the prechordal mesoderm and notochord (HemmatiBrivanlou et al., 1994). Overexpression of follistatin in Xenopus animal pole tissue has
either a weak (Schulte-M erker et al., 1994) or a strong (Hemmati-Brivanlou et al., 1994)
neural inducing effect. This could occur because of inhibition o f activin, or follistatin may
function independently of activin in this assay. In either case, it seems unlikely that
follistatin functions to promote neural development in the mouse embryo. The cells of the
ventral node, or presumptive organiser region, do not tx p rtss follistatin transcripts and mice
homozygous for a mutation m follistatin do not have neural defects (M atzuk et al., 1995b).
Analysis o f the distribution of follistatin protein in these organisms, together with further
information on potential follistatin isoforms, may resolve this discrepancy.
W hile the embryonic function of follistatin remains unclear, its presence during gastrulation
in the apparent absence of activin raises the question of whether activin-related molecules are
present at this stage of development. In an attempt to identify molecules expressed during
mouse gastrulation which have homology to activin, low stringency screening of embryonic
cDNA libraries was carried out. Although screening of mouse embryonic libraries for T G F p superfamily molecules had previously been carried out (Jones et al., 1991; Jones et al.,
1992a), the construction of libraries from specific regions of the gastm lation stage mouse
em bryo provided a new, enriched substrate for screening (Harrison et al., 1995). The
results of this screen, in which a cDNA homologous to murine hone morphogenetic protein7 (BM P-7) was isolated, are presented in the following chapter.
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4.1

INTRODUCTION

The term "bone morphogenetic protein" (BMP) was originally used to describe an activity,
noticed in several substances such as demineralized bone, or extracts isolated from
osteosarcomas and certain epithelia. These substances all had the ability to direct new
cartilage and bone formation when placed subcutaneously or intramuscularly in rats (Urist,
1965; Hall and van Exan, 1982; Takaoka, 1989). The subsequent purification o f the
proteins responsible for this activity has led to the isolation of a family of proteins, often
nam ed osteogenic proteins, or bone morphogenetic proteins (reviewed by Rosen and Thies,
1992). The cloning of the relevant genes has shown that they are expressed at sites of
chondrogenesis and more recently mutations in two of these genes have been shown to be
responsible for mouse mutants which exhibit skeletal defects. A deletion in BM P-5 is
responsible for the short ear mutant (Kingsley et al., 1992) and the recently cloned growth
and differentiation factor-5 (GDF-5) is responsible for the brachypodism mutant (Storm et
al., 1994).
The realisation that these genes are closely related to the Drosophila dpp gene suggested that
BM P molecules may be involved, not only in bone formation, but also in regulation o f cell
fate during early vertebrate embryogenesis. This assumption is now backed up by evidence
that BM P-4, which appears to be the vertebrate homologue of dpp, is utilised during early
em bryogenesis in both X enopus and the mouse. In Xenopus, BM P-4 is expressed
maternally and zygotically and BMP-4 can induce the formation of ventral m esoderm and act
to oppose the putative dorsalizing signal to maintain the fate of ventral mesoderm (Dale et
al., 1992; Jones et al., 1992b; Fainsod et al., 1994; Schmidt et al., 1995b). In the mouse
embryo, BM P-4 is expressed in the posterior primitive streak during gastm lation and
targeted ablation of the BM P-4 gene product suggests one role of BM P-4 may be to
stimulate growth of the epiblast prior to gastm lation (Jones et al., 1991; W innier et al.,
1995).
The cloning of BM P-7 from gastmlation stage mouse cDNA libraries reported here,
suggests that it too may be utilised during the processes o f axis formation and tissue
specification. In other studies B M P-7 was isolated by screening human genomic libraries
with a consensus probe for TGF-p family members and named osteogenic protein-1 (OP-1)
(Ozkaynak et ah, 1990) and the mouse cDNA was cloned by homology to the human
sequence (Ozkaynak et al., 1991). The cDNA was also independently isolated from human
osteosarcom a cell libraries and named BM P-7 (Celeste et al., 1990). M ore recently BM P-7
was isolated from mouse embryonic cDNA libraries (Lyons et al., 1995).
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This chapter reports the cloning of BMP-7 and describes the mRNA localisation of BM P-7
during early mouse development. Additionally, the expression of other previously cloned
family members, including BM P-5, BM P-6, GDF-5, GDF-9 and BM P-2 was investigated.
O f these, BMP-2 was the only one which showed a restricted expression pattern during
gastm lation and as such its expression pattern is also reported here. Interestingly BMP-2
and BM P-7 share some sites of expression at these stages of development. The possibility
that BM P molecules may function during mouse embryogenesis in axis determination, heart
development and early development of the central nervous system is discussed, based on
this expression data.

4.2

RESULTS

cDNA cloning of B MP - 7
In an attempt to identify molecules with homology to activin, which are expressed in the
gastm lating mouse embryo, plasmid libraries constm cted from undifferentiated embryonic
stem (ES) cells, 7.5 dpc embryonic region, embryonic ectoderm, em bryonic endoderm ,
m esoderm and primitive streak (Harrison et al., 1995) were screened for the presence of
inhibin p subunits and related clones. Probes corresponding to the mature region of inhibin
Pa and Pb subunits were hybridised to a Southern filter of the cDNA inserts from each of
these libraries. High stringency hybridisation failed to detect inhibin p clones in any of the
libraries. Low stringency hybridisation of the Pa probe detected two bands in the primitive
streak library (Figure 4.1). The 2.2 kb band was gel purified and recloned into the original
library vector to construct a mini-library. Six thousand unamplified clones were screened
and two positively hybridising clones selected. Each of these was plated onto bacterial
plates and six single colonies from each plate rescreened by Southern analysis and low
stringency hybridisation to the Pa probe. The hybridising clones were sequenced and found
to be identical. Data base searches with the 3 ’ sequence showed 100% homology to murine
BM P -7. However, initial sequence obtained from the 5 ’ end of the clone did not match the
5 ’ end of mouse BMP-7. The size of the cDNA obtained from the primitive streak library
suggested that it may be longer than the published cDNA and further sequencing from the 5 ’
end did coincide with the already published cDNA sequence. Figure 4.2 shows the
sequence obtained from one primitive streak clone (P S l) and the regions of corresponding
BM P-7 sequence. Although the primitive streak clone was not sequenced in its entirety, the
position of the open reading frame was known in mouse BM P-7 and thus the cDNA
obtained from the primitive streak library was known to contain all of the open reading
frame, in addition it has a further 200 bases of 5 ’ UTR com pared to the published BM P-7
cDNA.

Figure 4.1 Low stringency screening of the primitive streak cDNA library
with inhibin pA. 5 pg of library plasm id DNA was digested with Not I and Sal I to
release the cDNA inserts and analysed by Southern for the presence of clones related to
inhibin pA. The size o f the DNA (basepairs) is indicated on the left. Two strongly
hybridising bands were detected in the primitive streak 1 DNA preparation; one of these
(arrow) was also detectable in an independent DNA preparation, primitive streak 2. The
hybridising material of size 3 kb - 5 kb represents the plasmid backbone of the library. The
plasmid lane contained 100 ng of a N o tl and Sail digest of a cDNA cloned into the same
vector as the libraries, and served as a control for cross hybridisation of the probe fragment
to the vector backbone. The probe used for screening and the inhibin pA plasmid serve as
positive controls. The filter was exposed to Kodak X-AR film, -70°C for two weeks.
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Figure 4.2 Sequence of the P S l clone and homology to published B M P - 7
sequence. The sequence obtained from the 5' and 3' ends o f the PS 1 clone is aligned with
published sequence for mouse BM P-7 (OP-1). The full published sequence (accession
num ber X56906) is not shown and the omitted sequence is represented with a dotted line.
Identical bases are shown with a vertical line. The transcription start site (ATG) and stop
site (TAG) are underlined.

P S l

CCACGCGTCCGCGACTTGTAGGTCTGCAAGCTGCTGCTCCTCCCACCCCG 50

P S l

GCNCGCCTCCTCRCTCTCTTGCTCGCTCTCTGGAGTTGCTGTGCTAGCCT 1 0 0

P S l

TGCCGTGCGTCCTGGCGAGTGCGGGCCGAGGGGCCGGGCAGAACTGAGTA 1 5 0

P S l

AAGGACAGGGGCGTCCCGGGCAAAGCGCACGCGGCCGGGGAGTGGCCATG 2 0 0

P S l

TGTGTGGCG A G G CCG CCTTGA A G CTCG CCTGCA G CAAG TG ACCTCGG G TC 2 5 0

IIIIIIIIIIIIIIIIIIIIII
BM P- 7

P S l

CTGCAGCAAGTGACCTCGGGTC

GTGGACCGCTGCCCT

IIIIIIIIIIIIIII
B M P -7

g t g g a c c g c t g c c c t g c c c c c t c c g c t g c c a c c t g g g g c g g c g c g g g c c c

B M P -7

G G T G C C C C G G A T C G C G C G T A G A G C C G G C G C G M IG C A C G T G C G C T C G C T G C

B M P -7

GCGCTGCGGCGCCACACAGCTTCGTGGCGCTCTGGGCGCCTCTGTTCTTG

BM P- 7

C T G C G C T C C G C C C T G G C C G A T T T C A G C C .................................................................................

B M P -7

.............................................................................................................................................................................. G A A

BM P- 7

GAAGTACAGAAACATGGTGGTCCGGGCCTGTGGCTGCCACTAGCTCTTCC

BM P-7

TGAGACCCTGACCTTTGCGGGGCCACACCTTTCCAAATCTTCGATGTCTC

B M P -7

ACCATCTAAGTCTCTCACTGCCCACCTTGGCGAGGAGCCAACAGACCAAC

B M P -7

CTCTCCTGAGCCTTCCCCTCACCTCCCCAACCGGAAGCATGTAAGGGTTC

B M P -7

CAGAAACCTGAGCGTGCAGGCAGCTGATGAGCGCCCTTTCCTTCTGGCAC

BM P-7

GTGACGGACAAGATCCTACCAGCTACCACAGCAAACGCCTAAGAGCAGGA

P S l

CAGGAAAGTGTCCATTGGCCACATGGCCCCTGGCGCTCT 2 0 2 5

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
B M P -7

P S 1

AAAATGTCTGCCAGGAAAGTGTCCATTGGCCACATGGCCCCTGGCGCTCT

GAGTCTTTGAGGAGTAATCGCAAGCCTCGTTCAGCTGCAGCAGAAGGAAG 2 0 7 5

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I I I I I I M II I II I
BM P- 7

P S l

GAGTCTTTGAGG AG TA ATCGCA A G CCTCG TTCA G CTG CA G CA GA A G G A A G

G G CTTA G CCA G G G TG G G CG CTG G CG TCTG TG TTG A A G G G A A A CC A A G CA G 2 1 2 5

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
B M P -7

P S l

G G CTTA G CCA G G G TG G G CG CTG G CG TCTG TG TTG A A G G G A A A CC A A G CA G

A A G C C A C T G T A A TG A T A T G TC A C A A TA A A A C C C A T G A A TG A A A 2 1 7 5

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
B M P -7

A A G C C A C T G T A A TG A T A T G TC A C A A TA A A A C C C A T G A A TG A A A
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Northern analysis has previously been carried out with the mouse BMP-7 cDNA (Ozkaynak
et ah, 1991). Using probes specific for BMP-7, four transcripts were detected in mRNA
isolated from 17 dpc mouse embryos. The transcripts were 1.9 kb, 2.2 kb, 2.4 kb and 4 kb
in length. The published cDNA is 1.9 kb and it is likely that the 2.2 kb transcript is the one
recovered from the primitive streak library. The only difference between these two
transcripts is in their 5’ UTR and it is likely that the other clones may also have additional
UTR sequences. The significance of the differently sized transcripts is unknown and probes
which include the 3 ’ portion of the 2.2 kb transcript will detect all four transcripts.

E m b ry o n ic expression of B M P - 7
M urine BMP-7 is expressed in adult tissues including kidneys, bladder, adrenal tissue and
brain but is not detected in heart and liver (Ozkaynak et al., 1991). Hybridisation of a probe
specific for BMP-7 to cDNA from the embryonic libraries showed that BMP-7 clones were
present in the ectoderm, mesoderm, endoderm and primitive streak libraries (data not
shown), suggesting it was widely expressed during gastm lation. W hole mount in situ
hybridisation and subsequent dissection or sectioning of the embryos was undertaken to
determine the spatial pattern of BMP-7 mRNA localisation. BMP-7 expression can be
divided into two phases; during germ layer formation BMP-7 mRNA is found almost
exclusively in the mesoderm components of the embryo, however once the processes of
organogenesis begin in the anterior of the embryo, BMP-7 transcripts are detected in
derivatives of all three germ layers. The expression of BMP-7 in the neurectoderm changes
considerably during development and is described in more detail in a separate section.
BMP-7 mRNA localisation during genn layer formation
As shown in Figure 4.3, shortly after the onset of gastm lation, at the early streak stage,
BMP-7 is detected at the anterior of the primitive streak. Staining is also seen in the
extraembryonic ectoderm, however further analysis of pre-gastm lation stage embryos is
necessary to determine whether this represents true hybridisation signal. By the late streak
stage it is apparent that BMP-7 is localised to the anterior third of the primitive streak, the
node and to the axial mesendoderm emanating from the node. Transverse sections o f the
distal third of these embryos show hybridisation in the delaminating mesoderm of the
primitive streak, the lateral mesoderm and in axial mesendoderm. As the allantoic bud
forms, mRNA accumulates within the allantois and cells in the lateral wings of mesoderm in
the distal two-thirds of the embryonic region show hybridisation signal (Figure 4.3C),
however in transverse sections it is apparent that there are no transcripts in the primitive
streak. Longitudinal sections of this stage embryo (Figure 4.3E) confirmed that there are no
transcripts in the epiblast, except in the region overlying the node. By the early headfold
stage it is apparent that the non-axial mesoderm which contains BMP-7 transcripts
corresponds to the prospective heart and cranial paraxial mesoderm (Figure 4.3D).
Strikingly, the prim itive streak does not contain BMP-7 transcripts by this stage.

F ig u re 4.3 B M P - 7 m RN A localisation d u rin g germ lay er fo rm atio n .

In all

photographs the anterior of the em bryo is to the left. (A) Lateral view of an early streak
stage embryo, BM P-7 transcripts are seen at the anterior of the primitive streak in the node,
transcripts are also detected in the extraembryonic ectoderm (arrowhead). (B) Lateral view
of a late streak embryo. Expression continues in the anterior of the primitive streak and is
now seen in the anterior axial mesendoderm and in the extraembryonic mesoderm. (C)
Lateral view o f an early allantoic bud embryo. BM P-7 expression in the primitive streak has
declined but transcripts are detected in the lateral mesoderm of the distal two thirds of the
em bryonic region. The highest transcript levels are seen in the node and axial
mesendoderm. Expression is now clearly seen in the allantois. (D) Lateral view o f an
early headfold embryo. BM P-7 transcripts are absent from the primitive streak, but the
expression in node and axial mesendoderm persists. Transcripts are seen in the anterior
paraxial and lateral m esoderm and in the allantois. (E) Longitudinal section through an
early allantoic bud stage embryo, such as the one shown in (C). BM P-7 m RNA is seen in
the mesoderm surrounding the embryonic ectoderm, although it is excluded from the
m esoderm closest to the extraembryonic region. The only epiblast expression is at the distal
tip, in the region of the node. (F) Transverse section through the distal em bryonic region
o f a late streak em bryo as shown in (B). BM P-7 mRNA accumulates in the primitive streak
in the lateral m esoderm and in the axial mesendoderm. (G) Transverse section through the
distal embryonic region of an early allantoic bud embryo as shown in (C). Transcripts are
absent from the primitive streak but are seen in both the mesoderm and axial mesendoderm.

(H) Longitudinal section through an early headfold embryo, at a similar stage to that shown
in (D). Signal is seen in the ventral node and the axial mesendoderm. al: allantois, e:
epiblast, em: extraembryonic mesoderm, m: mesoderm, p: primitive streak, vn: ventral
node. Scale bar 200 pm (A,B,C,D); 100 pm (E); 50 pm (F,G,H).
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Longitudinal sections of a headfold embryo revealed that the expression in the node is
restricted to the ventral cells; this section also showed transcripts in the axial mesendoderm
(Figure 4.3H).
BM P-7 mRNA localisation during early organogenesis
At the late headfold stage, as organogenesis begins, BM P-7 transcripts are detected in all
germ layers. As shown in Figure 4.4A and B, in embryos with a foregut pocket but no
somites, expression is seen in derivatives of the previously expressing tissues. In all
embryos examined, the myocardium of the developing heart continues to be a site of strong
expression of BMP-7. However, as organogenesis proceeds the pattern of m RNA
localisation in other regions of the mesoderm changes. The expression in the cranial paraxial
mesoderm declines; in 6-somite embryos BM P-7 transcripts are detected only in the paraxial
m esoderm adjacent to the forebrain and midbrain. This expression becomes further
restricted to more rostral regions as somitogenesis continues. In 8-somite em bryos only the
m esoderm around the optic cup expresses BM P -7. This expression then becom es very
strong as can be seen in Figure 4.4G and I, but has declined in the 30-somite em bryo where
it is localised to the nasal placode region (Figure 4.4J). Transcripts are never detected in the
trunk paraxial mesoderm. The axial mesoderm continues to express BM P-7, although it is
not expressed uniformly along the whole axis. Expression in this m esoderm is described
more fully in the section on neural expression. In the allantois, transcripts gradually become
restricted to the junction with the embryonic tissue, such that in embryos with 13 or more
somites no mRNA is detected in the allantois (Figure 4.41). As expression in these regions
is declining, transcription is initiated in other regions of the mesoderm. BM P-7 transcripts
accumulate in the lateral mesoderm anterior to the node (Figure 4.4D), in the developing
m esonephros (Figure 4.4J) and limb bud.
At the headfold presomite stage of development BM P-7 transcription is initiated in gut
endoderm , and upon foregut formation, all of the gut endoderm in the region of the closed
gut contains BM P -7 mRNA (Figure 4.4B). In the early somite em bryo BM P-7 transcripts
are detected in the definitive endoderm along the length of the axis. In 6-somite embryos
mRNA is localised both to the endoderm of the foregut and hindgut pockets and in the
prospective midgut (Figure 4.4F). Expression in gut endoderm persists in the 30-somite
em bryo.
W hile at all stages of development the undifferentiated ectoderm over the primitive streak
remains devoid of transcripts, at the headfold presomite stage expression is detected in both
types o f differentiated ectoderm. BM P-7 mRNA is localised to the ventral neurectoderm
(Figure 4.4B and C) in a region which does not extend the full anterior-posterior length of
the neural groove. The extent of this expression is described more fully in the section on
neural development. At this late headfold stage the first transcripts in the surface ectoderm

F ig u re 4.4 B M P - 7 m R N A lo calisation d u rin g early o rg an o g en esis. (A )
Lateral view of 2 headfold presomite embryos and a 2-somite embryo (right). In this view
expression can be seen in the cranial paraxial mesoderm and heart mesoderm, the node and
notochord and the allantois. (B) A section through the headfold presomite embryo as
labelled in (A); only the anterior portion of the section is shown. In addition to the paraxial
and lateral mesoderm and cardiogenic plate expression, BM P-7 transcripts are detected in the
surface ectoderm and in the midline neurectoderm. (C) A section caudal to the foregut
pocket through the headfold, presomite embryo as labelled in (A). BM P-7 mRNA
localisation is similar to the more rostral section shown in (B), however, the endoderm
expression is confined to the axial mesendoderm. (D) Dorsal view of a 6-somite embryo.
There are now B M P -7 transcripts in all of the surface ectoderm. The node and lateral
m esoderm anterior to the node show BM P-7 expression, as does the yolk sac mesoderm.
Expression has begun to recede from the distal part of the allantois, although the ectoderm at
the base o f the allantois shows elevated levels of signal (arrowhead). (E) Ventral view of
the 6-somite embryo shown in (B). From this view it can be seen that the dense staining in
the cranial region is due to a combination of signal from the heart mesoderm, foregut pocket,
paraxial mesoderm and surface ectoderm. While the majority of the neurectoderm does not
express BMP-7, the floor plate staining in the cranial region can be seen in this view. (F)
Transverse section through the posterior region of a 6-somite embryo. The approximate
level of the section is shown in (D). BM P-7 transcripts are detected in all of the surface
ectoderm, including the junction with the neurectoderm, and in the endoderm. (G) Lateral
view o f an 11-somite embryo. BM P-7 continues to be expressed in the mesoderm: the
heart, the lateral mesoderm, the node and emergent notochord and the yolk sac m esoderm all
contain transcripts. BM P-7 expression is seen in all of the surface ectoderm and is elevated
in particular regions of the surface ectoderm. The ectoderm which covers the frontal
placodes, the otic vesicles, the branchial arch and the base of the allantois all show stronger
levels of signal. (H) Transverse section through the hindbrain and the heart o f a 10-somite
embryo. BM P-7 is expressed in all of the heart mesoderm, gut endoderm and surface
ectoderm. (I) Lateral view of a 13-somite embryo. The beginning of the roof plate
expression is seen in the anterior of the embryo and the gut expression is clearly seen at the
posterior o f the embryo. The elevated expression in the ectoderm covering the forelimb bud
is just visible (arrowhead). Expression is no longer seen in the allantois. (J) Lateral view
o f a 30-somite embryo. Transcripts are seen in the optic lens placode and expression
continues in the otic vesicle. The expression in the roof plate now extends to the posterior of
the neural tube. The forelimb bud expression is now more obvious and mRNA
accu m u lates in the newly formed mesonephros (arrowhead). (K) Dorsal view of the
em bryo shown in (J), showing expression in the roof plate, the otic vesicle and the forelimb
bud. am: axial m esendoderm , f: floor plate, fg: foregut, hg: hindgut, m: mesonephros, n:
node, r: roof plate, se: surface ectoderm, y: yolk sac. Scale bar 400 pm (A,J,K); 350 pm
(D ,E,G ,I); 50 pm (B,C ,F,H ).
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are also detected. Both the surface ectoderm in the anterior regions (Figure 4.4B and C) and
the posterior regions (not shown) of the embryo show accumulation of BMP-7 transcripts.
The expression in the surface ectoderm continues and as many epithelial structures begin to
differentiate, elevated levels of BMP-7 transcripts are found at the site of differentiation.
Often transcripts are detected in these structures at the earliest stages of their formation. An
example is the formation of the otic placodes. These first become evident as circular regions
of columnar epithelium located on either side of the hindbrain in embryos with 9-11 pairs of
somites. Figure 4.4G shows an 11-somite embryo in which an elevated level o f BMP-7
signal is seen at the site of formation of the otic placode. As development proceeds the
placode deepens to form the otic pit (embryos with 13-20 pairs of somites) and finally closes
and becomes separated from the surface ectoderm (embryos with 25-30 pairs o f somites) to
form the otic vesicle. BMP-7 transcripts are detected in both the otic pit and otic vesicle.
Similarly, from the time that the branchial arches first become apparent (embryos with 6-7
pairs of somites), the surface ectoderm over the arches shows strong expression of BM P-7,
and transcripts are still prominent in this region in the latest embryos exam ined (30-somite).
The surface ectoderm over the forebrain contains high levels of BMP-7 transcripts and when
the lens placodes form (embryos with 20-25 pairs of somites), they too contain transcripts
(Figure 4.4J). The surface ectoderm at the site of the future forelimb bud (somites 8-12)
also shows elevated levels of BMP-7 transcripts in embryos with 13 or more somites. The
first evidence of the raised ridge of tissue that will form the forelimb bud is not seen until
em bryos have 15-18 pairs of somites. The surface ectoderm expression at the base o f the
allantois shows elevated expression from the 6-somite stage em bryo onwards. All o f the
sites of elevated surface ectoderm expression are tissues thought to be instructive with
respect to the adjacent m esoderm (O'Rahilly and Müller, 1985).
BMP-7 mRNA localisation during neural development
This section describes the expression of BMP-7 in the neurectoderm and in the axial
mesendoderm. As described above, from the early stages of gastm lation, BMP-7 transcripts
are detected in the node and in the cells which emanate from it to form the notochord. As
developmental stage increases, BMP-7 expression disappears from most of the notochord
but transcription continues at its anterior and posterior. Immediately anterior of the rod-like
notochord is a cone shaped region of cells, the prechordal mesoderm. BMP-7 mRNA
accumulates in this tissue from headfold, pre-somite stages and is still detected in the oldest
em bryos exam ined (i 8 -somite). Immediately posterior to this the signal declines during
early somite stages: in transverse sections of a 6-somite embryo, BMP-7 signal is detected in
sections up to 105 pm behind the rostral extent of the prechordal mesoderm and in transverse
sections of a 12-somite embryo, BMP-7 signal is detected in sections up to 140 pm behind
the rostral extent of the prechordal mesoderm. In both of these cases this expression
includes some notochord tissue. However, in axial mesendoderm dissected from a 18somite embryo, BMP-7 transcripts are not detected posterior of the prechordal mesoderm.
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The node at the posterior of the notochord contains mRNA for BM P-7 at all stages
examined. Additionally, the notochord immediately anterior to the node continues to express
BM P-7, in an 18-somite embryo expression rostral of the node continues for 450 pm.
BM P-7 transcripts are detected in the ventral midline of the cranial neurectoderm, however,
appreciable levels of signal are not detected in the ventral tm nk neurectoderm. The
hybridisation signal is first detected in the ventral midline of the neural groove (prospective
floor plate region) of em bryos in which the headfolds are forming, but before the onset of
somitogenesis. Even at this stage, transcripts are not seen along the full length of the ventral
neural groove. As development proceeds appreciable levels of hybridisation signal become
restricted to the ventral midline of the midbrain. As seen in Figure 4.4B, in 6-somite
embryos, transcripts are detected in the midline of the neural plate in two regions: a region
of higher signal extends from the anterior limit of the midbrain to the preotic sulcus which
corresponds to the future posterior limit of rhombomere 2 (Trainor and Tam, 1995); a lower
level o f signal extends from the preotic sulcus to the otic sulcus which corresponds to the
future posterior limit o f rhombomere 4 (Trainor and Tam, 1995). In embryos with 10
somites (Figure 4.4C) mRNA is essentially only detected in the ventral midline of the
midbrain but, in a 16-somite embryo it is apparent that the transcripts are also located
ventrally in the rostral diencephalon. This expression is transient; by the 18-somite stage the
diencephalic expression disappears (Figure 4.4D and F). The forebrain is the only region in
which transcripts are seen in lateral neurectoderm. In the 10- to 12-somite embryo
transcripts are localised to the neurectoderm which lines the optic pit. The remains of this
expression can be seen in Figure 4.5H.
BM P-7 transcripts are also detected at the dorsal aspect of the neurectoderm. Initially
m RNA is localised to the surface ectoderm which abuts the dorsal neural folds. As
described above this expression is first detected in embryos with headfolds prior to the onset
of somitogenesis. BM P-7 transcripts continue to be detected at this junction up until neural
tube closure, at which point the expression continues in all of the surface ectoderm including
that which covers the dorsal aspect of the neural tube. Additionally BM P-7 transcripts begin
to accumulate in the dorsal-most neural tissue: sections of the anterior region of a 14-somite
em bryo revealed hybridisation to the prospective roof plate of the neural tube; this
expression progresses caudally such that in embryos with 30 somites, BM P -7 m RNA is
localised to this region along the full antero-posterior length of the neural tube (Figure
4.5D ,F and H).
Sectioning of embryos after whole mount in situ hybridisation showed that BM P -7 mRNA
is also localised to some neural crest tissue. Transcripts are not detected in the crest cells as
they em erge from the dorsal neural tube, rather in some cells which are already undergoing
migration. Examples o f neural crest populations in which transcripts are detected are the

F ig u re 4.5 B M P - 7 m RN A localisation d u rin g e arly n e u ra l dev elo p m en t. (A )
Lateral view of two headfold, pre-somite stage embryos. The extent of the ventral
neurectoderm expression is estimated for the lefthand embryo. (B) Cranial neurectoderm
from a 6-somite embryo. The dorsal staining is a result of some surface ectoderm remaining
attached. (C) Cranial neurectoderm from a 10-somite embryo. Some mesoderm remains in
the forebrain region and some surface ectoderm remains in the hindbrain region. (D)
Cranial neurectoderm from a 16-somite embryo, with mesoderm remaining around the
telencephalon. BM P-7 is detected in the dorsal midline of the neural tube (roof plate) and the
ventral midline of the mesencephalon and the rostral diencephalon. Transcripts are also seen
in the prechordal mesoderm. (E) Anterior region of the notochord removed from a 15
somite em bryo showing that transcripts are not seen caudal to the prechordal mesoderm.

(F) The neurectoderm and axial m esoderm from an 18-somite embryo. Some mesoderm
remains at the anterior and posterior of the neurectoderm. Transcripts are seen in the roof
plate o f the cranial region and the ventral region the mesencephalon. The prechordal
m esoderm is obscured by some remaining endoderm. (G) An enlargement of the boxed
area in (F). The node and the axial m esoderm immediately rostral to it express BM P-7. (H)
Transverse section through the forebrain and the hindbrain of a 25-somite embryo.
Transcripts are seen in the surface ectoderm, the roof plate and the optic cup (arrowhead),
fb: forebrain, hb: hindbrain, n: node, pc: prechordal mesoderm, os: otic sulcus, pos:
preotic sulcus, r: roof plate. Scale bar, 450 pm (B,C); 400 pm (A,F); 200 pm (D,E); 100
pm (G,H).
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facial crest of 10-12 somite embryos and in the 25-30 somite embryo it is seen in perioptic
crest and facio-acoustic crest (data not shown).

Co-expression of BMP-7 and BMP-2 during gastm lation
Whole mount in situ hybridisation to BMP-2 was undertaken to determine whether it was
also expressed during gastmlation. This analysis revealed that BMP-2 is expressed during
gastm lation and that there are regions of overlapping expression of BMP-2 and BM P-7.
BMP-2 niRNA localisation during germ layer formation
As shown in Figure 4.6, in the early primitive streak stage embryo BMP-2 transcripts are
detected in the anterior cells of the primitive streak (the node) and in the endoderm overlying
the most anterior aspect of the embryo. By the full streak stage expression is more
widespread: transcripts are seen not only in the node and anterior endoderm, but also in the
notochord. Thus a line of signal is seen between the two earlier sites of expression. A
transverse section of a mid streak stage embryo revealed that BMP-2 transcripts are also in
the most anterior mesoderm of the embryonic region, underlying the endoderm expression
(Figure 4.6G). At early allantoic bud stages of development endoderm expression is seen in
a ring around the extraembryonic and embryonic junction (Figure 4.6D). Additionally, the
newly formed amnion and distal extraembryonic mesoderm express BMP-2. In em bryos
between the onset of gastmlation and full streak stage, unilateral staining is seen in the
extraembryonic endoderm underneath the ectoplacental cone. An example of this type of
signal is shown in Figure 4.6F. The identity of these cells is unknown. During headfold
stages the node and anterior axial expression declines and at the headfold pre-somite stage,
very little evidence is seen of transcripts in the embryonic region. However at the junction
of the embryonic and extraembryonic regions transcripts are still detected in the most anterior
embryonic mesoderm (Figure 4.61). The extraembryonic mesoderm components o f the
amnion and yolk sac express BMP-2 as does the allantois. No expression in any em bryonic
ectoderm derivatives is seen up to and including the pre-somite embryo.
BMP-2 mRNA localisation during early organogenesis
By the 3-somite stage, no endoderm expression of BMP-2 remains and the major embryonic
site of expression is the surface ectoderm. The ectoderm at the junction of the neural and
surface ectoderm in the cranial region of the embryo is the first ectodem i to express BMP-2
(Figure 4.7). By the 5-somite stage both the cranial surface ectoderm and the ectoderm over
the trunk neural tube are sites of BMP-2 expression. The allantois now expresses BMP-2
strongly and the amniotic expression continues but BMP-2 is not detected in the yolk sac.
This pattern of expression continues such that in the 8-somite embryo there is expression in
all of the surface ectoderm, but it is elevated at the site of contact with the neural ectodemi.
The extraembryonic tissues of allantois and amnion continue to express BMP-2. By the 12somite embryo, transcripts are only detected in the surface ectoderm of the anterior embryo.

F ig u re 4.6 B M P -2 m RN A localisation d u rin g germ lay er fo rm atio n . The
anterior o f the embryo is towards the left in all cases, except (I) where anterior is towards the
bottom. (A) Lateral view o f an early prim itive streak stage embryo. BM P-2 transcripts are
detected in the node (arrowhead) and at the most anterior aspect of the embryonic region
(arrow). (B) Anterior view of a mid prim itive streak stage embryo. BM P-2 transcripts in
the anterior o f the em bryo are localised to a crescent shaped region. (C) Lateral view of a
full length streak stage embryo. Expression persists in the node and the anterior of the
em bryo and expression is initiated in the axial mesendoderm. (D) Lateral view of a full
length primitive streak stage embryo. The signal in the node is beginning to recede but the
axial mesendoderm signal is now more obvious. Expression in the extraembryonic
mesoderm, including the allantoic bud is evident as is signal in the amnion. (E) Lateral
view o f an early headfold stage embryo. Transcripts decline in the embryonic region; the
only signal found in the em bryonic region at this stage is shown in figure (I). However,
expression in the extraem bryonic m esoderm persists. (F) Sagittal section through a mid
primitive streak stage embryo. Transcripts are seen in the node and anterior axial
m esendoderm cells. One region of the extraembryonic endoderm underlying the
ectoplacental cone also shows hybridisation signal (arrowhead). (G) Transverse section
through a full length primitive streak stage embryo, slightly distal to the
embryonic/extraem bryonic junction, as marked on the embryo in (C). The anterior
endoderm and some o f the m esoderm cells in this region show hybridisation signal. (H)
Transverse section through a full length primitive streak stage embryo, as shown in (D).
The section shows the neural folds at the anterior and the allantois at the posterior.
Transcripts are seen in the yolk sac mesoderm, the allantois and the amnion. (I) Transverse
section through an early headfold stage embryo, as shown in (E). Transcripts are seen in the
endoderm and mesoderm at the anterior of the embryo and in the yolk sac mesoderm, al:
allantois, an: amnion, m: mesoderm, n: node, y: yolk sac mesoderm. Scale bar 300pm
(A ,B ,C ,D ,E); 100pm (H); 50pm (0,1).
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F ig u re 4.7 B M P -2 m R N A localisation d u rin g e arly organogenesis. In all of
the wholemount figures the anterior of the embryo is towards the left. (A) Antero-lateral
view of a 3-somite embryo, the first stage at which transcripts were detected in the surface
ectoderm. The transcripts initially accumulated in the surface ectoderm of the cranial region,
and transcripts are seen in the yolk sac mesoderm. (B) Lateral view o f a 5-somite embryo
showing that BM P-2 transcripts are now detected in the surface ectoderm along the whole
em bryo. Expression persists in the allantois. (C) Dorsal view of an 8-somite em bryo.
BMP-2 is expressed in the surface ectoderm surrounding all of the embryo. Expression in
the yolk sac is now absent but continues in the extraembryonic tissues of amnion and
allantois. (D) An outline drawing o f an 8-somite embryo showing the plane of the sections
through the em bryo in (C) and shown in (G) and (H). (E) Lateral view of a 12-somite
embryo. M uch o f the extraembryonic tissue has been dissected away, however it can be
seen that expression of BM P-2 in the allantois has decreased but is continued in the amnion.
The only em bryonic site of expression is the surface ectoderm. (F) Coronal section
through the 5-somite em bryo shown in (B). BMP-2 is expressed in the surface ectoderm
and yolk sac. (G) Transverse section through the cranial region of the 8-somite embryo
shown in (C) with the forebrain towards the top of the photo. Transcripts are restricted to
the surface ectoderm. (H) Transverse section through the 8-somite em bryo shown in (C).
Expression is seen in the surface ectoderm over the dorsal aspect of the neural tube and in
the amnion, al: allantois, an: amnion, se: surface ectoderm, y: yolk sac. Scale bar 300pm
(A ,B,C,E); 100pm (F,G ,H ).
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and the allantois. Due to problems with distinguishing between low level expression of
BMP-2 and trapping o f the in situ substrate which often occurs in later stage mouse
em bryos, the analysis was not carried out on older embryos.

4.3

DISCUSSION

BMP molecules and axis specification
Because BMP molecules are likely to function as secreted signalling molecules it is possible
that they regulate processes such as the growth and/or differentiation of either the cells in
which they are transcribed or the surrounding cells. Although mRNA localisation is not
evidence of either cell lineage or gene function, knowledge of the normal fate of expressing
cells does allow the identification of processes in which the gene may be involved.
The expression data presented in this chapter suggests that BM Ps may, as in other
organism s, be involved in axis development. In the mouse em bryo the first overt sign of
axis formation is the appearance of the primitive streak. From the earliest stage of primitive
streak formation at least three BMPs are expressed in restricted patterns in the mouse
em bryo: BMP-4 (Jones et al., 1991), BMP-2 and BMP-7 (Figure 4.8A). BMP-2 is
localised to the endoderm of the most anterior aspect of the embryo and to the anterior of the
prim itive streak. BMP-7 and BMP-2 are co-expressed only in the anterior o f the primitive
streak and BMP-4 is expressed at the most posterior of the primitive streak. By the full
length streak stage these regions of expression have continued and in some cases expanded
such that the situation shown in Figure 4.8B arises. Along the antero-posterior axis there
are now three regions in which one BMP gene is expressed and a fourth region in which
BMP-2 and BMP-7 are co-expressed. If BMP-2 and BM P-7 are capable of form ing a
heterodim er then overlapping expression could provide a fourth, perhaps distinct, signal.
Figure 4.8 also shows that none of the BMPs so far examined are restricted to the m id
portion o f the primitive streak.
At the anterior o f the embryo, it is possible that BMP-2 expression in the endoderm exerts an
effect on the overlying ectoderm. During the early stages of gastrulation, the ectoderm in
this region will participate in the formation of the amnion and BMP-2 appears to be
expressed in the amnion when it first forms, but not at later stages of development.
Alternatively, BM P-2 could exert an effect on the newly formed mesoderm. It may be
involved in directing the movement of the mesoderm which quickly encircles the proximal
embryo, or it could pattern the mesoderm once it arrives at this location. As the mesoderm
in this region will contribute to the heart, this predicts a role for BMP-2 in the earliest stages
o f heart development. A targeted mutation has now been generated in the BMP-2 locus.
Homozygous null embryos die soon after the onset of gastrulation and consequently the

F ig u re 4.8

D ia g ra m of B M P expression d u rin g germ lay er fo rm atio n . (A )

Early primitive streak stage em bryo showing three distinct antero-posterior regions of
expression o f BM P molecules. (B) Full length prim itive streak stage em bryo showing a
fourth region o f BM P m olecule expression. In each diagram, anterior is to the left.
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phenotype is difficult to analyse, although it has been suggested that death is caused by lack
of am nion formation (cited in Hogan, 1995). Unfortunately, this makes the role of BMP-2
in heart development and the potential function of the later surface ectoderm expression
im possible to assess in these mutants.
M ore caudally, in the region of the node and primitive streak, BM P molecules may affect the
cells which involute through the regions expressing the particular BMP. Different outcomes
of such an interaction can be imagined. For example, cells passing through the primitive
streak at different rostro-caudal levels will be exposed to different BM P molecules, and this
may be sufficient to elicit distinct differentiation programmes in these cells. In this case the
BM P molecules are implicated in the primary embryonic patterning which occurs during
germ layer formation. Alternatively, the cells which pass through a particular region of the
primitive streak may inherit the ability to express the BM P gene and therefore gain the
capacity to carry out secondary patterning processes. This second possibility is interesting
in view o f the expression patterns of BM P-4 and BM P-7. BM P-7 continues to be expressed
in the axial mesendoderm and the cranial mesoderm; derivatives of the node and anterior
primitive streak. Hence, is BM P-7 expression in the node and anterior primitive streak
important for the differentiation of the axial mesendoderm and cranial mesoderm, or does it
simply serve as a convenient place for eliciting BM P-7 expression in these cells which will
subsequently signal to the overlying ectoderm? Similarly, since BM P-4 is expressed in the
extraembryonic mesoderm, which is an early derivative of the posterior streak, an equivalent
question may be posed with respect to the function of BMP-4.
The majority of mice homozygous for a mutation in the BM P-4 gene die during early
gastrulation stages. It has been suggested that the primary defect in these embryos may be a
lack of cell proliferation prior to gastrulation. However, some BM P-4 mutant embryos
survive beyond the onset of gastrulation. These embryos show apparently normal
production of anterior primitive streak derivatives, but are deficient in tissues derived from
the posterior primitive streak (W innier et al., 1995). It is not clear whether this deficit is due
to a requirement for BM P-4 during proliferation of the newly formed posterior mesoderm
cells or during differentiation o f the mesoderm. The experiment supports the notion that in
m ammals as in other organisms, BMPs are involved in axis specification. Null mutations
have also been introduced into the BM P-7 locus (Dudley et al., 1995; Luo et al., 1995) and
the phenotype of these mice will be discussed in Chapter 7 in light of the ectopic expression
data presented in that chapter.
Interestingly, BMP-7 has now been shown to bind to the previously identified activin type II
receptor, ActRII and this receptor ligand combination forms a functional signalling complex
with various type 1 receptors. Furthermore, in these assays follistatin can neutralise the
activity o f BMP-7, albeit at higher concentrations than required for inhibition of activin
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(Yamashita et al., 1995). These data show that follistatin possesses the potential to modulate
the activity of molecules other than activin. The expression of follistatin in the primitive
streak may serve to inhibit BM P molecules until the BM P expressing cells have moved away
from the primitive streak and are in the correct location to interact with appropriate target
tissues. If follistatin is able to bind various BMPs with different kinetics, or to only some
BMPs, this may introduce further variation in the cellular responses elicited by BM Ps in
different regions of the primitive streak.

B M P-7 an d n e u ra l developm ent
At the early headfold stage of development BM P-7 is expressed in almost all of the
m esoderm anterior to the node (see Figure 4.3D), corresponding to prospective heart
m esoderm and cranial paraxial mesoderm. When anterior mesendoderm from embryos of
this stage is recombined with naive ectoderm, the mesendoderm is found to be capable of
inducing the expression of both a general neural marker and an anterior neural marker. If
naive ectoderm is recombined with posterior mesendoderm only expression of the general
neural marker is activated (Ang and Rossant, 1993). At this early stage of development,
BM P-7 is therefore expressed in the manner consistent with a molecule which may induce
anterior neural structures. However, at this stage of development B M P -7 also begins to be
expressed in a manner consistent with a molecule which influences dorsal-ventral pattern of
the neurectoderm. As described in the Introduction, two tissues believed to be im portant in
defining initial dorsal-ventral neural pattern are the axial mesendoderm and the surface
ectoderm, and later these tissues may confer patterning ability on the floor plate and roof
plate of the neural tube, respectively. In the cranial region of the mouse embryo, BM P -7 is
expressed in all of these tissues at some stage during the period in which neural cell fate is
acquired. Figure 4.9 summarises the expression of BM P-7 in the developing hindbrain,
which is the embryonic region in which the function o f BM P-7 is investigated in the
experiments presented in Chapter 7.
The data presented in this chapter suggests that BM P molecules may have diverse roles
during germ layer formation and early organogenesis in the mouse embryo. It therefore
provides a guide for further experiments which test gene function. O f the two molecules
whose expression is reported in this chapter, BMP-7 appeared to be the better molecule with
which to try to establish overexpression assays. Its expression pattern is restricted enough
to permit ectopic expression studies, yet it is implicated in a range of processes spanning the
time during which recombination assays and embryo culture are possible. In particular, it is
likely that BMP-7 functions in one or more of the aspects of early development and
patterning of the neurepithelium.

F ig u re 4.9

D iag ram of B M P - 7 expression d u rin g h in d b ra in d ev elo p m en t.

(A) Prior to the formation of the foregut pocket BM P-7 is localised to the axial
m esendoderm and overlying neurectoderm. The paraxial mesoderm expresses BM P-7 as
does the surface ectoderm. (B) During early somite stages of development, the paraxial
m esoderm expression decreases and has disappeared from the hindbrain region in 6-somite
embryos. The midline neurectoderm expression and the expression in the forming
notochord also declines. Endoderm expression spreads to all regions of the foregut and the
surface ectoderm expression persists. (C) By the 10-somite stage only the surface
ectoderm and gut endoderm expression continues. (D) After neural tube closure, the
separated surface ectoderm continues to express BM P-7 and expression is initiated in the
roof plate of the neural tube. The endoderm expression continues.
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5.1

INTRODUCTION

The second TGF-p superfamily molecule which served as a starting point for experiments
reported in this thesis is Xenopus Vgl. As described in the Introduction, Vgl was isolated
in a screen for vegetally localised maternal RNAs (Rebagliati et al., 1985; W eeks and
Melton, 1987; Vize and Thomsen, 1994) and is one of the proteins from which the
previously described DVR subfamily of TGF-p related molecules takes its name. Vgl is a
strong candidate for a molecule which imparts a dorsal mesoderm inducing signal resulting
in formation of the organiser region during Xenopus development. Not only is the pattern
of Vgl distribution consistent with this, but the mature form of V g l causes prospective
ectoderm tissue to form dorsal mesoderm (Dale et al., 1989; Dale et al., 1993; Thom sen and
M elton, 1993). Furthermore, it appears that the ability of a truncated activin receptor to
block mesoderm formation may be due to interference with Vgl signalling (Schulte-M erker
et al., 1994; K essler and M elton, 1995).
Attempts have previously been made to identify mouse homologues of Vgl, and screening
of a mouse 6.5 dpc embryonic cDNA library with a probe encoding the C-terminal portion
of Xenopus Vgl resulted in the cloning of Vgr-2 (Jones et al., 1992b). An identical
molecule was subsequently identified by PGR amplification of mouse genomic DMA using
degenerate oligonucleotides and named growth and differentiation factor-3 (GDF-3)
(M cPherron and Lee, 1993). While Vgr-2 is more closely related to Vgl than any other
m em ber o f the TGF-p superfamily, unlike Vgl, Vgr-2 lacks one of the conserved cysteines
o f the mature region. On the basis of sequence similarity Vgr-2 appears to belong to a
separate subfamily and is not necessarily the murine homologue of Vgl. Despite having
been isolated from a 6.5 dpc embryonic library, RNase protection analysis and sectioned
radioactive in situ hybridisation analysis failed to detect embryonic transcription o f Vgr-2
before 10.5 dpc (Jones et al., 1992b).
If RNA for murine Vgr-2 is injected into Xenopus embryos and animal caps isolated from
the injected embryos, the animal caps are induced to form mesoderm. In this autoinduction
assay, the Vgr-2 injected animal caps elongate and analysis by RNase protection of the type
o f mesoderm formed suggests that Vgr-2 behaves like activin or Vgl, inducing dorsal
m esoderm (M. Jones, personal communication). Because of the m esoderm inducing ability
of this murine TGF-p superfamily member it was decided to investigate further its
expression during the early stages of mouse embryogenesis. This chapter reports Vgr-2
expression in em bryonic stem (ES) cells and gastrulating embryos, making it a good
candidate to test for mesoderm inducing activity in the mouse embryo.
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5.2

MATERIALS AND METHODS

W hole m o u n t in situ h y b rid isatio n to ES cells
ES cells were maintained as described in Chapter 2. For whole mount in situ hybridisation
1.5x1Q4 ES cells were plated per well of a 4 - well plate (Nunc), resulting in a density of

5x10^ cells cm'2. Undifferentiated cells were fixed as soon as they became adherent, about
6 hours after plating. Differentiated ES cells were obtained by growing for 72 hours in the
absence of LIE prior to fixation. All cells were fixed in 4% paraform aldehyde (PFA) in PBS
for 20 minutes and whole mount in situ hybridisation performed following the protocol of
Rosen and Beddington (1993).

cDNA sy n th esis
Total RNA prepared as described in Chapter 2, to be used in Reverse TranscriptionPolymerase Chain Reaction (RT-PCR) was subjected to treatment with RNase free DNase (1
U DNase pg'^ RNA) to remove contaminating genomic DNA and then treated with 0.1 mg
m pl proteinase K. This was followed by a phenol/chloroform extraction and 2 rounds of
high salt precipitation (3M NaAC) with ethanol. Under these conditions RNA will
precipitate but DNA will remain soluble. For cDNA synthesis 100 ng of total RNA was
added to dH 20 in the presence of 50 pmoles of oligonucleotide (dT)17 and heated at 70°C
for 10 minutes and cooled on ice. Reaction components were then added to give a final
com position of 50 mM Tris-HCl (pH 8.3, room temperature), 75 mM KCl, 3 mM M gCl 2 ,
10 mM DTT, 10 mM each dNTP and 200 U of RNase H free reverse transcriptase
(Superscript, Gibco BRL). The reaction was incubated at 37°C for 40 minutes. The entire
cDNA reaction was then placed onto a filter (Millipore, type VS, 0.025 pm) floating in a
dish of 0.5x TE (Ix: 10 mM Tris-HCl, pH 7.5, 1 mM EDTA) and allowed to dialyse for 6
hours to remove unincorporated nucleotides and oligonucleotide primer.

R T -P C R
In each RT-PCR reaction one tenth of the cDNA (made as described in Chapter 2) was
amplified using the PCR conditions described above. The following oligonucleotide primers
and annealing temperatures were used:
T

Oct-4

Vgr-2

5'

AACGGGCTGGGAGCTCAGTTCTTT

3'

GAATTCCAGGATTTCAAAGTCACA

5'

TTCGAGTATGGTTCTGTAACC

3'

AGGCTCCTGATCAACAGCAT

5'

ACTTCTGCCACGGTCAT

3'

CGACTACCATGTCTTCA

RT-PCR products were subcloned using the TA cloning kit (Novagen).

68^:

62°C
5TC
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5.3

RESULTS

D etection of V gr-2 tra n s c rip ts in em bryonic stem cells
In order to investigate the expression of Vgr-2 at early stages of mouse development, cDNA
libraries constructed from undifferentiated ES cells and fractions of the 7.5 dpc mouse
em bryo (Harrison et al., 1995) were screened by Southern analysis. Figure 5.1 shows that
hybridising cDNAs were detected in the ES cell library but not in any of the embryonic
libraries. This result was confirm ed by PCR from each of the libraries in which Vgr-2 could
only be amplified from the ES cell library (data not shown).
The full length Vgr-2 transcript is 1181 bp in length (Jones et al., 1992a). The Southern
analysis (Figure 5.1) detected strongly hybridising cDNA clones of approximately 1200 bp,
indicating the presence of full length clones in the ES cell library. W eaker signal was also
detected from cDNAs o f size 900 bp and 2000 bp. The 900 bp clone may represent a cDNA
which is not full length. The presence o f signal which appears to represent a larger clone is
puzzling as Vgr-2 transcript size has been determined on the basis of Northern analysis of
ES cell RNA (see Figure 6.3) and genomic sequencing (Jones et al., 1992a). Attempts to
clone a longer Vgr-2 cDNA from the ES cell library using a PCR based strategy did not yield
a larger cDNA. This signal may be due to cross hybridisation of the probe to denatured
plasmid backbone DNA, or to the presence of a chimeric clone in the cDNA library.
The expression o f Vgr-2 in ES cells was also analysed by whole mount in situ hybridisation
to both undifferentiated ES cells and to ES cells which had been allowed to differentiate for
72 hours in monolayer. ES cells can be maintained in an undifferentiated state by
continuous culture in leukemia inhibitory factor (LIE) containing media (Rathjen et al.,
1990b). W hen LIF is withdrawn from ES cells they differentiate and give rise to a variety of
cell types. As shown in Figure 5.2 a large proportion of the cells in a plate of
undifferentiated ES cells contain Vgr-2 transcript. W hen Vgr-2 transcription was exam ined
in ES cells grown in the absence of LIE for 72 hours, despite an increase in cell number,
very few cells exhibited hybridisation signal. Thus, it appears that during differentiation of
em bryonic stem cells Vgr-2 expression is downregulated. It is possible that the staining
detected after 72 hours of differentiation represents undifferentiated ES cells which are
present even after LIF withdrawal. This would be consistent with the observation that a few
cells still express Oct-4, a marker of undifferentiated ES cells, 72 hours after the withdrawal
o f LIF.

D etection of em bryonic Vgr-2 tra n s c rip ts by R T -P C R
To investigate whether Vgr-2 is expressed during the early stages of embryonic
differentiation whole mount in situ hybridisation of Vgr-2 to 5.5 dpc and 6.5 dpc embryos

F ig u re 5.1 V g r-2 tra n s c rip ts a re p re sen t in an ES cell cDNA lib ra ry . 5 |ig o f
library total insert DNA was analysed by Southern hybridisation for the presence of Vgr-2
clones. The six libraries analysed were constructed from either undifferentiated ES cells or
fractions o f the 7.5 dpc mouse em bryo (embryonic region, ectoderm, mesoderm, endoderm
and prim itive streak: Harrison et al., 1995). The two primitive streak library samples
represent individual DNA preparations from the same library. The plasmid lane contained
250 ng of a N o tl and Sail digest of a cDNA cloned into the same vector as the libraries, and
served as a control for cross hybridisation of the probe fragment to the vector backbone.
The Vgr-2 cDNA lane contained 250 pg of the Vgr-2 cDNA and served as a positive control
for the blotting and hybridisation procedures. The size of the DNA (basepairs) is indicated
on the left. Vgr-2 cDNAs were detected only in the ES cell library. The faintly hybridising
material of size 3 kb - 5 kb represents the plasmid backbone of the library. The filter was
exposed to a phosphorim age screen for 60 hours.
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Figure 5.2 Production of Vgr-2 transcripts is downregulated upon
differentiation in ES cells. W hole m ount in situ hybridisation to Vgr-2 in CGR8 ES
cells. (A) Phase contrast view o f undifferentiated ES cells. The cells are sparsely plated
and grow in small colonies. (B) Bright field view of the same field shown in (A), showing
the hybridisation signal to Vgr-2. (C) Phase contrast view of a duplicate plate of ES cells
after 72 hours of growth in the absence of LIF. The density of the cells has increased, and
differentiated cell types are present. (D) Bright field view of the same field shown in (C).
Scale bar, 200 pm.
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was carried out. This analysis failed to detect any localised signal (data not shown) using
the same hybridisation conditions as those which detected Vgr-2 transcripts in ES cells. To
determ ine whether there is low level expression of Vgr-2, RT-PCR was utilised. Embryonic
tissue was collected from 30 x 5.5 dpc and 25 x 6.5 dpc embryos and total RNA isolated.
Due to the small amount of starting material it was necessary to use Northern analysis to
quantitate and check the integrity of the RNA. The embryonic RNA was analysed alongside
a dilution series of mouse liver RNA of known concentration. The Northern blot was
hybridised to a probe which spans a region of the mouse ribosomal gene cluster and so
recognises 28s rRNA, 18s rRNA and a variety of small rRNAs (Rothstein et al., 1992).
This analysis demonstrated that the RNA was intact and that approximately 1250 ng of total
RN A was obtained from the 5.5 dpc embryos and 2500 ng total RNA from the 6.5 dpc
em bryos.
First strand cDNA was synthesised from this RNA and from undifferentiated ES cell RNA.
PCR using cDNA specific primers was carried out from this cDNA in order to determine
whether Vgr-2 transcripts were present in these samples. The Oct-4 gene was used as a
positive control for the RT-PCR analysis. Since Oct-4 is expressed at high levels in
undifferentiated ES cells and throughout the pregastrulation and early gastrulation epiblast,
(Rosner et al., 1990) it should be possible to amplify it from all of the tissues used in this
analysis. As shown in Figure 5.3, Oct-4 transcript could be amplified from all three RNA
samples as expected. The Brachyury (T) gene is expressed at low levels in undifferentiated
ES cells (Rosen and Beddington, 1993) and expression begins in the primitive streak at the
onset of gastrulation at 6.5 dpc (W ilkinson et al., 1990). Hence its absence from the 5.5
dpc RNA demonstrates that this tissue was collected from pre-gastrula stage embryos. Vgr2 transcripts could be amplified from all samples indicating that it is expressed within the
em bryo prior to and at the beginning o f gastrulation. The PCR products were hybridised to
probes for the respective cDNAs to verify the identity of the PCR products (Figure 5.3) and
RT-PCR products from the Vgr-2 amplification of 6.5 dpc RNA were cloned and sequenced
and found to correspond to Vgr-2 sequence (not shown).

5.4

DISCUSSION

The inability to determine the exact location of Vgr-2 mRNA makes it difficult to speculate
about the potential function of this molecule. It may be possible to obtain more information
on the spatial pattern of Vgr-2 expression by direct incorporation of a lac Z reporter gene into
the Vgr-2 locus. This method has proved successful in reporting the tissue specific
localisation of the nodal gene. Nodal mRNA is difficult to detect by in situ hybridisation but
transcripts have been detected in the posterior region of the early gastrulation egg cylinder

Figure 5.3 Temporal expression pattern of Vgr-2 during early mouse
development. RN A was reverse transcribed and cDNAs am plified by PCR. The PCR
products were analysed by southern hybridisation to specific probes. (A) PCR
am plification using T primers and hybridisation to the T probe. (B) PCR amplification
using Oct-4 primers and hybridisation to the Oct-4 probe. (C) PCR amplification using
Vgr-2 prim ers and hybridisation to the Vgr-2 probe. The size of the DNA (basepairs) is
indicated on the left. 5.5 dpc: amplified products from cDNA of pooled 5.5 dpc embryos.
6.5 dpc: amplified products from cDNA o f pooled 6.5 dpc embryos. ES Cell: amplified
products from cDNA of undifferentiated CGR8 ES cells. No RNA: amplified products from
a cDNA reaction with no RNA. No cDNA: no cDNA placed in the PCR reaction.
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(Conlon et al,, 1994). Incorporation o f the lac Z reporter gene into the endogenous nodal
locus revealed transcription of this gene in all of the primitive streak and the anterior
endoderm (Collignon et al., 1996a). This strategy was not adopted here because another
laboratory (B. Hogan, personal communication) was including a lac Z reporter gene in a
construct designed to specifically disrupt the Vgr-2 gene. However, to date, no further
information is available on the expression pattern of Vgr-2.
Even in the absence of information on the exact spatial distribution o f expression, three
pieces of evidence support the idea that Vgr-2 may function in mesoderm formation. Vgr-2
is expressed in undifferentiated ES cells but is downregulated upon differentiation,
consistent with a role during early development. Vgr-2 mRNA is also detected in the mouse
em bryo immediately prior to, and at the onset of, mesoderm formation. M ost intriguingly,
murine Vgr-2 induces mesoderm in the Xenopus autoinduction assay. This not only serves
as incentive to test whether Vgr-2 functions in mesoderm formation in the mouse embryo but
also provides an assay for the production of active Vgr-2 protein. Because o f the lack of
information on the exact localisation of Vgr-2 a system which would allow widespread
overexpression o f this molecule was used. The result of an experiment based on constitutive
expression of secreted molecules by ES cells is presented in the following chapter.
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6.1

INTRODUCTION

M ouse ES cells are pluripotent, inner cell mass derived lines which may be grown
continuously in culture and re-introduced into blastocysts. There, they contribute to all
tissues o f the embryo, including the germ line (Robertson, 1987). As such ES cells provide
a unique opportunity to genetically manipulate cells in culture and introduce the altered cells
into the embryo. W hile the use of ES cells to generate mice which lack a specific gene
product has been widely reported (Brandon et al., 1995a; Brandon et al., 1995b; Brandon et
al., 1995c), only a few examples exist of ES cells being utilised for em bryonic gain of
function approaches. This strategy has been used to investigate the function of the ES cell
differentiation inhibitor, LIF (Conquet et al., 1992) and the membrane bound protein
neuropilin (Kitsukawa et al., 1995) demonstrating that such an approach is feasible. One
reason for the paucity o f ES cell based embryonic overexpression experiments may be that
such approaches usually require the coexpression of a selectable marker. Neither methods
involving co-transfection with two independent constructs or transfection with one vector
containing two discrete expression cassettes have proved entirely satisfactory (M ountford
and Smith, 1995).
The unusual method of translation initiation by certain viruses has been proposed as a way
of circum venting these problems. These viruses produce non-capped transcripts, the
translational efficiency of which is dependent upon the presence of specific sequences within
the 5' UTR called internal ribosomal entry sites (1RES) (Pelletier and Sonenberg, 1988;
M olla et al., 1992). Because the function o f the 1RES is not dependent on viral gene
products but relies on interaction with normal cellular products (M acejak and Sam ow , 1991)
it is likely that these elements can be adapted for use in mammalian expression systems.
Incorporation of an 1RES into an expression construct should allow a single transcription
unit to provide efficient production of both the protein of interest and a selectable marker
(Kaufman et al., 1991). Single cell analysis of coexpression m ediated by an 1RES in Quail
QT6 cells in vitro showed that more than 90% of cells expressed both the selectable marker
and the linked reporter (Ghattas et al., 1991). The 1RES sequence has also been shown to
direct translation of a reporter gene in ES cells and mouse embryos (M ountford et al., 1994).
Here a dicistronic expression vector in which an 1RES element is used to mediate expression
of the putative inducer and a reporter gene is utilised. ES cell populations transfected with
this vector coexpressed the desired molecules. Unfortunately, overexpression o f BM P-7
appeared to be lost with continuous culture. In contrast, marked ES cell lines which
expressed Vgr-2 transcript and secreted active Vgr-2 were obtained. These cells were
introduced into the embryo and alterations in mesoderm production assessed by
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immunohistochemical detection of Brachyury (T) protein. In addition, p-galactosidase
activity was used to monitor the colonisation pattern o f Vgr-2 expressing cells. Although
this indicated that they preferentially colonise mesoderm tissues, this apparent bias was not
borne out by an independent isoenzyme measure of chimerism. The experiments presented
in this chapter were carried out in collaboration with V. W ilson and M. Jones who were
responsible for blastocyst injection and the animal cap assays, respectively.

6.2

MATERIALS AND METHODS

ES cell transfection
CGR8 ES cells were transfected using Lipofectamine (Gibco BRL) according to the
m anufacturers instructions. Briefly, 1 pg of QIAGEN prepared plasm id DNA was allowed
to form a com plex with liposomes (14 pg Lipofectamine) for 30 minutes at room
temperature. The lipo-complexes were then added to 2x10^ ES cells in serum free medium
(Opti-M EM , Gibco BRL) and LIE. After growth for 4 hours at 37°C in 5% CO 2 and
humidified air, Opti-M EM containing fetal calf serum was added to give a final concentration
of 15%. Fresh ES cell medium replaced the transfection medium 24 hours after the start of
the transfection. For transient transfection assays, the ES cells were allowed to grow for a
further 24 hours before removing one tenth of the transfected cells for detection o f (3galactosidase activity. The efficiency of transfection was compared to that achieved with
pBp-geopA, which contains the p-geo reporter gene under the control of the human p-actin
promoter. To generate stable transfectants, ES cells were selected for ten days in 350 pg mb
' G418 (Gibco BRL). Since preliminary experiments showed that expression of the
exogenous DNA was lost upon continual culture, ES cell clones of interest were routinely
cultured in selective media. Two to three days prior to blastocyst injection cells were
removed from selection to restore maximal growth and eliminate traces of G418 from media
in contact with the blastocysts.

Detection of p-galactosidase activity
Sam ples were fixed in 0.2% glutaraldehyde, 0.1 M phosphate buffer (Na 2H P 0 zi/NaH2P 0 4 ,
pH 7.2), 2 mM M gCl 2 and 5 mM ethylene glycol tetra-acetic acid (EGTA) for either 10
minutes (ES cells and embryos without closed cranial neural folds) or 20 minutes (embryos
with closed neural folds and older) at 4°C before washing in 0.1 M phosphate buffer, 2 mM
M gC l 2 , 0.1% sodium deoxycholate, 0.02% Nonidet P40 and 0.05% bovine serum albumin
three times for 30 seconds each at room temperature, p-galactosidase activity was then
detected in 1 mg m b’ X-gal (5-bromo-4-chloro-3-indolyl p-D-galactopyranoside; Sigma),
0.2 mg ml-i spermidine, 5 mM K 3 pe(C N ) 6 , 5 mM K4 pe(C N )6 and 0.2 mM NaCl at 37°C
overnight.
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ES cell chimeras, generation and analysis
ES cell chimeras were generated via blastocyst injection and transfer of embryos to
pseudopregnant females as described in Bradley (1987). Potential chimeras were dissected
from the uterus 4-7 days after transfer.
Detection o f p-galactosidase activity and T protein in mouse embryos
Embryos were fixed in 4% PEA in PBS for 1 hour at 4°C, and then washed and X-gal
stained as described above for up to eight hours. The embryos were postfixed in 4% PEA in
PBS, 4°C overnight and dehydrated through a methanol in PBS series (25%, 50%, 75%,
100%, 5 minutes each) and stored in 100% methanol 4°C for 1 hour. The em bryos were
then processed as described in Kispert and Herrmann (1994) using an antiserum directed
against amino-acid residues 1-123 of the T protein (Kispert and Herrmann, 1993).
Detection o f glucose phosphate isomerase isozymes in tissue samples
To separate somitic and lateral mesoderm from neurectoderm, the unseparated trunk sample
was incubated in 0.5% trypsin/2.5% pancreatin in PBS (Svajger and Levak-Svajger, 1975)
for 15 - 20 minutes at 4°C, then replaced in M2 medium (Hogan et al., 1994). The tissues
were gently separated using forceps. All tissues samples were washed once in PBS and
transferred to microwell dishes in a minimum volume of PBS. The samples were frozen at
-20°C, until analysis. The dish was thawed and re frozen twice to fracture tissues and
release G Pl enzyme. The G Pl assay was performed as described in Rashbass et al. (1991)
and the ratio of GP1-A:GP1-B was estimated by eye. To assist quantitation, a 50:50 mixture
of blood from G pi-l^/G pi-D and G pi-l^/G pi-l^ mice was run in parallel with the embryonic
tissue fractions. Each sample was assessed by two observers and the resulting estimates did
not vary by more than 10% for a given sample. It can therefore be assumed that this method
of quantitation is accurate to at least 10 percentage points.

Animal cap assay
M edium which had been in contact with ES cells for 48 hours was removed, centrifuged at
100 g for 5 minutes to remove any cells and used in the following animal cap assay.
Xenopus embryos were obtained by artificial fertilisation as described by Smith and Slack
(1983) and staged according to Nieuwkoop and Faber (1994). They were cultured in 75%
NAM (Slack, 1984) and dejellied with 2% cysteine hydrochloride (pH 7.8). Animal caps
were dissected at mid-blastula stage and cultured for 4 hours in conditioned medium before
transfer to 75% NAM until sibling embryos had reached at least stage 35 (swimming tadpole
stage). The embryos were fixed and processed for histological examination using the
procedure described for generating paraffin sections of mouse embryos (Chapter 2).
Sections were stained by the Feulgen/Light Green/Orange G technique of Cooke (1979).
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6.3

RESULTS

Generation of stably transfected ES cell lines
In order to generate ES cells that contained a reporter gene and produced a secreted protein,
an expression vector which would create a dicistronic message was utilised. The cDNAs
were cloned into the kFGF/PGK-IRES-p-geo-BS vector. This vector (Figure 6.1) contained
the full length coding sequence of either Vgr-2 or BM P-7 downstream of the kFGF enhancer
elem ent and PGK promoter. The kFGF enhancer is a 316 bp sequence from the 3' UTR of
the m urine kFG F (also known as FGF-4 or hst) gene (Curatola and Basilico, 1990). This
enhancer increases expression of heterologous sequences in embryonic stem cells (M a et al.,
1992). The PGK promoter should drive high level expression in ES cells and in all tissues
of the mouse embryo (Adra et al., 1987). Immediately downstream o f the Vgr-2 cDNA is
the Encephalomyocarditis Virus internal ribosomal entry site (EM CV 1RES) sequence. The
1RES is a 594 bp sequence from the 5' UTR of the EM CV mRNA which has been modified
by mutagenesis of the native initiation codon such that translation is initiated at an ATG
codon which lies 9 bp 3' of the normal start site (Ghattas et al., 1991). This sequence
allows cap independent translation of the downstream p-geo sequence, p-geo is an in frame
fusion transcript which encodes a protein which has both p-galactosidase (p-gal) reporter
activity and neomycin activity for drug selection (Friedrich and Soriano, 1991). The p-geo
sequence is followed by a p-globin intron sequence and the SV40 polyadenylation signal.
The vector should therefore drive co-ordinated expression of both the introduced cDNA and
the lac Z gene in the same cells, allowing the location of the overexpressing cells to be
followed in chimeric embryos.
BM P-7 expression cell lines
The full length BM P-7 cDNA was cloned into the kFGF/PGK-lRES-pGeo-BS vector and
transfected into CGR8 ES cells. A total of 1.8x10^ cells were transfected and after 10 days
o f growth under selection, 32 colonies were picked into 48-well plates. These colonies were
grown for three days without selection and a proportion of the cells from each clone were
passaged onto 24-well plates, grown overnight and stained with X-gal to test for p-gal
activity. O f the clones tested in this manner, 16 exhibited some p-gal activity and were
expanded and frozen for further analysis. Subsequently, X-gal staining of these cell lines
dem onstrated that p-gal activity was rapidly lost during culture. W hile this effect was noted
to some degree with the Vgr-2 expression lines (see below), it was more extreme in the
BM P-7 transfected cell lines, such that within 2-3 passages after expansion, p-gal activity
was barely detectable in these cell lines. W hile the proportion of X-gal positive cells could
be increased again with growth under selection (Figure 6.2), it was decided not to use these
cell lines in further experiments as an assay for active BMP-7 protein was not available and
therefore it could not be demonstrated that the ES cells were secreting active BMP-7.

Figure 6.1

FPIG expression construct for transfection into E S cells. T h e

Vgr-2 cD N A was cloned by blunt end ligation into the FPIG construct at the site shown.
For the Vgr-2 cDNA the box region represents the coding sequence; leader sequence (black),
pro-domain (grey), and mature domain (white) and the line represents untranslated regions.
The FPIG vector is constructed in pSport (Gibco BRL). Scale bar, 300 basepairs.
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Figure 6.2 Loss and recovery of p-gal activity in a BMP-7 expression ES
cell line. X-gal staining o f BM P-7 expression line 1. (A) Stained cells after selection
and initial expansion; passage 5. (B) X-gal staining at passage 16, cells were grown
w ithout selection. (C) X-gal staining at passage 17, after growth under selection
conditions.
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Vgr-2 expression cell lines
The Vgr-2 cDNA was cloned into the kFGF/PGK-IRES-pGeo-BS vector and transfected
into CGR8 ES cells. A total of 1.6x10^ cells were transfected and after 10 days of growth
under selection a total of 10 resistant colonies were picked into 48-well plates. These
colonies were grown for three days without selection and a proportion of the cells from each
clone were passaged onto 24-well plates, grown overnight and stained with X-gal to test for
p-gal activity. O f the Vgr-2 expression clones tested in this manner, 4 were found to exhibit
high levels of p-gal activity. The two clones which stained blue within three hours at 37°C
were used in subsequent analysis and designated V E l and VE2. The vectors used to
generate both the BM P-7 and Vgr-2 expressing cell lines were found to be at least 100 fold
less efficient in transient transfection assays when compared to the same reporter gene (pgeo) under the control of the p-actin promoter.

T ranscription of the dicistronic message
To assess whether the ES cell lines which exhibited high levels of X-gal activity also
expressed the introduced fusion transcript, RNA was isolated from the expression ES cell
lines and from the parental CGR8 ES cells. In the transfected cells the endogenous Vgr-2
transcript can be distinguished from the introduced transcript on the basis of size since the
introduced transcript will be fused to the 1RES and p-geo transcript. The endogenous Vgr-2
transcript is approximately 1.2 kb in length (Jones et al., 1992a) and the introduced
transcript should be approximately 7.5 kb in length. Northern analysis of total RNA isolated
from the ES cell lines (Figure 6.3) showed that the VE2 cells were expressing the fusion
transcript and the endogenous transcript. Expression was evident at both passage 5 and at
passage 10. Cells from passage 10 were used for the initial chimeric analysis. In the parent
cells, and the m ock transfected cells, only the endogenous Vgr-2 transcript was detected. In
this analysis a fusion transcript was not detected in the V E l cell line. However, this analysis
exam ined total RNA and a long exposure time of the hybridised filter to the Phosphorlmage
screen was necessary to detect any signal. It is possible that Northern analysis of polyA
selected mRNA might detect the fusion transcript in the V E l cell line.

Production of Vgr-2 protein
If the ES cell lines are producing and secreting active Vgr-2, then conditioned media from
these cells may be expected to induce mesoderm formation in the Xenopus animal cap assay.
This assay differs from the autoinduction assay described in chapter 5 which utilises
injection of in vitro transcribed mRNA for the test molecule. In the animal cap assay naive
ectoderm is removed from the animal pole of pre-gastrulation Xenopus embryos. A simple
salt solution supports growth of these animal pole cells and they round up to form a sphere
of epidermis. If, however, proteins capable of inducing mesoderm formation are present in
the culture media, then the ectoderm differentiates into a range of mesoderm types and often
this differentiation is associated with elongation of the animal caps. The mesoderm

Figure 6.3 mRNA production from the exogenous DNA in stably transfected
ES cell lines. The production of a fusion transcript from the introduced plasm id was
m onitored by northern analysis of lOpg o f total RNA isolated from the ES cell lines and
hybridisation to the Vgr-2 probe. RNA from the cell lines transfected with the Vgr-2
expression construct (V E l and VE2) at passage 5 (p5) and 10 (plO) was analysed alongside
RNA from CGR8 ES cells (Parent cells) and from an ES cell line transfected with an FPIG
expression construct which did not contain the Vgr-2 cDNA (M oek transfected). The size of
the RNA (basepairs) is indicated on the left. The hybridised filter was exposed to a
phosphorlm age screen for 10 days.
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produced in both of these assays varies with the inducing molecule and concentration of the
inducer. Thus, on the basis of the autoinduction assay, conditioned media from the ES cell
lines is expected to cause mesoderm formation in the animal cap assay, although it is not
possible to predict what type of mesoderm should be induced.
Conditioned media was obtained from the parental ES cell line (CGR8) and from both the
V El and VE2 cell lines. Animal caps were exposed to this media and assayed for mesoderm
induction. Figure 6.4 shows that while animal caps cultured in media from the CGR8 cells
remained spherical, the animal caps cultured in media from the transfected cell lines showed
slight elongation. This elongation suggests that the animal caps have undergone mesoderm
formation. This was confirmed by histological analysis which demonstrated the presence of
mésothélium and muscle in experimental animal caps and atypical epidermis in control
animal caps. The animal cap assay provides good evidence that both of these cell lines
secrete active Vgr-2 protein, despite not detecting the fusion transcript in Northern analysis
of total RNA from the V El cell line.

Overexpression of Vgr-2 in the mouse embryo
To determine whether these cell lines could also induce mesoderm formation in the mouse
embryo, chimeric embryos consisting of Vgr-2 expressing cells and wild-type cells
(VE<-^4-/4-) were generated from ES cells which were concurrently assayed for Vgr-2 activity
as shown in Figure 6.5. In initial experiments, potential chimeras were dissected at 6.5 dpc
and stained with X-gal to distinguish the chimeras. Examination of the chimeras in whole
m ount did not detect any gross morphological abnormalities. However, overnight staining
of these embryos resulted in only very low level p-gal signal. This was surprising as the cell
line used (V E l) had previously shown high level p-gal signal after three hours. Further Xgal staining of the cells maintained in culture, suggested that the cells were exhibiting
decreased p-gal activity with increased passage number. However, if the cells were
maintained in selection conditions, then higher levels of p-gal activity were recovered.
M orphological analysis o f VE chimeras
Further chimeras were constructed using V E l and VE2 cells maintained under selection.
The potential chimeras were dissected at stages equivalent to 8.0 - 10.0 dpc and assayed for
p-gal activity. X-gal staining was carried out for between eight to twenty four hours and the
level of staining obtained was sufficient to identify chimeric embryos. W hole mount
examination of chimeras generated from either the V El or VE2 cell lines detected no gross
morphological defects. To confirm that embryonic tissue arrangement was not altered in
chimeric embryos, six embryos of stages ranging from headfold to 25-somites were
sectioned. No changes in the proportion of the mesoderm com ponent of these em bryos
relative to other tissues was noted. The mesoderm distribution was also studied in headfold
em bryos by detection o f T protein. T, the mouse counterpart of Xhra, is found in the

Figure 6.4 Mesoderm induction by m arked ES cell lines secreting Vgr-2
protein. (A) Animal caps incubated in media conditioned by the parental ES cell line
(CGR8). (B) V E l ES cells stained for p-gal aetivity. (C) Animal caps incubated in
conditioned media from the V E l cell line. (D) VE2 ES cells stained for p-gal activity. (E)
Animal caps incubated in conditioned media from the VE2 cell line. (F) Section through
animal caps incubated in control CGR8 conditioned media. (G) Section through animal
caps incubated in V E l conditioned media. (H) Seetion through animal caps incubated in
VE2 conditioned media, ep: atypical epidermis, m: muscle, my: mesenchyme. Scale bar
600 pm (A,C,E); 100 pm (B,D ,F,G ,H ).
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Figure 6.5 : Strategy for overexpressing Vgr-2 in the mouse embryo. ES
cells are transfected with the FPIG vector and G418 resistant clones selected. These are
assayed for 6-gal activity, and supernatant from clones with highest expression assayed for
m esoderm induction activity in the Xenopus animal cap assay. The cells are injected into
blastocysts, transferred to pseudopregnant recipient females and recovered at V.5-9.5 dpc.
Em bryos are processed through a variety of treatments including X-gal staining, T antibody
im m unohistochem istry, and G Pl isoenzyme analysis.
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primitive streak, the node and developing notochord of headfold stage mouse embryos
(W ilkinson et ah, 1990; Kispert and Herrmann, 1994). In all chimeras exam ined, the
distribution of T protein was normal; it was not ectopically expressed, nor were any o f the
structures which normally express T expanded, as shown in Figure 6.6.
Analysis o f colonisation o fV E cells
From the examination of intact, X-gal stained, chimeric embryos it appeared there was a
high level of contribution of V E l and VE2 cells to extraembryonic mesoderm. This was
noticeable because in what appeared (on the basis of p-gal positive cells) to be relatively low
level chimeras, a high proportion of stained cells were usually found in the yolk sac
m esoderm (particularly the blood islands) and often also the allantois (Figure 6.7).
Additionally, in chimeras where stained cells were seen in the embryo proper these too
appeared to contribute preferentially to mesoderm tissues. For example, when such
embryos were viewed from the dorsal aspect, the neurectoderm appeared devoid o f stained
cells relative to the mesoderm components of the embryo. A nonquantitative analysis of
sectioned chimeras supported the notion of a preferential colonisation of mesoderm by p-gal
positive cells.
Before attempting to quantify this difference on the basis of the distribution of X-gal positive
cells, an independent measure of tissue distribution of the ES cell progeny was employed.
The method used relies on the fact that the ES cells express a different G Pl isozyme than the
host blastocyst. These two isozymes can be electrophoretically separated and a colorimetric
reaction used to visualise the relative proportions of the isozymes in a given tissue sample.
Potential chimeras were dissected into several components as shown in Figure 6.8. H alf of
the yolk sac and a portion of the embryo was X-gal stained to determine if the embryo was
chimeric. The rem ainder of the yolk sac was kept for OPT analysis, along with other
tissues. Part of the embryo was separated into mesoderm and ectoderm com ponents to
allow direct comparison of germ layer contribution. Table 6.1 shows that in the five
em bryos analysed in this manner, the distribution of ES cells is in fact very even. This is
best demonstrated by the results from the germ layer fractions; in all embryos the proportion
of ES cell progeny in the ectoderm is the same as that in the mesoderm. The yolk sac
fraction invariably showed lower contribution than the other tissues, but this is most likely
due to the fact that this fraction consists of both extraembryonic mesoderm and visceral yolk
sac endoderm . This endoderm is rarely colonised by ES cells (Beddington and Robertson,
1989) and so the contribution of the ES cells is diluted by the endoderm population.

Figure 6.6 T protein distribution in VEl<->+/+ chimeras. (A) N on-chim eric
littermate, showing T protein localised to the primitive streak and node. (B) The
extraembryonic region of a chimeric embryo showing localisation of p-gal activity to the
blood islands and no ectopic T protein. (C) The embryonic region of the chimeric embryo
shown in (B). T protein distribution is the same as in the non-chimeric embryo in (A), the
node is out of focus in this picture, p: primitive streak. Scale bar, 200 pm (A); 100 pm

(B,C).

Figure 6.7 Chimeric emhryos consisting of VE2 and wildtype cells stained
for p-gal activity. (A) Four headfold stage em bryos showing contribution to em bryonic
tissues and extraem bryonic m esoderm (blood islands). (B) 8-somite embryo; much of the
yolk sac has been removed. (C) A 16-somite and 14-somite em bryo, both with
extraem bryonic tissues removed. (D) 12-somite embryo with the yolk sac still attached.
(E) Section through the posterior o f an 8.5 dpe embryo (~ 8 somites) showing p-gal
positive cells in all germlayers. al: allantois, b: blood, bi: blood islands, hg: hindgut, n:
neurectoderm , y: yolk sac. Scale bar, 800 pm (A); 700 pm (C,D); 400 pm (B); 200 pm (E).
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6.4

DISCUSSION

W hen murine Vgr-2 is overexpressed in Xenopus it diverts the fate of prospective
ectodermal cells to mesoderm, as evidenced by the induction of Xbra expression (M. Jones,
personal communication). In the experiments reported here, despite the fact that conditioned
media from the ES cells overexpressing Vgr-2 is able to induce mesoderm in Xenopus
animal caps, no evidence that overexpression of Vgr-2 in the mouse embryo reproduces this
effect was found. Chimeric em biyos were inspected at stages ranging from the early
headfold stage to 10.5 days of development. No change in the relative proportion of
mesoderm to ectoderm tissues were detected either in whole mount or section analysis and
no change in the tissue distribution of T protein could be discerned. Interestingly, no
definitive exam ples of increased mesoderm production in the mouse embryo are reported.
Mutants which appear to be defective in the formation of the primitive streak and therefore
lack embryonic and extraembryonic mesoderm exist (Conlon et al., 1991; lannaccone et al.,
1992; Holdener et al., 1994; W innier et al., 1995 ) and in mice homozygous for a mutation
in the eed gene, production of embryonic mesoderm is severely impaired whilst
extraembryonic m esoderm production proceeds as usual (Faust et al., 1995). It remains to
be demonstrated that the phenotype of overproduction of mesoderm can be generated in the
m ouse embryo.
Analysis o f chimeric embryos constructed from ES cells secreting Vgr-2 suggested that the
majority of lac Z expressing cells colonised mesoderm tissues, lac Z transcription in this
assay is dependent upon Vgr-2 transcription and thus p-gal positive cells represent Vgr-2
expressing cells. This apparent bias in tissue distribution is unusual because ES cells can
contribute to all embryonic tissues and to extraembryonic mesoderm (Beddington and
Robertson, 1989; Nagy et al., 1990). Even when em bryonic tissues are separated and G Pl
analysis carried out on the individual tissues, it is found that in general, within a given
chimera, ES cells contribute equally to tissues of different germ layer origin (W ilson et al.,
1993). In contrast to the p-gal results, when the VE<-^+/+ chimeric embryos were assayed
by G Pl analysis it was found that the contribution of ES cell progeny to all tissues was
approximately equivalent.
There are several possible explanations for these apparently contradictory results. The GPl
assay illustrates that the parental ES cells used in this experiment are not inherently biased in
their contribution to embryonic tissues. It is possible that there is selection against Vgr-2
expression (and therefore lac Z expression) in ectoderm and endoderm Alternatively, given
that expression is mosaic in the ES cell population (Figure 6.4), it is possible that some form
o f cell sorting occurs such that Vgr-2 expressing (and hence lac Z expressing) cells
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preferentially colonise mesoderm tissues. Therefore, descendants of ES cells which do not
express the construct may comprise a large portion of the other tissues. However, the
results could also be explained by some form of differential regulation of the introduced
expression construct such that higher levels of active (3-gal are present in mesoderm tissues.
Since two independent cell lines yield indistinguishable results this is not likely to be caused
by position effects due to the integration site of the vector. A similar dicistronic construct
which consists of PGK promoter/neo/EM CV IRES/lac Z has previously been characterised
in chimeric mouse embryos (Kim et al., 1992). This construct shows strong expression in
the em bryonic portion of the embryo at full length primitive streak stages and no obvious
bias towards mesoderm colonisation of the ES cells at any stages exam ined (up to 11.5 dpc),
demonstrating that neither the PGK promoter or the 1RES usually produce such differential
expression o f (3-gal activity.
The kFG F enhancer has been extensively studied in vitro, where it is responsible for the
expression o f kFG F in undifferentiated EC and ES cells (Curatola and Basilico, 1990; Ma et
al., 1992). In EC cells, enhancer activity requires the synergistic action of the Sox-2 and
Oct-4 transcription factors (Schoorlemmer and Kruijer, 1991; Yuan et al., 1995). Between
7.5 and 10 dpc Sox-2 and Oct-4 show restricted em bryonic patterns o f expression, both
being predominantly expressed in ectoderm or primordial germ cells (Rosner et al., 1990;
Collignon et al., 1996b). The expression pattern of these two genes is distinct from that of
kFG F at these stages. Hence it is unlikely that during this stage of development the activity
of the kFG F enhancer is dependent upon the interaction identified in EC cells. The
endogenous pattern of kFG F expression is perhaps the best guide to potential tissue specific
kFG F enhancer effects. The distribution of (3-gal positive cells does not resemble the
embryonic expression pattern of kFG F during the stages at which the VE chimeric mice are
analysed (Drucker and Goldfarb, 1993).
These results raise the problem of the regulation of heterologous promoters in ES cells,
which will be discussed in the general conclusions. The strategy for overexpression of
secreted molecules used in these experiments, while initially seeming worthwhile, proved to
be unreliable. It appears the secretion of particular molecules may be strongly selected
against in ES cell populations. For example, when the identical strategy was attempted with
BMP-7, lac Z activity could not be maintained. In this case it is likely that expression of
BM P-7 is incompatible with the maintenance of ES cell properties, as has been described for
the effects o f BM P-7 on EC cells (Andrews et al., 1994). Additionally, it appears that
differences may exist between the regulation of exogenous DNA during ES cell culture and
em bryonic development. As such, a second method for overexpression of secreted
molecules in the mouse embryo was developed. This method, and the results of
overexpression of BMP-7 are the subject of the next chapter.

C hapter 7
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7.1

INTRODUCTION

As an alternative to stably expressing ES cell lines the COS cell overexpression system was
utilised. The COS cell line is a monkey kidney cell line transformed by an origin-defective
m utant of the SV40 virus (Gluzman, 1981). Since the cell line expresses the wildtype large
T antigen the cells will replicate introduced plasmids which contain the SV40 origin of
replication to high copy number. COS cells have been used to overexpress secreted
molecules in a variety of recombination assays (Easier et al., 1993; Fan and TessierLavigne, 1994; Kennedy et al., 1994; Roelink et al., 1994; Liem et al., 1995) and in many
of these cases the reported activity of the secreted molecule is duplicated by recombinant
protein. For example, COS cells transfected with Shh exhibit floor plate and m otor neuron
inducing activity, as does purified Shh (Roelink et al., 1994), It therefore seemed likely that
COS cells could act as an inert source of secreted molecules.
The ability to deliver COS cells to specific locations in cultured postimplantation embryos
renders this strategy particularly suitable for molecules whose function during the optimal
culture period is predicted by their restricted expression pattern. The distribution o f BM P-7
transcripts suggests that it may play one or more roles during anterior-posterior axis
formation or dorsal-ventral neural patterning (Chapter 4) and as such BM P-7 is a better
candidate for such studies than Vgr-2. Unfortunately, to date, no true hom ologues o f BMP7 have been isolated from Xenopus and mammalian BM P-7 produces no effect in Xenopus
overexpression assays (Yamashita et al., 1995) so that its function is unknown from the
study of Xenopus em bryos. However, in the chick em bryo, TGF-p superfam ily molecules,
including BM P -7, have been shown to promote the differentiation of cells derived from the
dorsal neurectoderm and to inhibit the induction of ventrally located motor neurons by
signals from the notochord and floor plate (Easier et al., 1993; Liem et al., 1995).
As described in the Introduction the dorsal-ventral fate of neurectoderm cells is believed to
result from an interplay of signals which are initially derived from the notochord and the
surface ectoderm, at later stages the patterning ability may be passed to the midline floor
plate and roof plate structures, respectively. Shh is believed to mediate the notochord and
floor plate inducing properties, and it is proposed that the role of dorsally located TGF-p
related molecules is to oppose a long range Shh signal and in doing so promote
differentiation of dorsal structures such as the neural crest (for review see Placzek, 1995).
W hile few o f the experiments which have led to this model have been performed in the
mouse em bryo, ectopic expression of Shh in the mouse em bryo (Echelard et al., 1993) and
analysis of mice in which additional neurectoderm comes in contact with the surface
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ectoderm (Takada et al., 1994) suggest that the tissue interactions identified in other
vertebrates are also utilised in patterning the mammalian neural plate.
As described in Chapter 4, BM P-7 is expressed in the surface ectoderm o f the developing
mouse embryo from the late gastrulation stage of development. Expression o f BM P-7
adjacent to the dorsal aspect of the neural tube is initiated some twelve hours before the first
overt sign o f dorsal differentiation occurs with neural crest emigration (5-somite stage;
Serbedzija et al., 1992). Thus BM P-7 is expressed in the temporal-spatial m anner expected
of a dorsal signalling molecule. Paradoxically, at the same stage of development BM P-7
transcripts in the developing cranial region are found in all of the paraxial mesoderm, the
axial mesendoderm and the ventral midline neurectoderm itself. Beyond this stage of
development all but the surface ectoderm expression of BM P-7 progressively recedes from
the hindbrain region. To assess whether BM P-7 may participate in patterning the hindbrain
neural plate COS cells were used to extend the duration of ventro-lateral BM P-7 expression.
Such ectopic expression interferes with endogenous ventral signals and elicits expression of
a subset of dorsally restricted genes in ventro-lateral neurectoderm. Additionally, BM P-7
causes expansion o f the neurectoderm due to a localised increase in cell number.

7.2

MATERIALS AND METHODS

E x p re ssio n c o n stru c ts
Shh expression constructs were supplied by A. M cM ahon and D. Bumcrot. Plasm id
phykmShh encodes the full length mouse Shh protein and phykmShh/198 encodes amino
acids 1-198 o f mouse Shh, which corresponds to the amino peptide generated by Shh
auotcleavage (Bumcrot et ah, 1995). In both cases Shh is expressed under the control o f the
adenovims major late promoter. The full length coding sequence of human BM P-7 cloned
into pcDNA 1/Amp (Invitrogen) was provided by A. Furley and M. Jones.

CO S cell tra n sfe c tio n
COS cells were grown to 70% confluency in a 75 cm^ flask, the cells trypsinized and
pelleted in a universal by centrifuging at 100 g for 5 minutes and washed with PBS. Cells
were resuspended in 500 pi of PBS and 5 pg of plasmid DNA (purified on a caesium
chloride gradient) added to the cells and incubated for 10 minutes at 4°C. The cells were
electroshocked in a 0.5 cm cham ber (Bio-Rad) using a Bio-Rad genepulser under the
following conditions: 0.45 kV, 250 pF. Cells were incubated at 4°C for a further 10
minutes before plating on a 75 cm^ flask. Fresh COS cell media was added 24 hours after
the transfection.
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CO S cell g ra fts
48 hours after transfection, cells from a 75 cm^ flask were detached using enzyme free cell
dissociation buffer (GIBCO BRL) and collected by centrifugation (100 g, 5 minutes). The
cells were resuspended in 600 pi of COS cell medium and placed in 10 pi hanging drops.
The drops were incubated at 37°C in 5% O 2 , 6% CO 2 and humidified air for 2 hours or until
they had formed an adherent sheet of cells. A sheet of COS cells was labelled with the
fluorescent dye D il (1,1 '-dioctadecyl-3,3,3',3'-tetramethyl indocarbocyanine perchlorate;
M olecular Probes) by placing in 10 pi o f a 0.3 M sucrose solution containing 0.05% Dil in
ethanol (Serbedzija et al., 1990) for 30 seconds. The labelled COS cells were transferred to
M2 medium to remove excess Dil. They were again transferred to fresh M2 medium and
broken into suitable size clumps for grafting by pipetting up and down with a fine, handpulled, glass pipette with an internal diameter of 50-100 pm. COS cells were drawn into a
glass micropipette of internal diameter 30-40 pm made as described in Beddington (1987).
An em bryo was gently held at the ectoplacental cone using a pair of watchmaker's forceps
(Number 5) and the pipette containing the COS cells was placed into the mesoderm adjacent
to the prospective hindbrain neurectoderm on the left side of the embryo. The COS cells
were expelled into the mesoderm by aspiration. Typically 10-20 clumps, of 5-10 COS cells
each, were expelled into the embryo.

A nalysis o f g ra fte d em bryos
At the end of the culture period embryos were dissected from the yolk sac and amnion and
fixed in 4% PFA in PBS, overnight at 4°C. Embryos were placed under a coverslip in a
shallow cavity slide (Fisons) and the location of the COS cells visualised with rhodamine
filter epifluorescence optics (Zeiss filter set 48 79 15) in a compound microscope (Axiophot,
Zeiss), and recorded on film. Those embryos found to have COS cells in the m esoderm
adjacent to the hindbrain neurectoderm were numbered and stored individually in 4% PFA in
PBS at 4°C in the dark for further analysis. The fluorescent label used to mark the COS
cells is unstable through in situ hybridisation, therefore after photographically recording the
location of the COS cells the embryos were processed individually.

C alcu latio n of relativ e m itotic freq u en cy
M easurement of mitotic rate using BrdU labelling is hindered by the extremely inefficient
uptake of BrdU during culture of intact mammalian embryos (Copp, 1990). Therefore the
nuclear stain DAPI was used to score the proportion of neurectoderm cells in mitosis.
Paraffin sections (7 pm) were prepared from embryos. The sections were dewaxed in
Histoclear and rehydrated through an ethanol series and washed twice in PBS. The sections
were incubated in 2 pg ml-^ DAPI (4', 6-diamidin-2-phenylindol-dihydrochlorid;
Boehringer M annheim) in PBS for 5 minutes and washed twice in PBS (15 minutes each),
before mounting under coverslips in Vectashield (Vector Laboratories). The sections were
exam ined with epifluorescence optics as described above and the sections scored using a 40x
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objective. The cell density was estimated by counting nuclei in a 2000 pm^ area. The
number of mitotic cells in the left and right sides of the neurectoderm in a given section was
counted. An image of each scored section captured onto com puter using a video camera
(SONY) fitted to the microscope and Improvision software, which was then used to
determine the area of the neurectoderm. The relative mitotic frequency was calculated as the
number of mitotic cells per volume of neurectoderm.

7.3

R ESU LTS OF PRELIMINARY EXPERIMENTS

S trateg y fo r overexpression of secreted m olecules in the 8.5 dpc m ouse
e m b ry o
Preliminary experiments were carried out to determine if it was possible to graft COS cells
into specific sites in the post-implantation mouse embryo without adverse developmental
consequences caused by either the grafting procedure, or the presence of the grafted cells.
In all experiments the introduced COS cells were located by labelling cells before grafting
with the lipophillic fluorescent dye, Dil. The efficacy of labelling and viability of labelled
COS cells was checked by growing labelled cells on tissue culture surfaces in the same
culture conditions as embryos for 24 hours. Examination of these cultured cells under phase
contrast and fluorescent optics showed that the cells were living and all were fluorescently
labelled, demonstrating that the labelling procedure was both efficient and non-toxic.
Table 7.1 illustrates the preliminary experiments carried out with nontransfected COS cells.
From these experiments it was noted that if the COS cells were not placed into the embryonic
tissue but expelled into the amniotic cavity, the cells would aggregate and attach as a ball of
cells to either the neurectoderm or amnion, or in older embryos become enclosed within the
developing neural tube. No morphological effect of such cells was observed. Thus
subsequent experiments were aimed at attempting to graft the COS cells into the embryonic
mesoderm. As shown in Table 7.1 it was possible to graft the COS cells into m esoderm and
in embryos which had already formed somites at the time of grafting it was possible to place
the cells accurately adjacent to the prospective hindbrain. In all cases where nontransfected
COS cells were grafted into the mesoderm, there appeared to be no gross morphological
effect on the embryos. The presence of cells in the foregut pocket is due to the method of
grafting; the pipette is placed inside the foregut pocket up to the level of the prospective
hindbrain, and then into the mesodem i next to the foregut endoderm. W hen removing the
pipette cells will often be left behind in the foregut. No effect of these trapped COS cells on
normal development was noted in any of the experiments carried out to date. Similarly, this
method of grafting also results in some cases of cells being enclosed within the neural lumen
or attached to the neurectoderm, this occurs when during the grafting procedure cells are

T able 7.1 P relim in ary CO S cell experim ents. Fluorescently labelled COS cells
were placed into em bryos either via injection into the amniotic cavity, or via grafting into
mesoderm. After culture for 24 hours the location of the COS cells was recorded for each
embryo. A summary of the location of the COS cells in each category of experiments is
reported. In many cases an individual embryo had cells at more than one location.

Method of COS
cell
incorporation

Amniotic cavity

Number

Number

Number

of somites

of

with

before

embryos

incorporated

culture

treated

cells

pre-somite

14

5

injection

Location of incorporated cells

Attached to neurectoderm
Attached to amnion
Enclosed in neural lumen

1-5

10

7

Attached to neurectoderm
Attached to amnion
Enclosed in neural lumen

6-10

5

3

Attached to neurectoderm
Attached to amnion
Enclosed in neural lumen

Tissue graft

pre-somite

6

4

Mesoderm adjacent to forebrain
Foregut pocket
Lateral mesoderm adjacent to heart

1-5

5

5

Mesoderm adjacent to hindbrain
Foregut pocket
Enclosed in neural lumen

6-10

5

4

Mesoderm adjacent to hindbrain
Attached to neurectoderm
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expelled into the amniotic cavity. Such COS cells have no developmental consequence. It
appeared that it would be possible to use this grafting procedure to develop an efficient and
reproducible method of introducing secreted molecules into ectopic locations within the
developing embryo. The experimental strategy that was developed is shown in Figure 7.1.

Shh tra n sfe cte d COS cells induce ectopic H N F 3 - p ex p ressio n
It has previously been reported that misexpression of Shh in the dorsal neural tube, driven
by the Wnt-I promoter in transgenic mice, leads to ectopic expression of the floor plate
m arker HNFS-p (Echelard et al., 1993). To ascertain whether the experimental system
utilised here can deliver sufficient active protein to cause changes in gene expression COS
cells transfected with Shh were grafted into the mesoderm adjacent to the hindbrain
neurectoderm. The COS cells were transfected either with an expression vector designed to
express the first 198 amino acids of the Shh protein, or with a vector designed to express the
full length protein. As shown in Table 7.2 and Figure 7.2 COS cells transfected with either
construct were capable of inducing additional HNF3-P expression.
Table 7.2 shows the results of experiments in which COS cells transfected with Shh were
grafted into embryos and after 24 hours of in vitro development the embryos were analysed
for additional HNF3-P mRNA. COS cells transfected with the full length construct were
grafted into 12 embryos, and after culture 7 embryos were found to contain no COS cells, or
cells only in the foregut pocket or attached to the neurectoderm. In none of these embryos
was ectopic HNF3-p expression detected. O f the 5 embryos in which COS cells had been
grafted into the mesoderm in 4 cases the cells were found adjacent to the ventral
neurectoderm (the normal source of Shh protein). This did not result in additional HNF3-P
expression. However, in the one embryo in which this graft was large and thus extended
into the region adjacent to more dorsal neurectoderm, an expanded domain of HNF3-p
expression occurred, as shown in Figure 7.2. In a second experim ent COS cells were
transfected with the construct coding for the first 198 amino acids of the shh protein. Table
7.2 shows that in this experiment, o f the 9 embryos treated, 6 contained no cells or had cells
attached to the neurectoderm. After culture, 2 embryos were found to have cells grafted into
the ventral m esoderm and again this failed to elicit additional HNF3-p expression. In this
experiment, 1 embryo had COS cells grafted into the dorsal neurectoderm itself (rather than
the underlying mesoderm). This type of graft occurs only rarely as it is much more usual for
the COS cells to incorporate into a mesh of mesoderm rather than into an epithelium. In this
embryo, ectopic HNF3-P expression was detected in the neurepithelium in a ring around the
grafted COS cells, as shown in Figure 7.2.
The rather low proportion of embryos ectopically expressing HNF3-P may therefore result
from the low proportion of dorsally located cells. Experiments in which COS cells were
specifically placed adjacent to the dorsal neurectoderm did not increase the number of

F ig u re 7.1

S tra te g y fo r m isexpression in the 8.5 dpc em bryo. (A)

COS cells

were transiently transfected with an expression construct. (B) 48 hours after transfection
the COS cells were collected and placed in hanging drop culture. (C) After 2 hours the
COS cells had formed a coherent sheet of cells which could be D il labelled and broken into
suitable size groups of cells for grafting. The labelled COS cells were grafted into
mesoderm adjacent to the prospective hindbrain. (D) Embryos into which cells were
grafted were allowed to develop in culture for 24 hours and then dissected free of the
extraembryonic membranes and fixed. Embryos were examined under fluorescent optics
and the location of incorporated cells recorded. (E) Embryos in which cells were
incorporated were exam ined further, for example by whole mount in situ hybridisation
(W M ISH) to determ ine if changes in gene expression had occurred.
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Figure 7.2

Ectopic expression of HNF3- p induced by Shh misexpression.

(A) Lateral view o f an em bryo showing the location o f grafted COS cells after 24 hours of
culture. Labelled COS cells were grafted into the mesoderm and extend to underlie both
ventral and dorsal mesoderm . (B) Dark field picture of 2 embryos, viewed from the
anterior, after whole mount in situ hybridisation to HNF3-P mRNA. The em bryo on the left
shows the normal distribution of transcripts while the em bryo on the right shows a dorsally
expanded domain of expression (arrowhead). The embryo on the right is the same as that
shown in (A). (C ) Dorsal view o f 2 em bryos showing HNF3-P mRNA localisation. The
embryo on the right has COS cells located within the dorsal neurectoderm and these are
surrounded by ectopic H NF3-p transcripts (arrowhead). (D) A lateral view of an embryo
which contained COS cells but did not show ectopic expression o f HNF3-p. COS cells are
located at three sites: (a) grafted into ventral mesoderm; (b) the foregut, and; (c) attached to
the surface ectoderm. Scale bar, 300 pm (B,C); 200 pm (A,D).
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embryos in which COS cells were located dorsally after culture. However, the results
presented here suggest that transfected COS cells can be used to deliver secreted proteins
within the mouse embryo and that gene expression can be altered in a manner consistent with
that obtained from misexpression via transgenesis.

7.4

RESULTS OF ECTOPIC EXPRESSION OF BMP-7

Location of COS cell grafts
In all of the experiments reported here COS cells were grafted into the cranial mesoderm of
embryos with 3- to 8-somites. Since the region between the preotic and the otic sulcus
corresponds to the future location of rhombomeres 3 and 4 (Trainor and Tam, 1995), these
two indentations were used as a guide to ensure grafts were placed in the vicinity of
prospective hindbrain. Six embryos which had received grafts were fixed immediately and
the location of the cells determined. As shown in Figure 7.3 the COS cells were placed into
the mesoderm adjacent to the neurectoderm of the developing hindbrain.
Morphology of the grafted embryos
In aU experiments some embryos received grafts of COS cells which had been transfected
with BMP-7 while control embryos received nontransfected COS cells. In total,
nontransfected COS cells were grafted into 51 embryos which had between 3 and 8 somites
at the time of grafting. After 24 hours in vitro these embryos were dissected, fixed and
examined for morphological abnormalities. The embryos developed normally in culture as
judged by axis elongation, somite number, and the presence of a beating heart and other
organ rudiments. None of the grafted embryos showed gross morphological abnormalities
in the cranial region when viewed from either the lateral or dorsal aspect. When these
embryos were viewed under fluorescent optics, 38 were found to contain COS cells adjacent
to the hindbrain neurectoderm. Two embryos were cryosectioned and the neurectoderm in
the region of the COS cells found to be morphologically normal (Figure 7.4),
When COS cells transfected with an expression construct for BMP-7 were grafted into the
mesoderm underlying the developing hindbrain, changes in the neurectoderm occurred.
While the embryos developed essentially normally in culture, it was apparent that in a large
proportion of embryos the neurectoderm on the grafted side of the hindbrain was distorted,
often appearing highly convoluted (Figure 7.4C). The 47 embryos which had received an
experimental graft were viewed under fluorescent optics and all embryos that showed overt
deformity (38) had COS cells within the adjacent mesoderm. Two embryos were
cryosectioned and the neurectoderm in the region of the COS cells found to be kinked in a
manner consistent with an overproduction of neurectoderm (Figure 7.40).

Figure 7.3 Location of grafted cells. (A) The grafting procedure. An embryo is
held using a pair of forceps and the COS cells micropipetted into the mesoderm as close as
possible to the neurectoderm. (B) A 4-somite embryo. Immediately after grafting the
fluorescent COS cells the embryo was fixed, and yolksac and amnion removed so that the
position of the incorporated cells could be determined. The cells are located between the
preotic sulcus and the otic sulcus. (C) A transverse section through a 6-somite embryo
which was fixed immediately after the grafting procedure. The fluorescent COS cells are
located in the mesoderm underlying the hindbrain neurectoderm. pos: preotic sulcus, os:
otic sulcus. Scalb bar 200 pm (B); 100 pm (C).

Figure 7.4 Morphology of grafted embryos. (A) Em bryo w hich received a
control graft, after 24 hours culture. (B) Transverse section through the region of grafted
nontransfected COS cells. (C) Embryo which received a graft of BMP-7 transfected COS
cells, after 24 hours culture. The deformity, adjacent to the COS cells is marked with an
arrow. (D) Transverse section through the hindbrain in the region of grafted BM P-7
transfected COS cells. Scale bar 400 pm (A,C); 100 pm (D); 75 pm (B).

m
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Dorsal-ventral pattern in the neurectoderm adjacent to the COS cells
To determine whether dorsal-ventral pattern in the grafted embryos was altered they were
examined using whole mount in situ hybridisation to a variety of genes which show
restricted expression patterns in the developing neural plate. While the expression pattern of
potential markers has previously been reported, in many cases detailed information about
expression of these molecules in the hindbrain region of 3- to 20-somite em bryos is not
available. Thus in situ hybridisation to a variety of mRNAs was undertaken and Shh, Pax3, M sx l and AP-2 chosen as suitable markers. The details of the mRNA distribution of
these genes is not the subject of this chapter, however, some of the information obtained
from the whole mount in situ analysis is not published elsewhere, and for ease of reference,
a summary o f the expression of these genes is provided in Appendix II.
Expression o f dorsal markers in the ventro-lateral neurectoderm
BM P molecules have previously been implicated in the differentiation of dorsal
neurectoderm structures (Liem et al., 1995), therefore M sx l, which in 8.5 dpc wildtype
embryos is known to be expressed in a narrow domain within the dorsal neural tube (Hill et
al., 1989), was chosen as a marker. The analysis of the wildtype expression pattern of
M sxl showed that in the mouse neural plate M sxl transcription is initiated in a narrow lateral
domain during headfold stages of development and upon neural tube closure transcripts are
seen in the roof plate of the neural tube. During normal development M sxl transcripts never
cross the ventral midline of the cranial neurectoderm, as shown in Appendix II.
The localisation of M sxl mRNA was examined in embryos which received a graft of
nontransfected COS cells. Embryos in which the cranial neural folds were still open were
examined in wholemount and flatmount to determine that the dorsal restriction of M sx l was
maintained. Sectioning of embryos in which closure o f the cranial neural folds was more
advanced was used to ascertain that M sxl expression in the roof plate was maintained. In all
11 em bryos analysed, no differences were noted in any features of M sxl expression (Figure
7.5 and Table 7.3). In contrast to this in all embryos analysed which had received a graft of
BM P-7 transfected COS cells there was an enlargement in the amount of tissue which
expressed M sx l (Figure 7.5C). In mildly affected embryos this was seen as a shift o f the
M sxl hybridisation signal to a more ventral level. In the embryos which appeared very
distorted not only was this shift in expression seen but additional neural tissue was present
which invariably expressed M sxl. In all of the embryos examined ectopic expression of
M sxl was either confined to the neurectoderm on the grafted side or was markedly more
extensive on this side. The variation in the extent of the phenotype presumably reflects
differences in the exact size and/or location of the graft. Figure 7.5D shows a flat mount
preparation o f an embryo in which the grafted side shows additional neural tissue and in
rhombom ere 3 there is a ventral shift in the expression domain of M sxl on both sides of the
neurectoderm.

Figure 7.5 M s x l and A P -2 mRNA localisation. (A) D orsal view o f an em bryo
which received a graft of nontransfected COS cells, to the left side, showing M sx l mRNA
localisation. M sx l transcripts are confined to the dorsal neurectoderm and rhombom eres 3
and 5 exhibit increased transcript levels. (B) Lateral view of the embryo in (C), showing
the location of the BM P -7 transfected COS cells. (C) Dorsal view o f the em bryo in (B)
showing the expanded expression domain of M sxl on the grafted (left) side. (D) Flat
mount of hindbrain neurectoderm o f an embryo which received a graft of BM P-7 transfected
COS cells to the left side. The M sxl expression domain expands ventrally in rhombom ere 3
on both the grafted and non grafted sides. On the grafted side there is additional neural
tissue which also expresses M sx l (arrow). (E) Transverse section through the hindbrain
o f an embryo which received a BM P-7 graft (left side) showing the ventral shift of the M sxl
expression domain and additional neural tissue expressing M sxl. (F) Lateral view o f an
em bryo showing the location of nontransfected COS cells. (G) Transverse section through
the grafted region o f the em bryo in (F) showing AP-2 expression. (H) Lateral view o f an
em bryo showing the location of the BM P-7 transfected COS cells. (I) Transverse section
through the grafted region of the em bryo in (H) showing ventral AP-2 expression and AP-2
positive cells exiting the neurectoderm at two sites on the left side of the neural tube, r:
rhombom ere. Scale bar 450 pm (A,C); 300 pm (B,F,H); 150 pm (D); 100 pm (G,I); 75 pm
(E).
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The analysis of M sxl expression in the neurectoderm suggests that the ventro-lateral
neurectoderm has taken on characteristics normally associated with the dorsal aspect of the
neurectoderm. Cells in the dorsal region of the neural tube give rise not only to dorsal neural
tube cells but also to the neural crest population (Chan and Tam, 1988). Therefore, the
pattern of mRNA accumulation of two genes expressed in different subsets o f the neural
crest was examined. In wildtype embryos M sxl expression is seen in the post-m igratory
neural crest cells that populate the branchial arches and the dorsal limit of this expression is
never more dorsal than the base of each arch. Grafts of nontransfected COS cells did not
result in any alteration in M sxl transcript accumulation in the branchial arches. However, in
5 of the 6 em bryos in which BM P-7 transfected COS cells were grafted and M sxl mRNA
localisation examined, the domain of M sxl expression in the branchial arches extended more
dorsally on the grafted side than on the non grafted side, suggesting increased production of
neural crest cells (Table 7.3). The sixth embryo was developmentally less advanced, having
only 10 somites after culture, and no hybridisation signal was evident in the branchial arches
on either the grafted or nongrafted side.
To further examine neural crest production at the site of the graft, AP-2 expression was
examined. The AP-2 transcription factor is expressed in the surface ectoderm and in the
dorsal neurectoderm from early neural plate stages and when at the 5-somite stage neural
crest begins to emigrate from the hindbrain region it is expressed in the migratory cells
(Mitchell et al., 1991). In embryos which had received a graft of nontransfected COS cells
no ventral shift in AP-2 expression was seen. In contrast, as shown in Table 7.3, o f the 4
em bryos which received a graft o f BM P-7 transfected COS cells all showed ectopic
expression o f AP-2. In all cases AP-2 was expressed in a more ventral location in the
neurectoderm than in unoperated embryos. In the 2 embryos in which this was most
pronounced AP-2 expressing crest was located adjacent to ventro-lateral neurectoderm
(Figure 7.5). Taken together with the M sxl expression it appears that a sustained ventro
lateral source of BMP-7 has caused the overlying neurectoderm to adopt dorsal
characteristics.
Decreased expression o f ventral markers in the midline neurectoderm
Experiments in chick embryos have shown that when an ectopic notochord is grafted to a
dorsal site, activation of ventral markers is induced (Yamada et al., 1991). However,
expression o f dorsal markers persist (Artinger and Bronner-Fraser, 1992). Since the graft
of BM P -7 transfected COS cells appeared to have enlarged the dorsal domain, it was
important to ascertain whether ventral markers were affected. Shh, which is believed to be
essential for development of the floor plate, is expressed in the developing notochord from
the early headfold stage of development and expression in the floor plate is initiated in the
m idbrain region of embryos with 8-somites. This floor plate expression quickly spreads
along the axis such that by 10 somites the ventral midline of the hindbrain neurectoderm is
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expressing Shh (Echelard et al., 1993). O f the 3 em bryos exam ined for the expression of
Shh after grafting nontransfected COS cells, no alterations were noted in the localisation of
Shh (Figure 7.6 and Table 7.3). In contrast, in all 4 of the embryos which had received
grafts of BM P -7 transfected COS cells it was evident that normal levels o f expression o f Shh
in the notochord were maintained, but in the floor plate adjacent to the graft expression was
greatly diminished.
Pax-3 expression is unaffected by ectopic expression o f BM P-7
Pax-3 is expressed in the dorsal half of the neural tube in both the mouse and the chick
(Goulding et al., 1991; Goulding et al., 1993), and experiments in the chick have identified
Pax-3 as a gene whose dorsal restriction may be primarily regulated by the notochord
expression o f Shh (Goulding et al., 1993; Liem et al., 1995). However, it has also been
shown that BM P molecules can upregulate expression of Pax-3 in chick spinal cord which is
already expressing low levels of Pax-3 (Liem et al., 1995). Unlike the chick, at no level of
the mouse cranial or spinal neurectoderm does Pax-3 expression cross the ventral midline in
embryos between the onset of Pax-3 transcription and the 20-somite stage (Appendix II).
This provides the opportunity to ask whether BMP-7 is capable of eliciting Pax-3 expression
in neurectoderm which otherwise would not express Pax-3, but which is com petent to
express other dorsal markers. In all embryos which had received grafts of either
nontransfected or BM P-7 transfected COS cells. Pax-3 expression in the hindbrain region
remained unaltered on the grafted side compared to the non grafted side (Figure 7.7 and
Table 7.3). Interestingly, the whole mount in situ hybridisation analysis o f Pax-3
expression in the developing hindbrain region showed that Pax-3 is not expressed in the roof
plate at all levels of the hindbrain (see Figure 7.7) although it is detected throughout the roof
plate at other rostro-caudal levels.

Increased area of the neurectoderm
From analysis of the experimental embryos it was obvious that the volume of the
neurepithelium is increased in the region of the graft. The increase in size may result from
an increase in the volume of the individual cells, or from an increased number of cells. A
nuclear stain was used to distinguish between these possibilities: if cell volume increases, the
density of nuclei will decrease. The nuclear density was sampled at 4 sites in each embryo:
on both halves of the neurectoderm adjacent to the COS cells, and on both halves of the
neurectoderm at a site distant from the graft. In each embryo 3-8 sections were scored at
each site. The mean nuclear density of the neurectoderm adjacent to the graft was compared
to that at each of the 3 other sites. For each comparison the significance of difference was
determined by Student's /-test. Table 7.4 shows that the mean nuclear density adjacent to
the graft was not significantly different from that at any of the 3 other sites. Thus the
neurectoderm expansion results from an increase in cell number. The nuclear stain used in
these experiments (DAPI) also allows identification of both mitotic cells and apoptotic cells.

Figure 7.6 Shh mRNA localisation. (A) Lateral view of the em bryo in (B),
showing the location o f the nontransfected COS cells. (B) Lateral view of the em bryo in
(A) showing that the expression of Shh remains unaltered in the region of the graft. (C)
Transverse section through the hindbrain region of an embryo with a control graft showing
Shh expression in the notochord and floor plate. (D) Lateral view of the em bryo in (E),
showing the location o f the BMP-7 transfected COS cells. (E) Lateral view of the embryo
in (D), Shh expression is maintained in the hindbrain notochord but is depleted in the floor
plate in the region o f the graft (arrow). (F) Transverse section through the hindbrain o f an
em bryo which received a graft of BMP-7 transfected COS cells to the left side showing
dim inished floor plate expression o f Shh. Scale bar 450 pm (B,E); 300 pm (A,D); 75 pm

(C,F).

%

Figure 7.7 Pax-3 mRNA localisation. (A) Transverse section through the
hindbrain of a wildtype em bryo showing lack of Pax-3 transcripts in the roof plate. (B)
Dorsal view of an em bryo which received a graft of nontransfected COS cells, to the left
side, showing Pax-3 expression. (C) Dorsal view of an em bryo which received a graft of
BM P -7 transfected COS cells to the left side showing Pax-3 expression. The neurectoderm
is expanded in the region of rhom bom ere 2. (D) Flatmount of the em bryo shown in (B),
the expression domain o f Pax-3 is unaltered in the region of the graft (arrow) relative to the
non grafted side, r: rhombom ere. Scale bar 450 pm (B,C,D); 50 pm (A).

Table 7.4 Neurectoderm mean nuclear density. Values are presented as the m eans
o f the nuclear density at each o f the sites listed, ± s.e.m. Student's /-test was perform ed to
compare the mean nuclear density at sites adjacent to the graft (bold lettering) with that on the
nongrafted side and distant from the graft. (1): p > 0.05; (2): p > 0.1.

Table 7.5 Neurectoderm relative mitotic frequency. V alues are presented as the
ratio of the relative mitotic frequency on the grafted side of the neurectoderm, to the relative
m itotic frequency on the nongrafted side, ± s.e.m. Student's /-test was perform ed to
compare the relative mitotic frequency adjacent to the graft with the corresponding frequency
distant from the graft. (1): p < 0.01.

Grafted side

N ongrafted side

D istant from graft

32.7±0.7(l)

33.5+0.8(2)

A djacent to graft

34.5+0.6

34.2+0.7(2)

D istant from graft

32.9±0.8(2)

33.7+0.9(2)

A djacent to graft

33.6+1.5

31.4±0.4(2)

Location
N ontransfected

B M P -7 transfected

Grafted Cells

Neurectoderm

N eurectoderm

adjacent to graft

adjacent to the otic
vesicle

N ontransfected

BM P-7 transfected

1.16 + 0.18

1.05 ± 0 .1 4 3

1.65 + 0.56

0.94 ± 0 .1 9

0.88 + 0.09

1.44 ± 0 .3 2

2 .1 6 ± 0 .1 8 (i)

1.35 ± 0 .2 8

2.47 ± 0 .6 8 (0

1.34 ± 0 .2 3

2.66 ± 0 .5 4 (0

1.23 ± 0 .1 9
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From the analysis of the DAPI stained sections no alteration in the proportion of apoptotic
cells was noted. However in the region of BMP-7 transfected COS cells an abundance of
mitotic figures was apparent on the ventricular surface.
To quantify this, the relative mitotic frequency was determined as described in materials and
methods. W hen this was measured at 30 pm intervals along the hindbrain (data not shown)
it was found to vary in a manner consistent with that reported for chick neurectoderm
(Guthrie et al., 1991). This indicated that centres of increased proliferation, corresponding
to the rhombomeres, are probably also found in the mouse. Despite this variation along the
axis, at any one point the relative mitotic frequency on both sides of the neurectoderm should
be the same. Therefore to determine whether there are more mitotic figures adjacent to the
BM P-7 transfected COS cells, a ratio of the relative mitotic frequency on the grafted side to
that on the nongrafted side was calculated. For each embryo this ratio was calculated for 810 sections corresponding to the region of the grafted COS cells and for 8-10 sections at the
level o f the otic vesicle. For each set of data the significance of difference was determined
by Student's t -test. Table 7.5 shows that in embryos in which nontransfected COS cells
were grafted there was no difference between the grafted and nongrafted side of the
neurectoderm either at the site of the graft or remote from the graft. In contrast to this,
relative mitotic frequency increased by more than two-fold in the vicinity o f grafted BM P-7
transfected COS cells, whereas outside of the region of the graft the relative mitotic
frequency did not increase. These data taken together with the increase in cell num ber are
consistent with BMP-7 causing increased proliferation of the neurectoderm.

7.5

DISCUSSION

This study shows for the first time that the activity of secreted molecules can be examined in
the early mouse embryo by the precise grafting of cells expressing the desired molecule.
The ectopic expression study identifies three distinct activities of BMP-7 in the mammalian
hindbrain. Firstly BM P-7 promotes dorsal cell fate and in general this is consistent with the
activity identified for BMP-7 using in vitro assays of chick spinal cord development (Liem et
al., 1995). The two other, previously unidentified activities, are interference with
accumulation of Shh transcripts in the floor plate and an ability to increase cell number in the
neurectoderm. When these data are combined with the expression information presented in
Chapter 4, several functions are suggested for BMP-7 during the early establishm ent of the
central nervous system.

Dorsal differentiation of the cranial neurectoderm
In vertebrates the first differentiated cell population to arise from the lateral neurectoderm is
the neural crest population (Nichols, 1981; Tosney, 1982; Sadaghiani and Thiébaud, 1987),
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which in most vertebrates emerges shortly after closure of the neural tube. In the mouse
embryo, the cranial neural crest is formed unusually early: the first crest emigrates from the
hindbrain region in the 5-somite embryo and all of the neural crest cells have left the
hindbrain neurectoderm by the time the neural folds fuse to form the neural tube (Serbedzija
et al., 1992). Thus the influences which promote dorsal differentiation in this region must
operate in concert with, or very soon after, the signals which induce the anterior epiblast to
adopt a neural fate. The acquisition of dorsal neurectoderm fate has previously been studied
in the chick spinal cord. It is proposed that two mechanisms interact to generate dorsal
restriction o f gene products: the expression of early patterning genes is regulated primarily
by ventral repression, mediated by notochord derived Shh and later, positive signals
possibly mediated by surface ectoderm derived BM P molecules promote the differentiation
of definitive dorsal cell types such as neural crest cells (Liem et al., 1995).
During the earliest stages of mouse cranial neurectoderm development, ventral repression of
dorsally restricted genes does not appear to be necessary. M sxl and AP-2 transcripts are
first localised to the lateral edge (future dorsal) of the cranial neural plate at the headfold
stage o f development. At this stage of development neither gene is expressed in the midline
neurectoderm above the node (Appendix II) and their transcripts are never seen in the
midline neurectoderm of the cranial neural plate. Moreover, it is clear that ectopic expression
of BM P-7 is sufficient to elicit the expression of both M sxl and AP-2 in neural tissue which
otherwise would never express these genes. Furthermore this occurs in the presence o f a
notochord expressing Shh. These data argue that in the mouse cranial neurectoderm,
notochord derived Shh is not the major factor regulating M sxl expression as has been
proposed for the chick spinal cord (Liem et al., 1995). Possibly, differentiation o f the
cranial neural crest population is initiated before ventral repression is in operation: both
M sxl and AP-2 expression begin either before, or concom itant with, the notochord
expression o f Shh (Echelard et al., 1993). The early acquisition o f dorsal cell fate which
occurs in the cranial region may be more dependent upon a BM P mediated signal and
certainly the early onset of BM P-7 expression in the surface ectoderm is consistent with it
playing such a role.
BM P-7 is not sufficient to elicit the expression of all genes which show a dorsal restriction
during normal development. The dorsal-ventral domain of Pax-3, a gene whose expression
in the mouse em bryo is initiated later than that of M sxl and AP-2, is not altered in response
to BMP-7. H owever the possibility that the level of Pax-3 expression may be altered by
BM P-7 as it can be in the chick spinal cord (Liem et al., 1995) cannot be ruled out. The
dorsal restriction of Pax-3 appears to be primarily regulated via negative signals which
derive from the notochord in both the chick (Goulding et al., 1993; Liem et al., 1995) and
the mouse spinal cord (Ang and Rossant, 1994; Rashbass et al., 1994). It is likely that in
the cranial region of the mouse embryo Pax-3 expression is also repressed by the notochord
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and that BMP-7 cannot interfere with this interaction. In the chick spinal cord, Shh can
mimic the ability o f the notochord to decrease the level of Pax-3 expression in dorsal
neurectoderm explants (Liem et al., 1995). The assay presented here suggests that ventral
repression o f Pax-3 expression continues in the absence of high levels o f floor plate
expression o f Shh.

Timing of cranial floor plate induction
BMP-7 is expressed in axial mesendoderm and the midline neurectoderm at a stage when the
neurectoderm should still be labile with respect to dorsoventral pattern. W hat is the function
of a midline 'dorsalising' signal? One possible function is suggested by the overexpression
o f Shh and HNF3-(3 in Xenopus embryos which dem onstrates that in vivo m echanism s exist
which restrict the timing of floor plate induction (Ruiz i Altaba et al., 1995a). It is possible
that BM P-7 regulates the timing of floor plate induction in the hindbrain region. It is
believed that the initiation of floor plate development occurs in response to a contact
dependent signal em anating from the notochord (Placzek et al., 1993), and that Shh mediates
this (Echelard et al., 1993; Roelink et al., 1994). An immediate early response to induction
is expression of the winged helix transcription factor HNF3-P (Ruiz i Altaba et al., 1995b)
which, in turn, is sufficient for the activation of Shh floor plate expression (Ruiz i A ltaba et
al., 1993; Sasaki and Hogan, 1994; Ruiz i Altaba et al., 1995a). In the cranial region of the
mouse em bryo there is a considerable time-lag between the notochord expression o f Shh and
the onset of floor plate expression of Shh. For example in the developing hindbrain region
Shh first appears in the notochord some fifteen hours before the onset of floor plate
expression o f Shh, and HNF3-p is present in the floor plate for some twelve hours before
Shh is expressed (Echelard et al., 1993). Once Shh floor plate expression is initiated, it
spreads quickly along the axis, so that in the posterior of the embryo there is much less delay
between the notochord and floor plate expression of Shh. The data presented here show that
the disappearance o f BM P-7 from the ventral hindbrain precedes the appearance o f Shh in
this region, and that BM P-7 is capable of interfering with Shh expression in the floor plate.
The midline expression of BM P-7 may delay initiation of cranial floor plate development
until a sufficient proportion of the embryonic axis has been generated to allow relatively
synchronous ventral differentiation.

Growth of the cranial neurectoderm
Cell culture studies carried out with recombinant BMP-7 have shown that this molecule
inhibits proliferation of embryonal carcinoma cells (Andrews et al., 1994) but stimulates the
proliferation of osteoblasts (Knutsen et al., 1993; Chen et al., 1995). H owever little is
known about the ability o f BMP molecules to regulate cell growth during embryogenesis.
Mice lacking either functional BMP-4 or a BM P type I receptor fail to undergo gastrulation.
In each case the primary defect may be decreased proliferation of the pre-gastrulation
epiblast, suggesting that in vivo a BM P signalling pathways may mediate cell growth
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(M ishina et al., 1995; W innier et al., 1995). At later stages of development, BM P-4 has
been shown to stimulate apoptosis in prospective neural crest cells in odd numbered
rhombom eres during the establishment of the chick hindbrain (Graham et al., 1994).
Because BM P-4 is not expressed in the mouse hindbrain (W innier et al., 1995), the
relevance of this observation to the development of the mammalian cranial neurectoderm
development is not clear. The assay reported here provides the first evidence that BM P
molecules may stimulate growth of the neurectoderm, although from this assay it is
impossible to distinguish whether this effect is specific to all neurectoderm or only to dorsal
neurectoderm. However, the finding that BMP-7 causes expansion of the neurectoderm,
combined with its expression surrounding the cranial neural plate during the headfold stage
of development makes it tempting to speculate that BMP-7 could be involved in the
differential growth o f the headfold neurectoderm relative to the trunk neurectoderm during
the early stages of neural development.
Recently two laboratories reported the production of mice which carry null alleles of BMP-7.
W hile mice homozygous for the mutations appear to have defects consistent with BM P-7
participating in cell growth and/or survival during embryogenesis, the abnormalities
observed are limited to limb, eye and kidney development. The mice do not have defects
consistent with an absolute requirement for BMP-7 during establishment o f the central neural
system (Dudley et al., 1995; Luo et al., 1995). The conflict between these findings and the
data presented here highlights the difficulties of experimental analysis of single members of
multigene families. It is known, for example that BM P-2 is localised to the surface ectoderm
in a manner which overlaps with BMP-7 (Chapter 4; Lyons et al., 1995). It is possible that
em bryos lacking both these gene products may exhibit dorsal neural tube defects. However,
since em bryos lacking BM P-2 fail to develop beyond gastrulation (cited in Hogan, 1995),
such an effect will have to await the construction of a conditional BM P-2 mutation, unless a
haploinsufficiency o f BM P-2 can be observed in B M P-7'/' embryos.
The studies presented here identify several potential functions for the signalling molecule,
BM P-7, during early neural development and highlight differences between the
establishment of the cranial and spinal neurectoderm. The initial restriction of expression of
BM P-7 to the anterior region of the developing embryo may be relevant to several features
which are unique to cranial development. These features include the rapid growth of the
headfolds, the early generation of the neural crest from this region, and the delay in the
transfer of expression of the Shh signalling molecule between the notochord and the floor
plate. The establishment o f an assay with which the function of secreted factors may be
tested in different locations in the mouse embryo will contribute to the understanding of the
roles o f such molecules.
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8.1

SUMMARY OF R ESU LTS

The general aims o f this thesis were to investigate the hypothesis that TGF-p superfamily
molecules function during mouse embryogenesis and to establish relatively simple gain of
function assays of secreted molecules in the mouse embryo. The first part of the
experimental work demonstrates that several TGF-p superfamily members are expressed
during mouse embryogenesis. In the second part of the thesis the potential function of two
of these molecules is investigated using different overexpression assays. One of these
assays did not prove to be a reliable strategy for the investigation o f Vgr-2 function.
However, the experiments presented in this section do provide a framework for establishing
a feasible gain of function approach which capitalises on the unique ability of murine ES
cells to contribute to normal embryonic development after continuous culture, as will be
discussed below. The second strategy proved to be more useful and thus has revealed
information about the potential mechanisms by which the mammalian cranial neural plate
develops. The major experimental findings and perspectives are summarised below.

Activin, follistatin and mouse embryogenesis
Surprisingly, given the strong case that activin acts as a morphogen to direct m esoderm fate
in Xenopus, activin transcripts are not detected in the mouse em bryo during gastrulation
(Chapter 3). Furthermore, other laboratories have generated targeted mutations in the
inhibin subunit genes and analysis of the mice has not uncovered a requirement for activin
A,B or AB during em bryogenesis (Vassalli et al., 1994; M atzuk et al., 1995a). However,
the activin-binding pxoitm , follistatin, is highly expressed during germ layer formation and
early organogenesis in the mouse embryo. This finding prompted the search for activin
related molecules which are expressed during gastrulation which led to the isolation of a
cDNA for BMP-7. Interestingly, at the early headfold stage of development/o/Zw/a/m and
BM P-7 have complementary embryonic expression patterns (compare Figure 4.3D and
Figure 3.2C). Furthermore it is now known that follistatin can antagonise BM P-7 function
(Yamashita et al., 1995). This situation is reminiscent of the Drosophila dpplsog interaction
reviewed in the Introduction. In either case an inducing molecule {dpp or BM P -7) and an
antagonist (sog/follistatin) are expressed in adjacent but nonoverlapping domains. An
experimental system similar to the one reported in Chapter 7, may now be used to investigate
v/hQthcr follistatin can neutralise the effects of BM P-7 during mouse embryogenesis.

Vgr-2 and mouse embryogenesis
The second candidate mesoderm inducing factor investigated in this thesis was Vgr-2. Vgr2 is expressed at the onset of mesoderm formation in the mouse em bryo and ES cells which
overexpress Vgr-2 secrete a mesoderm inducing factor, presumably Vgr-2. Yet when these
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cells are introduced into the mouse embryo no ectopic mesoderm formation is detected. It
may be that some form o f selection for Vgr-2 expression occurs, which results in Vgr-2
expressing cells preferentially colonising mesoderm tissues. However, the interpretation of
this experiment is hampered by the uncertain behaviour of heterologous regulatory elements
in the vector, both in ES cells and in the embryo.
W hile gain of function assays in the mouse embryo have so far failed to identify mesoderm
inducing factors, if stable gene expression could be achieved in ES cells, the approach used
here could prove extremely fruitful. The use of endogenous promoters would circumvent
these problems. The targeted replacement of a ubiquitously expressed gene, with a cDNA
coding for the putative inducing molecule should generate the appropriate constitutively
expressing ES cell lines. Provided that loss of one copy of the targeted gene is known to be
developmentally neutral, such cell lines could then be used for embryonic overexpression
studies.

BMP molecules and mouse embryogenesis
A large body o f experimental data, from Drosophila, Xenopus, chick and mouse suggests
that BM P molecules act as endogenous embryonic inducing factors. The expression studies
presented in Chapter 4, in combination with the expression pattern o f BM P-4 (Jones et al.,
1991; W innier et al., 1995), suggest that BM P molecules may contribute to the formation of
vertebrate embryonic axes. This is supported by the findings presented in Chapter 7.
Ectopic expression of BM P-7 induces expression of dorsal markers in ventro-lateral
neurectoderm and interferes with the endogenous ventral signals. BM P molecules in the
mouse em bryo may therefore promote dorsal neural differentiation by the opposition of a
ventral inducing signal as has been proposed in the chick (Liem et al., 1995). The work
presented here may be used to design experiments which further investigate the function of
B M P -7 . For example, the finding that BM P-7 interferes with ventral signalling pathways
could be pursued using a transgenic approach to maintain floor plate expression of BM P-7.
This would allow the ventral inhibition properties of BM P-7 to be tested at additional rostrocaudal levels. Moreover, the ability of TGF-p superfamily molecules to interfere with the
differentiation of motor neurons has been inferred from in vitro studies in the chick (Basler
et al., 1993). The earliest marker of motor neuron formation (Islet 1) is first expressed some
twelve hours after the end point o f the experiments presented here (Pfaff et al., 1996) but a
transgenic approach, (or a further 24 hours of culture) would allow the study of later
differentiation events.
In addition, the method for overexpression of secreted molecules described in this thesis
may be used to investigate the function of other BM P molecules during embryogenesis. One
hypothesis identified by the expression studies in Chapter 4 is that BM P-2 may be important
in patterning the anterior mesoderm which will form the heart. This can now be tested using
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the COS cell overexpression system and early markers of heart development such as the
homeobox containing gene Nkx2.5 (Lints et al., 1993).

8.2

ANALYSIS OF GENE FUNCTION IN VERTEBRATE EM BRYOS

The work presented here provides examples of several features which are intrinsic to the
analysis of gene function in vertebrates. Current investigations of gene function in a variety
of organisms continue to uncover evidence of conserved tissue interactions between
vertebrates, as well as molecular interactions which are conserved throughout invertebrates
and vertebrates. This has led to the realisation that information obtained from the study of
the molecular interactions which result in cytodifferentiation can be apphed to vertebrates.
However, it is also obvious that although the study of Drosophila and C. elegans provide
clues with which to approach vertebrate embryogenesis, additional interactions and
molecular pathways will also be involved. The multigene nature of the vertebrate TGF-p
superfamily compared to that of Drosophila (discussed in the Introduction), provides a good
example of such molecular diversification. Additionally, the difference between the loss of
function studies reported for BMP-7 in the mouse embryo (Dudley et al., 1995; Luo et al.,
1995) and the results of the overexpression study presented in Chapter 7 highlight the
difficulties of analysis of vertebrate gene function.
Of the vertebrate organisms most studied by developmental biologists, the amphibian and
chick embryos provide excellent tools for the analysis of tissue interactions through gain of
function approaches. However, for these organisms no definitive loss of function
approaches are feasible. The use of naturally occurring or synthetic antagonists, dominant
negative forms of the protein, antisense RNA and antibody blockades all require extensive
prior knowledge of the target protein. Moreover, in each of these strategies, interpretation of
the experimental results is hampered by the difficulty of establishing that the function of only
the test molecule has been inhibited.
The mouse is the only vertebrate organism in which definitive loss of function experiments
can be performed. In order to investigate gene function in vertebrates it is therefore
imperative to establish the complementary gain of function approaches in the mouse embryo.
While such experiments have previously been performed using transgenic approaches, these
rely on the availability of appropriate tissue specific promoters. This thesis demonstrates
that the perceived difficulties of manipulating the postimplantation mouse embryo can be
overcome and that convenient gain of function assays for secreted molecules can be
performed. The method presented in Chapter 7 requires only the cDNA of the putative
inducer and is aided by knowledge of the endogenous expression pattern of the test
molecule. Therefore, one of the most important aspects of the work presented in this thesis
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is that it provides a method with which to continue to investigate the function of secreted
molecules. Moreover, the activities so far identified can now be used to establish in vitro
recombination assays. Together these would provide a range of gain of function approaches
with which to assay those factors proposed to act as the local chemical mediators of
embryonic inductive interactions. In combination with the powerful molecular genetic
approaches already available in the mouse embryo, such studies will enhance our
understanding of the mechanisms by which embryonic cells differentiate to generate the
complex adult form of vertebrates.
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APPENDIX I

STAGING OF GASTRULATING MOUSE EMBRYOS

Diagram of staging system of Downs and Davies (1993), (the anterior of the embryo in all
diagrams is on the left) showing the following stages:

PS

Pre Streak Stage

ES
MS
LS
OB

Early Streak Stage
Mid Streak Stage
Late Streak Stage
No Bud Stage

EB
LB
EHF
LHF

Early Bud Stage
Late Bud Stage
Early Headfold Stage
Late Headfold stage

Abbreviations: ab: allantoic bud, al: allantois, am: amnion, clf: cranial limiting furrow, e:
embryonic portion of the egg cylinder, ec: ectoplacental cone, etc: ectpplacental cavity, fg:
foregut, hf: headfolds, hp: head process, m: embryonic mesoderm, n: node, nec:
neurectoderm, ng: neural groove, np, neural plate, paf: posterior amniotic fold, x:
extraembryonic portion of the egg cylinder, xc: exocoelemic cavity.
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ES

MS

ec,

clf

m

clf
e

Neural Plate Stages
OB

xc
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Headfold Stages
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FIGURE A

M S X 1 AND P A X - 3 mRNA LOCALISATION

Figures A - E show M sxl mRNA localisation
W hole mount in situ hybridisation was carried out on embryos with between 2 and 20
somites. (A) Dorsal view of a flattened 2-somite embryo. Signal is seen in the primitive
streak and lateral mesoderm emerging from the streak and in the base of the allantois.
Rostral of the node M sxl transcripts are confined to the lateral edge of the neural plate, this
expression does not extend to the anterior of the embryo. The semieirele of staining seen
towards the anterior is staining in the yolksac mesoderm. (B) Dorsal view of the hindbrain
region of a 12-somite embryo. Expression is seen along the dorsal edge of the closing
neural tube, with elevated levels in rhombomeres 3 and 5. (C) Dorsal view of the
hindbrain region of a 20-somite embryo. The pattern of expression in the hindbrain
neurectoderm is similar to that in the 12-somite embryo, but it is now apparent that M sxl is
also expressed in the neural crest adjacent to the midbrain and rhombomeres 1 and 4. M sxl
is also expressed in the dorsal part of the otic vesicle. (D) Lateral view of a 17-somite
embryo. Note M sx l expression in the dorsal neural tube along the full axis and expression
in branchial arches 1 and 2. (E) Flat mount of the hindbrain region of a 20-somite embryo.
The elevated expression in rhombomeres 3 and 5 is evident as is the more ventral limit of
transcripts in these rhombomeres.

Figures F - J show Pax-3 mRNA localisation
(F) Dorsal view of a flattened 2-somite embryo. Rostral of the node transcripts are seen in
the somites and in the lateral edge of the neural plate, this expression does not extend to the
anterior of the embryo. Pax-3 is also expressed at the junction of the primitive streak
ectoderm and the surface ectoderm. (G) Dorsal view of the hindbrain region of a 12-somite
embryo. Transcripts are seen at the dorsal edge of the hindbrain neurectoderm. The
transcript level is lower in rhombom eres 5 and 6. Pax-3 expression is also evident adjacent
to rhom bom eres 2 and 4. (H) Dorsal view of the hindbrain region of a 20-somite embryo.
A similar pattern of transcript accumulation is seen in the hindbrain region to that detected in
the 12-somite embryo, however, rostral of rhombomere 1 there is a patch of neurectoderm
which does not contain P flv-i transcripts. (I) Lateral view of a 17-somite embryo. Pax-3
transcripts essentially extend along the dorsal edge of all the neurectoderm, however the
precise domain of expression varies along the axis. The decrease in expression rostral to
rhombomere 1 is beginning to be evident. The expression adjacent to rhombomeres 2 and 4
and the decrease in transcript level in rhombomeres 5 and 6 can be seen. (J) Flat mount of
the hindbrain region of a 20-somite embryo showing Pax-3 expression. The domain of
expression is broader than that shown for M sxl in (F). Scale bar 400 pm (D,I); 300 pm
(B,C,G ,H ); 200 pm (A,F); 100 pm (F,J).
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FIGURE B

A P - 2 AND S h h mRNA LOCALISATION

Figures A - F show AP-2 mRNA localisation
(A) Lateral view of an early allantoic bud stage embryo. AP-2 appears to be expressed in
the proximal epiblast. (B) Lateral view of an early headfold stage embryo. AP-2
transcripts are localised to the surface ectoderm. (C) Dorsal view of a flattened 3-somite
em biyo. Transcripts are localised to the surface ectoderm and lateral neurectoderm. (D)
Section through the hindbrain of a 5-somite embryo. AP-2 is expressed in the surface
ectoderm, the dorsal neurectoderm and the neural crest which is just beginning to emerge
from the hindbrain at this stage of development. (E) Section through the hindbrain and
forebrain of a 17-somite embryo. AP-2 transcripts are seen in all of the surface ectoderm,
and the neural crest adjacent to the hindbrain region. (F) Lateral view of a 14-somite
embryo, showing widespread AP-2 expression in both the surface ectoderm and the neural
crest.

Figures G - J showing Shh mRNA localisation
(G) Dorsal view of a flattened 2-somite embryo. The node and notochord contain Shh
transcripts. (H) Lateral view o f an 8-somite embryo showing Shh expression. Expression
continues in the node and notochord, and is now also initiated in the ventral midline of the
midbrain. Expression is also seen in the hindgut and foregut pockets. (I) Flat mount of the
hindbrain region of a 10-somite embryo, showing that Shh expression has spread to the
hindbrain midline by this stage of development. (J) Lateral view of a 17-somite embryo
after hybridisation to Shh. Expression is now seen in the floorplate along the length of the
neural tube. Scale bar 500 pm (D); 400 pm (F,I); 300 pm (H); 200 pm (B,C,E,G); 100 pm
(A ,J).

