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Abstract
ErbB4 is the fourth and, to date, final member o f the ErbB family o f receptor tyrosine
kinases, which includes the EGF receptor. ErbB receptors are expressed in many tissues
during development, and thought to have roles in proliferation, survival, and
differentiation. Additionally, their expression is deregulated in many tumour types.

M ice have previously been created which lack the ErbB4 receptor. These show defects
in cranial neural crest cell migration and axon pathfinding, but die by embryonic day
(E) 10.5 due to failure o f trabeculation to occur in the heart. To circumvent this midembryonic lethality and to allow the study o f later genotypes, I have rescued the cardiac
defect in ErbB4 -/- mice using a construct expressing human ErbB4 (HER4) under a
cardiac-specific promoter. Expression of this construct is shown to be specific to the
heart. ErbB4 -/- HER4*’®^ mice survive to adulthood and appear superficially normal.

However, fewer ErbB4 -/- rescued pups are born than predicted by Mendelian genetics.
Additionally, ErbB4 -/- HER4^®^ mothers fail to rear most o f their pups, probably due
to a lactation defect. I demonstrate that ErbB4 -/- HER4^®^ breast fails to differentiate
correctly during pregnancy, and also that ErbB4 regulates phosphorylation o f Stat5, a
central molecule in milk production.

The ErbB4 -/- neural crest and cranial nerve phenotype is shown to be replicated by
ErbB4 -/- HER4^®^ embryos, and an aberrant nerve linking the trigeminal and facial
ganglia persists at E l 7.5.

I also show results of a separate study into the roles o f sulphated proteoglycans in wild
type and ErbB4 -/- embryonic hindbrain regions.
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1. Introduction
1.1 Receptor tyrosine kinases
One of the largest families of cell surface receptors is the receptor tyrosine kinases
(RTKs). Receptor tyrosine kinases have intrinsic protein tyrosine kinase activity,
catalysing the transfer of phosphate from ATP to hydroxyl groups on tyrosines of the
target protein, and this catalytic ability is activated when ligand binds the receptor. RTKs
have a ligand-binding extracellular domain, which is generally glycosylated, and this
ligand-binding domain is linked to the intracellular domain via a single transmembrane
helix. The intracellular domain contains a conserved protein tyrosine kinase domain.

Receptor tyrosine kinases (except the insulin receptor family) exist in the cell membrane
as monomers, and are induced to dimerise when ligand binds them. Some ligands are
bivalent, binding two receptor molecules simultaneously (e.g. growth hormone,
erythropoietin), some exist as homodimers (e.g. VEGF, PDGF), while others bind only
one receptor and induce dimérisation of the receptor with a coreceptor molecule, which
may be the same as or different from the activated receptor. Dimérisation in turn induces
autophosphorylation of the receptor cytoplasmic domain at specific sites. Tyrosine
autophosphorylation is essential for these sites to be available for recruitment and
activation of various signalling proteins, and thus RTKs also act as platforms for
recruitment of specific sets of signalling proteins (Pawson and Schlessinger, 1993).

This thesis investigates one particular receptor tyrosine kinase, ErbB4, which belongs to
the ErbB subfamily.
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1.2 ErbB receptors and neuregulins

1.2.1 ErbB receptors
The ErbBs are a family of four receptor tyrosine kinases (RTKs), which includes the EGF
receptor (the first ErbB receptor to be discovered, also known as ErbBl), and three
closely related proteins. As RTKs, the ErbB receptors have a glycosylated ligand-binding
extracellular domain linked to an intracellular domain via a transmembrane helix, and an
intracellular domain which contains the protein tyrosine kinase region, plus various
regulatory sequences (reviewed by Schlessinger, 2000). ErbB receptors’ characteristic
structure includes two diagnostic cysteine-rich boxes in the extracellular domain. See
figure 1.1 on page 39. As with most RTKs, the ErbB receptors (also known as neuregulin
receptors) are catalytically inactive until they bind a ligand, upon which the cytoplasmic
tyrosine kinase catalyses the cross-phosphorylation of tyrosines, thus activating
downstream signal transduction cascades.

The term "ErbB receptor" derives from proteins found in the avian erythroblastosis virus.
This retrovirus carries two oncogenes, known as v-erbA and v-erbB. and erbB shows
great homology to the epidermal growth factor (EGF) receptor. So far in vertebrates
ErbBs 1-4 have been discovered. However, the EGF receptor (ErbBl) is somewhat
different from its three ErbB homologues found so far, in that it has not been found to
become activated in response to neuregulin in vivo.

1.2.2 Overview of EGFR and the ErbB receptors
The EGF receptor is expressed in many different tissues, particularly in basal cells of
epithelia and in proliferating tissues such as hair sheaths and sebaceous glands, and in
pancreatic ducts, salivary glands, oropharynx, uterus, epididymis and prostate gland. In

the brain, EGFR is expressed from E9.5 and is required for development of the
telencephalon, where it appears to be required in neural migration pathways. Postnatally
EGFR protein is seen in Purkinje and Golgi cells, and pontine and medullary nuclei, and
other areas of the brain. EGFR expression has also been analysed in many tumour types
(Gullick 1991, and others). O f particular clinical interest is the finding that EGFR protein
levels vary between different breast tumours; there appears to be an inverse relationship
between EGFR levels and levels of oestrogen receptor (Sainsbury et a l, 1987), and
expression of EGFR correlates with a poor response to endocrine therapy.

ErbB2, previously identified as the proto-oncogene c-neu, is similar in structure to EGFR,
although unfortunately for sensible nomenclature, c-neu/ErbB2/HER2 (Human EGF
Receptor 2) does not bind EGF, although it does function as a co-receptor. Also, ErbB2
cannot bind neuregulin directly, due to its ligand binding domain having very low affinity
for neuregulin (see section 1.2.3, ErbB dimérisation). ErbB2 protein is found in adult cells
derived from all three germ layers, including heart myocardium, peripheral neural tissues,
cerebellar granule cells, pancreatic cells, and squamous epithelia and hair follicles, among
others, but is not preferentially expressed in proliferating cells. In embryonic
development, ErbB2 appears to be ubiquitously expressed at low levels, with higher
levels in the heart and nervous system. It is involved in heart differentiation, and required
for migration of neural crest cells, for survival of Schwann cells and for nerve
myelination, and later in breast development (all described in more detail in later

j

sections). Overe?q)ression of ErbB2 is seen in various cancers (Slamon et al., 1989,
reviewed by Hynes and Stem, 1994); particularly in 20-30% of breast and ovarian

!

cancers, gut and pancreatic cancers, and this overexpression correlates with a poor
prognosis (Holmes et at., 1992; Carraway et a l, 1995; Hynes and Stem, 1994).
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ErbB3 protein is seen in most tissues except the immune system. High levels are seen in
adrenal cortex, salivary gland ducts, and areas of the brain. Its expression is different to
that of EGFR and ErbB2 in that ErbB3 protein is expressed in pancreatic islets, spinal
ganglion cells, adrenal cortex and testis, none of which normally express EGFR or ErbB2.
In development, ErbB3 is known to be required for heart valve formation and
and also for migration of neural crest cells and for survival of Schwann cell precursors (see
section 1.7), and to be expressed in the developing breast (see chapter 4). ErbB3 is also
expressed in tumours, notably in all gastric tumours in one study (Sanidas et al., 1993),
90% of pancreatic tumours (Lemoine et al., 1992), and in a proportion o f ovarian,
cervical, prostate and breast tumours (reviewed by Mason and Gullick, 1995). ErbB3's
catalytic domain appears to have no tyrosine kinase activity, so ErbB3 must dimerise with
another receptor in order to transduce a signal upon binding a ligand.

ErbB4 has both a functional ligand binding domain and tyrosine kinase domain. ErbB4
mRNA is found in adult brain (especially forebrain, pituitary and cerebellum), heart,
kidney, testis and breast at high levels, and at lower levels in thymus, lung, salivary gland
and pancreas. ErbB4 is not detected in liver, colon, bone marrow or ovary. In
development, it is required in heart myocardium, and also in the hindbrain, where it
influences neural crest and axon guidance (see sections 1.6.2 and 1.7.1 for more detail).
Later it is expressed in epithelial tissues, skeletal and cardiac muscle, and in PNS ^ d CNS
neurons (Srinivasan et a l, 199&). ErbB4 is the least understood ErbB receptor, in terms of its
in vivo ligands and co-receptors, ^ d its involvement in cancers.
reçeptors, ErbB4 has beerr inqilicated irr various disease profiles and

Like the ntha" ErbB
sh ow n

to have altered

expression in numerous tumour ceU lines, induding breast and pancreas (Mason and Gullick,
1995).
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The generation of ErbB4 knockout mice has demonstrated ErbB4 to be required during
development, in the heart and also in the hindbrain, where it is involved in neural crest
and axon guidance (Gassmann et a i, 1995). This thesis describes experiments to elucidate
the functions of ErbB4 in development, following on from information gained from the
ErbB4 knockout mouse, which dies in mid-embryogenesis due to heart defects
(Gassmann et a i, 1995). Thus it concentrates on the heart and hindbrain. My experiments
demonstrate that ErbB4 is also required in the breast, which is discussed in chapter 4.

1.2.3 ErbB dimérisation and signalling
Being RTKs, ErbB receptors form dimers, but studies in vitro and in vivo show that ErbB
dimérisation is not straightforward (reviewed by Carraway and Sweeney, 2001). It is
often thought that ErbB receptors are triggered to dimerise when they bind a ligand,
(Alroy and Yarden, 1997), but there are other possibilities: ErbB receptors may actually
form inactive dimers which become activated upon binding ligand, or active and inactive
dimers could exist in equilibrium, with ligand binding stabilising the active state. It could
even be that the receptors exist as homodimers which form active tetramers in response to
ligand (reviewed by Schlessinger, 2000).

However, in vitro studies, where cells not normally expressing ErbB receptors are made
to express one or more receptor, have shown which combinations of receptors can
dimerise to produce functional signalling molecules (Riese et a i, 1995; Tzahar et a i,
1996). The EGF receptor forms homodimers in vivo, but can form active heterodimers in
vitro with other ErbB receptors (Riese et a i, 1995). No in vivo EGFR heterodimers have
been found to date, ani,

ptUcr- ErLG

(,ack ^
6X15^*.
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ErbB2 can form heterodimers with both ErbB3 and ErbB4, and both heterodimers are
capable of cytoplasmic tyrosine phosphorylation in response to neuregulin. ErbB2
homodimers, however, cannot bind neuregulin directly, and are therefore incapable of
phosphorylating internal tyrosines in response. ErbB3 forms active heterodimers with
ErbB2 or ErbB4, while ErbB4 can also form active homodimers. ErbB3 homodimers can
bind neuregulin, but do not undergo tyrosine phosphorylation, as their tyrosine kinase
domains are virtually catalytically inactive (Riese et a l, 1995). ErbB2 and ErbB3 can
thus compensate for the other’s defects by forming heterodimers, see figure L I, page 39.

However, just because a configuration is capable of being activated in vitro does not
mean that it will lead to downstream signalling in vivo. The only known in vivo ErbB
receptor pairings so far (apart from EGFR homodimers) are ErbB2 with either ErbB4
(found in the heart) (Gassmann et al., 1995; Lee et al., 1995) or with ErbB3 (sympathetic
nervous system and glial cells) (Britsch et al., 1998; Erickson et al., 1996). In the
mammary gland, for example, the EGF receptor and all three ErbB receptors are
expressed, but it is unclear which bind ligand and which function as coreceptors
(Olayioye et al., 2000). In parts of the hindbrain, ErbB4 is expressed but EGFR, ErbB2
and ErbB3 are not. This suggests, but does not prove, that active ErbB4 homodimers
exist. An alternative possibility is the existence of another ErbB receptor, which was not
picked up by the low stringency screening of human and rat cDNA libraries using viral vErbB probe (ErbB2), nor by degenerate oligos corresponding to conserved regions of the
EGFR and ErbB2 receptors - the method used to discover ErbB3 and ErbB4. 4
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Downstream signalling cascades activated by the ErbB receptors include the ras -> raf ->
MAP kinase pathway. Activation of ErbB3 and at least one isoform of ErbB4 can lead to
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activation of PI-3-kinase, but there are most likely other unknown downstream targets
(Elenius et al., 1999). Recently it has been shown that BrbB4 activation can lead to
phosphorylation and entry into the nucleus of the signal transduction factor Stat5 in the
mammary gland, presumably via Jak2. Upregulation of ErbB receptors is also observed in
numerous cancers, so the downstream targets are of clinical interest.

1.3 Neuregulins
The neuregulins are a set of polypeptide growth factors with diverse structures and
functions which are now known to all be encoded by a single neuregulin gene, NRG or
NRG-1, with the diversity created by initiation from different promoters and alternative
splicing of NRG-1 transcripts (Garratt et al., 2000). Three further neuregulin gaies (NRG24 ) have been found, but these gene products tend to be referred to by number and have not
generally been included under ‘neuregulin’.
1.3.1 Neuregulin-1 splice Tariants
NRG-1 isoform? been shown to bind ErbB receptors in vitro, with varying affinities. The in
vivo roles that have been described include:
- Glial Growth Factor (GGF), a Schwann cell mitogen which also suppresses neuronal
differentiation while promoting or permitting glial differentiation (Marchionni e ta l, 1993;
Shah era/., 1994);
- Acetylcholine Receptor Inducing Activity (ARIA), a trophic factor isolated from
extracts of chick brain or spinal cord, which induces acetylcholine receptor translation in
skeletal muscle, and also accelerates formation of oligodendrocytes (Falls et al., 1993;
Vartanian er a/., 1994);
- neu differentiation factor (NDF), which stimulates tyrosine phosphorylation of the neu
proto-oncogene product, inducing differentiation of mammary tumour cells to milk-
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producing, growth-arrested cells, and is also known to be a survival factor for astrocytes
(Pinkas-Kramarski et a l, 1994; Wen et a l, 1992).
- Heregulin, also identified as specifically inducing phosphorylation of ErbB2, appears to
be a similar splice variant to NDF (Holmes et a/., 1992).
- sensory and motor neuron-derived factor (SMDF), which is the predominant neuregulin
isoform in sensory and motor neurons, whereas other neuregulin variants are not
expressed in the peripheral nervous system. It also activates ErbB2 in cell lines. (Ho et
a l, 1995)

The continued expression of NRGs and ErbBs in the adult suggests roles in tissue
maintenance and repair, and possibly degenerative diseases might be alleviated by
augmenting NRG-ErbB signalling (Marchionni, 1995).

1.3.2 Neuregulin structure
All NRG-1 isoforms include a single EGF-related motif, with the same distance between
the third and fourth cysteine residues as in EGF and other molecules which bind the EGF
receptor. A subset of NRG-1 isoforms (called type I) have an Ig domain, an a - or pvariant EGF-like domain, variable extracellular juxtamembrane sequences, numbered 1-5,
a hydrophobic domain of uncertain function but likely to be an internal signal sequence
for protein secretion, and variable C-terminal sequences referred to as a, b or *
(representing a stop codon). These include NDF/heregulin and ARIA. Thus an individual
protein may be referred to, for example, as NDF-P or NRGp, indicating the type of EGFlike domain, or more precisely to indicate the exact juxtamembrane splicing variant, as
NRG I P2, for example (Liu et a l, 1998; Mason and Gullick, 1995).
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Type II isoforms include GGF, and contain a signal peptide and a kringle-like sequence,
which are absent in type I neuregulins, plus an Ig and p-EGF-like domain. Type III
isoforms, originally identified as SMDF, share only the P-variant EGF-like domain with
other isoforms, and exhibit a hydrophobic domain within a cysteine-rich sequence in the
N-terminal domain, known as an SMDF region.

The transmembrane region is highly conserved across all NRG-1 isoforms, although
alternative splicing can produce soluble isoforms (reviewed by Lemke, 1996). The length
of the cytoplasmic regions of NRGs has led to speculation that these domains could
participate in cell autonomous signalling, i.e. act as receptors as well as ligands (Shum et
a l, 1994). See figure 1.2, page 40.

All NRG-1 proteins can interact directly with ErbB3 and ErbB4, and can stimulate ErbB2
via heterodimerisation of these receptors. Type I isoforms show higher affinity for ErbB4
than ErbB3 (Tzahar et al., 1994), and binding affinity varies among type I isoforms
containing a or p-type EGF-like domains (Marikovsky et al., 1995). The hierarchy of
ErbB dimérisation choices and the influence of EGF-like or neuregulin ligand are
complex. In general, however, ErbB heterodimers that include ErbB2 have their
formation favoured in response to neuregulin (Alroy and Yarden, 1997; Tzahar et al.,
1996). NRG-1 isoforms do not bind EGFR or any other known receptors.

In situ analysis using isoform-specific probes has been used to analyse NRG-1 expression
during mouse development (Meyer et al., 1997). To summarise: type I isoforms are
predominant during early embryogenesis, with types II and III first detectable at
midgestation. Distinct isoform expression patterns are observed in development of the
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peripheral and central nervous system, indicating distinct functions. Type I NRG is
needed for development of crest-derived sensory neurons in cranial ganglia and for heart
trabeculation, whereas type III is necessary for Schwann cell lineage development. Type
II mRNA is seen in the subventricular zone of neuroepithelium at el2 and type III in the
outer layer of the telencephalon, while at that age type I is restricted to a few cells in the
ventricular zone. NRG-1 type I mRNA has been identified in mouse hindbrain in
rhombomeres 2,4, and 6 (Meyer and Birchmeier, 1995; Meyer et al., 1997)

1.3.3 Other neuregulin-like proteins
In addition to NRG-1, three further neuregulin-like genes have recently been cloned:
NRG-2, -3, and -4. These are separate genes to NRG-1 but encode products with similar
EGF-like domains to neuregulins and contain similarly-located alternative splicing sites
to NRG-1.

NRG-2 (Chang et al., 1997) encodes a ligand of ErbBS and ErbB4 in vitro, but does not
activate the same profile of ErbB receptors as NRG-1 in vivo (Carraway et al., 1997).
NRG-1 and NRG-2 expression is complementary in many areas; e.g. in the heart NRG-1
is expressed strongly in ventricular endocardium and weakly in atrial endocardium,
whereas for NRG-2 highest mRNA concentration is in the atria, with lower expression in
ventricular endothelium. Unlike NRG-1, NRG-2 is not found in the embryonic hindbrain,
although there is neural NRG-2 expression in adult olfactory bulb, dentate gyrus, and
most strongly in the cerebellum. There are two alternative EGF-like domains that
neuregulin-2 molecules can have, and these are termed neuregulin-2a and neuregulin-2p
respectively. Neuregulin-2 proteins are most similar to heregulin-pi o f the neuregulins:
neuregulin-2p has 45% amino acid homology with heregulin-pi and 40% with GGFII.
Certain regions are even more similar: there is 91% homology between the
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transmembrane domains of neuregulin-2 p and heregulin-pi, and parts of the cytoplasmic
tails are also highly conserved, suggesting possible important functions.

NRG-3 binds the extracellular domain of ErbB4 in vitro, and also when ErbB4 is
expressed in a stable cell line (Zhang et al., 1997), inducing ErbB4 tyrosine kinase
phosphorylation. NRG-3 does not bind any other known receptors. The NRG-3 amino
acid sequence is 62% homologous to heregulin-pi, with a similar C-terminal hydrophobic
region and a similar N-terminal internal signalling sequence, and also contains an EGFlike domain and glycosylation sites, but it has no extracellular Ig-like or kringle domains.
Its EGF-like domain is distinct enough from those of NRG-1 and NRG-2 to show that it is
not merely a novel NRG-1 or NRG-2 isoform produced by alternative splicing. NRG-3
mRNA is expressed in adult brain, and at E l6 in brain, spinal cord, trigeminal, vestibulo
cochlear and spinal ganglia, as well as in differentiating areas of the telencephalon. NRG3 mRNA exists in the nervous system at E l3 in mice, but earlier time points have not
been examined using in situs, although NRG-3 mRNA has been detected at E ll (but not
E4) using Northern blots. It has been suggested that NRG-3 could encode a ligand for
ErbB4 in the hindbrain (Zhang et a l, 1997).

A fourth neuregulin (NRG-4) can induce growth of cultured cells made to ectopically
express ErbB4, and can displace NRG-1 bound to ErbB4. It has an EGF-like domain
showing 32% amino acid homology to NRG-ip, including six cysteines characteristic to
all NRG gene products, but apart from the transmembrane region has no other motifs
similar to any seen in other NRG proteins. NRG-4 mRNA is detected in adult pancreas
and weakly in muscle, but no other tissues, indicating a different physiological role to that
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of the other neuregulins (Harari et al., 1999), which are predominantly involved in the
heart and nervous system.

There are also other ligands, non-NRG members of the EGF-related family, which
activate ErbB3 and ErbB4 in vitro. These are heparin-binding EGF (HB-EGF)
(Higashiyama et a l, 1991), amphiregulin (Shoyab et a l, 1989) and betacellulin (Beerli
and Hynes, 1996; Riese et a l, 1996). All these EGF-like ligands are products o f separate
but related genes. These three ligands are known to bind the EGFR in vivo but it is
unclear whether they also bind ErbB4 in vivo, for example in the mammary gland. See
figure 1.3 fo r summary o f ErbB receptors and their ligands. Recently, our lab
demonstrated that HB-EGF is not expressed in mouse embryonic hindbrain, and thus is
not ErbB4's ligand there (Tsoni et al, manuscript in preparation).
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1.4 ErbB and neuregulin mutants
Transgenic mouse technology has been used to study the roles o f ErbBs and
neuregulins during development. Mice with null mutations o f ErbB2, ErbB3, ErbB4
and NRG-1 have been generated (Lee et al., 1995; Erickson et al., 1997; Riethmacher
et al., 1997; Gassmann et al., 1995; Meyer and Birchmeier, 1995; Meyer et a l, 1997).

In the NRG knockout, as well as in ErbB2 -/- and ErbB4 -/- mice, and in mice containing
a deletion of the Ig or intracellular domain of NRG-1, homozygotes express no detectable
protein, and die between ElO and E ll (Kramer et al., 1996; Meyer and Birchmeier,
1995). The heterozygotes of all three mutants are fertile and superficially normal. Thus all
these genes are proven essential, and are not entirely functionally or developmentally
redundant throughout the embryo, although they may be in certain areas.

The systems most affected by loss of an ErbB receptor or neüregulin are the embryonic
nervous system and the heart. Information from these knockouts has led to further
experiments explaining more of the roles of the individual receptors and ligands in these
systems. The next sections describe in more detail tissues where ErbBs and their ligands
are expressed concurrently (i.e. hindbrain and heart), and thus ligand-receptor interaction
is thought to have a role in development and in some cases, also in the adult.

1.5 The Hindbrain
The hindbrain is an established model for studying mechanisms o f cell signalling and
migration during vertebrate development, notably in mouse, chick, and zebrafish. The
hindbrain develops to form, in the adult, the cerebellum, pons, and medulla.
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The nervous system derives from a specialised part of the embryonic ectoderm; in
neurulation the ectodermal layer of the gastrula becomes partitioned into the neural tube,
epidermis, and neural crest. Cell shape changes and movements delineate the neural plate
and later produce the neural tube, with overlying ectoderm and neural crest cells, which
delaminate and migrate away from the dorsal lip of the tube around the time of neural
tube closure. The trunk region of the neural tube is destined to become spinal cord, and
remains a comparatively simple tube, while the cephalic region, which will form the
brain, forms a series of bulges which subdivide it both physically and molecularly and
enable different parts of it to specialise, as detailed below.

The first cephalic bulges, known as primary compartments, are (anterior to posterior) the
prosencephalon, mesencephalon, and rhombencephalon, destined to form forebrain,
midbrain, and hindbrain respectively. These are seen at about E7.5 in mouse. The
rhombencephalon (from its rhombus shape) subsequently divides into the metencephalon
and myelencephalon, and then (E8.5 - E ll in mouse, stages 9-12 in chick), is transiently
segmented into structural repeating units, known as rhombomeres (summarised by
Gilbert, 1994).

The rhombomeres divide the hindbrain into compartments, where cells from different
rhombomeres are prevented from mixing, and exhibit different patterns of gene
expression, lineage restriction, and neuronal differentiation. Thus cells are segregated and
their fate determined to enable the fixture formation of more specialised structures. This
makes the hindbrain a comparatively convenient system for study of CNS patterning, as it
is accessible, easy to visualise the different rhombomeres, and contains a relatively low
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number of cell types. Additionally, lessons learnt from one segment may be applicable to
another, and perhaps have relevance to other segmented systems. Segmentation is
frequently used in animal development to produce homologous but distinct structures
from repeated tissue blocks along the AP axis; the tissue becomes segmented into
repeating lineage-restricted blocks, which then differentiate somewhat differently
according to their position along the body axis. Hindbrain segmentation, although
restricted to vertebrates, bears superficial resemblance to metamerism seen in completely
different animals such as the Drosophila larva, and also to somite formation in
vertebrates.

Although the segmentation strategy is believed to have evolved

independently many times (Newman, 1993), these examples share conceptual features,
such as the idea of a developmental compartment.

A developmental compartment is considered to be a block of cells which do not mingle
with adjacent cell populations, and where the block corresponds with a distinct profile of
gene expression and action (Lawrence and Struhl, 1996). Thus the cells have a collective
identity and can follow a co-ordinated differentiation programme. Compartments may
also help limit cell proliferation. However, the morphological boundary, which separates
many developmental compartments, including the rhombomeres, is not a requirement, as
other mechanisms are available which can prevent intermingling between adjacent cell
populations, such as differential cell adhesion or repulsion in different rhombomeres.
Rhombomere boundaries are known to exhibit differences to the rest of the rhombomere;
cells are altered in shape (Heyman et a l, 1993) and have reduced rates of cell division
(Guthrie et a i, 1991), and show larger extracellular spaces and altered extracellular
matrix (Heyman et al., 1995). However, experimental evidence shows that it is not these
physical properties so much as inherent cell-specific differences which cause boundary
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formation: rhombomere-specific gene expression is observed before morphological
boundaries can be seen (e.g. H ox-^W ilkinson et al., 1989b)); boundaries regenerate
after being surgically removed (Guthrie and Lumsden, 1991); grafting and transplant
experiments show that cells from adjacent rhombomeres (e.g. r4 and r5) will sort out if
mixed in vitro (Guthrie et a l, 1993; Wizenmann and Lumsden, 1997), while cells of two
even-numbered or two odd-numbered rhombomeres will mix, though to a lesser extent
than cells of the same rhombomere (Guthrie and Lumsden, 1991; Wizenmann and
Lumsden, 1997). Small clumps of cells can maintain their rhombomere identity when
transplanted into other rhombomeres, provided the cells remain in contact, but if
dispersed they will acquire the gene expression identity o f the new rhombomere (Trainor
and Krumlauf, 2000). This indicates that cell repulsive interactions or differences in
adhesion is what keeps cells in their rhombomeres, and that alternate rhombomeres (e.g.
r2 and r4, or r3 and r5) have similar, but not identical, properties.

The rhombomeres (rl to r8) give rise to migrating neural crest cells and later to cranial
motor nuclei (Lumsden et a l, 1991). {See figure 1.4, page 42.) Neural crest cells are
produced all along the neural tube, but within the hindbrain exit the neuroepithelium only
from specific rhombomeres to form segregated streams. Thus, neural crest cells enter the
mesenchyme only from rl+ 2, r4, and r6+7, with proportions of these streams migrating to
populate the first, second, and third branchial arches respectively, while another proportion
ceases ventral migration lateral to the hindbrain, forming the cranial ganglion. Hence the
neural-crest-derived components of the trigeminal and facial ganglia derive from r2 and r4
respectively, and also in normal mouse or chick there is no neural crest seen in
mesenchyme outside rhombomeres 3 or 5. Crest cells in the forming cranial ganglia are
joined by presumptive neuroblasts migrating medially from epidermal placodes. See figure
1. 6.

Meanwhile, branchiomotor neuron organisation shows similar spacing. Groups of
branchiomotor neurons with axons innervating a single branchial arch (IJl, or 3) occupy
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pairs of segments. Thus motor axons from r2+3 innervate branchial arch 1 and axons
extending from r4+5 and r6+7 innervate the second and third arches respectively.
Similarly, sensory axons extending from the trigeminal and facial ganglia enter the
neuroepithelium only at specific entry points in r2 and r4 respectively, and neural
crest contributions to the trigeminal (V) ganglion come from r2 and to the geniculate
(VII) ganglion from r4. The petrosal ganglion (^X ) has neural crest contributions
from r6 and r7, and the jugular (gX) from r7. The vestibulo-acoustic ganglion (gVIII)
is exclusively placode-derived.

See figure 1.6,

showing cranial ganglia formation, and 1.7 which contrasts the

different neural components o f cranial and dorsal root ganglia.

In the hindbrain, both neural crest and the ectodermal placodes contribute to the
cranial ganglia, with placode-derived neurons being located distal to crest-derived
neurons (D’Amico-Martel and Noden, 1983).

The relative contribution of neural crest and ectodermal placodes to the various
cranial ganglia has been mapped using quail tissue transplants (D’Amico-Martel and
Noden, 1980, 1983). The trigeminal ganghon, associated with cranial nerve V, is the
most rostral sensory ganglion, and contains both small proximal crest-derived neurons
and larger distal placode-derived neurons in one large ganglion. Neurons in the
ganglia associated with cranial nerves VII, IX and X, however, form two separate
ganglia, of crest and placodal origin respectively. These include the root (proximal)
and geniculate (distal) ganglia of nerve VII (facial nerve), the superior (proximal) and
petrosal (distal) ganglia of nerve IX (glossopharyngeal), and the jugular (proximal)

and nodose (distal) of nerve X (vagus nerve). The proximal (vestibular) and distal
(acoustic) ganglia of nerve VIII (acoustic nerve) are both composed of otic-placode-derived
neurons (D’Amico-Martel, 1982). Supporting cells in the cranial ganglia, including
Schwann cells, are also neural crest-derived. In the trunk, in contrast, spinal ganglia are
solely derived from neural crest.

Hindbrain neural crest cells will populate sensory ganglia, but also go on to form a wide
variety of other muscular, skeletal, neurogenic and vascular structures, including the
bones and other structures of the inner ear, the jaw and palate (Gilbert, 1994; Koentges
and Lumsden, 1996).

Neural crest cells contain some cell-autonomous information with them about their
origins (Prince and Lumsden, 1994; Saldivar et aL, 1996). However, their paths are also
influenced by the environment. The destination and fate of crest cells depends partly on
the age of surrounding mesenchyme, as shown by transplanting crest cells of various
origins and ages into older or younger embryos. Thus the mesenchyme can influence
crest cell migration, although the effect also depends on crest cell density - so-called
'community effects'. (Raible and Eisen, 1996). It has been unclear to what extent crest is
pre-pattemed and how much role the mesenchyme has to play (see (Golding et aL, 2000),
and chapter 5). It is plausible that the mesenchyme through which neural crest cells pass
can affect the cells in different ways, causing them to adopt different fates.
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1.5.2 Gene expression in the hindbrain
This thesis looks at aspects of cell segregation and patterning in the hindbrain that are
regulated by molecular segmentation of the hindbrain. This section describes some of the
genes that illustrate the molecular segmentation of the hindbrain.

Various members of different families o f signalling molecules are known to be
expressed in and to have functional roles in the hindbrain, such as Eph receptors and
their ligands the ephrins, and Hox genes (Becker et a l, 1994; Hunt et a l, 1991b;
reviewed by McGinnis and Krumlauf, 1992) . These and other genes often have the
anterior and/or posterior boundaries o f their expression coinciding with rhombomere
boundaries.

The Hox genes are found in all vertebrates, in four clusters (Hoxa, Hoxb, Hoxc and
Hoxd) which have arisen by duplication and evolution o f a single cluster of homeotic
genes found in Drosophila^ which are organised in order corresponding to their
expression along the AP axis of the embryo. Hox genes play a central role in specifying
tissue identity along the AP axis of all multicellular animals from C elegans to
vertebrates (reviewed by Krumlauf, 1994). As in Drosophila, vertebrate Hox genes are
organised along the chromosome within their cluster in the same order as they are
expressed, with genes at the 5' end of the complex being most posteriorly expressed, and
genes further 3' having more anterior limits of expression.

In the hindbrain, the anterior limits of Hox gene expression correspond with various
rhombomere boundaries (Wilkinson, 1989; Hunt et a l, 1991a), so Hoxb2 reaches as far
anterior as the r2/3 boundary, while Hoxb3 and Hoxb4 expression only reach the r4/5 and
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the r6/7 boundaries respectively (Wilkinson, 1989). However, rhombomere-specific
variations in amounts of Hox gene expression are superimposed on top o f this pattern, so
Hox gene 5’-3’ expression cannot be the only patterning mechanism that controls Hox
gene expression in the rhombomeres. In vertebrates, as in Drosophila, disruption of Hox
gene expression leads to homeotic transformation of body parts in their anterior regions of
expression, disrupting AP axis patterning (reviewed by Krumlauf, 1994). Hox genes are
known to be controlled by retinoids, which bind retinoic acid/ retinoid X receptors (RARs
/ RXRs), which in turn bind c/5-acting retinoic acid response elements (RAREs) in the
regulatory regions of the various Hox genes (Gould et al., 1998; Studer et al., 1998).

Other genes showing rhombomere-specific expression are known to be vital for setting up
or maintaining segmentation of the hindbrain. The transcription factor Krox20 is
expressed in r3 and r5 only (Wilkinson et al., 1989a), and when mutated, although r3 and
r5 are initially formed correctly, they are rapidly lost. The transcription factor kreisler, on
the other hand, expressed in r5 and r6, is required to specify r5 identity; in kreisler
mutants rl-3 appear normal but at the r4-7 level rhombomere identity breaks down, so the
neural tube is smooth and morphologically unsegmented.

Eph receptor tyrosine kinases and their ligands, the ephrins, are known to be involved in
establishing regions of differential adhesion and/or repulsion, and were in fact initially
studied in the hindbrain where they exhibit rhombomere-specific patterns (Nieto et a l,
1992). They are also involved in axon pathfinding, neural crest migration and retino-tectal
mapping, among others. In the hindbrain, Eph receptors EphA4, EphB2 and EphB3 show
complementary expression patterns to their ligands, being expressed in rhombomeres 3
and 5, while the ephrins ephrinBl, B2 and B3 are all transmembrane ligands expressed in
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rhombomeres 1, 2, 4 and 6 (Flenniken et al., 1996; Gale et a l, 1996). Ephrins are only
usually active when membrane-bound, and ephrin-B proteins appear in fact to be capable
of bidirectional signalling when they bind receptors (Henkemeyer et al., 1996; Mellitzer
et al., 1999),

When a dominant negative EphA4 receptor is overexpressed in r3 and r5, disrupting
receptor function, hindbrain patterning is disrupted (Xu et al., 1995): ectopic r3 and 5
cells are observed in r2, 4 and 6. Also, neural crest migration is disrupted; crest which
normally migrates to the third branchial arch migrates to the second and fourth arches as
well (Smith et al., 1997). Overexpression of ectopic ephrinB2 has a similar effect. In vitro
analysis ("fishball assays") has shown that Ephs and ephrins directly enable cell sorting,
restricting intermixing of odd and even-numbered rhombomeres.

Migration of the neural crest is influenced not only by the rhombomeric origin of crest
cells, but also by their age, and presumably by the mesenchyme through which they pass.
The mesenchyme will also affect extension of axons growing through it towards entry
sites in the neuroepithelium.

Previous studies have suggested that the mesenchyme outside the hindbrain has a role in
influencing^cre^t cell and axon pathfinding, i.e. that these cells respond to their
environment rather than their destinations being entirely pre-pattemed. In particular, the
mesenchyme next to r3 and r5 contains an activity capable of excluding neural crest cells
(Farlie et al., 1999, Keynes and Cook review 1995), implying that it is not only properties
of the crest cells that leads them to emanate only from rhombomeres 2, 4, and 6 into the
mesenchyme.
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In the trunk, the mesenchyme is clearly segmented; the somites are divided into rostral and
caudal portions with different properties, leading to segmentation of neural crest and motor
axons due to repellent properties of the caudal somite. However, there is no sudh obvious
mesenchyme segmentation in the head.
Tam and Meier (1982), on the basis of scanning electron microscope (SEM) studies, claimed
the existence of mesenchyme segments in the head, which th ^ termed somitcaneres. However
somitomeres’ existence has not been supported by any other methods such as gene e^qpression
studies. Transplantation of mesoderm from near the neuroepithelium from one cranial axial
level to another suggests that the cells migrate to the nearest branchial arch, implying that there
is no difference in the environment to attract the mesoderm cells to one arch rather than another
(Hacker and Guthrie, 1998). Given that the neural tube is segmented in the hindbrain, unlike in
the trunk, and that this segmentation enables neural crest cells to be created with different
prqjerties along the A-P axis (e.g. differential Hox gene expression), the consensus of opinion
holds that that head m^enchyme was unsegmented and the only A-P differential was intrinsic
to the neural tube.
Grafts of neuroepithelium posterior to the otic vesicle result in reprogramming of Hox gene
expression, reflecting cells' new location along the AP axis. This plasticity is mediated by
somitic mesoderm which lies caudal to the otic vesicle (post-otic) (Itasaki et al., 1996; Gould et
a i, 1998). In pre-otic grafts in chick, however, rhombomeres autonomously maintain the Hox
expression patterns of their original AP position (Prince and Lumsden, 1994). These
differences correlate with differences in mesoderm in pre- and post-otic regions; pre-otic does
not express somitic markers, nor show epithelial-type condensation, staying more diffuse, and
is thougfrt to have only a passive role in head patterning, responding to signals from neural
crest (Traincff and Krumlauf, 2000).
The fixed neural crest prepatteming model comes from experiments in chick involving large
tissue blocks, usually involving single or multiple rhombomeres (Couly et al., 1998; Prince and

Lumsden, 1994). Recently, however, Krumlauf and Trainer (2000) have used small groups of
labelled mouse cells in cultured embryos for transplantation experiments, which suggest that
head mesoderm does after all have scxne part to play in neural patterning. Heterotopic grafts
(r3, 4 or 5 into r2) showed that tlK main grafts maintained Hox repeater gene expression, but
cells dispersed fi’om the graft lost reporter expression, indicating plasticity of Hox expression,
and that community effects are important for expression. Neural crest cells produced from
rhombomere grafts migrate towards the branchial arches consistent with the host environment,
indicating influence of the environment on migrating crest.
When grafts of seccsid arch crest cells and mesodam were transplanted into branchial arch 1,
unlike grafts of crest alone, the reporter gene was reactivated. Thus mœoderm is capable of
maintaining neural crest cell Hox gene expression in an ectq)ic environment, although it
cannot induce ectopic reporter expression by itself. This signal maintenance implies a role of
cranial mesoderm in maintaining the AP register between different tissue primordia (Trainor
and Krumlauf 2001).
As well as prepatteming and mesodermal maintenance, there is evidence of a third influence on
crest cells: signals fix>m the rhombomeres can influence the environment. In ErbB4 mutant
embryos, loss of ErbB4 signal in r3 and r5 leads to ectopic anterior migration of r4-derived
crest cells. ErbB4 mutants in a Hoxb2/L^:Z reporter background show downregulatioe of Hox
genes in the ectopic locatiæ (Golding et a l, 2000). See section 1.8 for more detail. This shows
there is interplay between instructive signals in the neuroectoderm and permissive signals in
the mesenchyme, perhaps needed to regulate neural crest cell identity and migration pathways.
Therefœe we have analysed potential signalling molecules in the hindbrain.

Chapter 5 contains a stu<fy of molecules which are present in mesoichyme adjacmt to the
hindbrain, and which may associate with an inhibitory activity in the mesenchyme (Golding et
a l, 1999).

1.6 The Heart and ErbB receptors and ligands
At embryonic day 9.5, the mouse heart ventricles consist of three layers: the outer
pericardium, the thick myocardium, consisting mainly of developing myocytes, and the
inner endocardium, where mesenchyme and myocytes form the endocardial cushions. The
atria have much thinner walls, due to a very thin myocardium and almost complete lack
o f endocardial cushions.

1.6.1 Heart trabeculation
In NRG -/-, ErbB2 -/- and ErbB4 -/- mice, embryonic death is due to lack of
differentiation of heart muscle. Neuregulin-1 is expressed at high levels in the endothelial
lining of the heart ventricles (Meyer and Birchmeier, 1994), in direct contact with
developing heart muscle, or myocardium, where developing cardiac myocytes express the
receptors ErbB2 and ErbB4. E9 hearts in these embryos appear normal, but by E l0.5 the
embryos are dead. In the intervening period, wild type heart muscle contains some
myocytes which develop into sponge-like regions of myocardium, a process known as
trabeculation (Sedmera and Thomas, 1996). Trabeculae are totally absent in all these
knockout mice.

The ligand-expressing cells and receptor-expressing cells are directly apposed. The NRG1 gene product is acting non-cell-autonomously; myocardial development is halted but the
endocardial cells which usually express NRG appear normal. In contrast, ErbB2 and
ErbB4 receptors act cell-autonomously. Evidently all three signalling components NRG, ErbB2 and ErbB4 - are necessary for trabeculation; the fact that loss of either
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ErbB2 or ErbB4 is enough to cause death implies that in myocardium between E9 and
E l0.5 ErbB2/ErbB4 heterodimers are required, and that the NRG-1 isoforms present are
incapable of activating ErbB4 homodimers. Thus neither receptor is functionally
redundant, even when there are receptors present in the same cell which can act in vitro as
homodimers. NRG-2 is expressed in endocardium of the atria, directly apposed to ErbB2
and ErbB4 in the atrial myocardium. It is tempting to assume that it acts in a similar
induction process for differentiation of the atrial walls in development.

1.6.2 ErbB4 and the heart
In the adult heart, ErbB4 RNA is known to be present in muscle of both atria and
ventricles. ErbB4 is specific to myocytes during development and in adult; Northern blots
do not detect ErbB4 in myocyte-depleted cardiac cell populations. ErbB2 is also seen in
ventricular myocytes during development and in adult, but at lower levels compared to
ErbB4. ErbB2 and ErbB3 also exist in myocyte-depleted adult cultures, unlike ErbB4
(Zhao et a/., 1998). ErbB4 has been shown to contain a caveolar binding motif and be
localised to caveolae in cardiac myocytes: caveolae are flask-shaped invaginations of the
plasma membrane, which contain high levels of cholesterol and similar molecules which
mediate endocytosis and movement across the membrane in a clathrin-independent
manner. Various signalling cascades utilise caveolar localisation, which is presumed to
facilitate activation of signal transduction by ligands, and to enable cross-talk between
different signalling pathways (Zhao et al., 1999). Upon NRG-1 binding, ErbB4 is rapidly
translocated out of caveolae, which presumably enables the receptor to become
desensitised in the presence of ligand, although interestingly ErbB2 stays put.
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Upon activation, ErbB4 becomes cleaved by protein kinase C, yielding a soluble 120kD
fragment from the extracellular domain, and an 80 kD membrane-anchored fragment
representing the entire cytoplasmic and transmembrane domains. This presumably
regulates the distribution of extracellular ErbB4 at the cell surface, s '^nce. unlike EGFR
and many other RTKs, ErbB4 is not internalised by endocytosis (Vecchi et a l, 1996).

A second mechanism of ErbB4 cleavage has been established in which a metalloprotease
also cleaves the extracellular domain, and levels of the membrane-tethered product are
then controlled by proteasomes. The tethered 80 kD fragment, which retains tyrosine
kinase activity, is polyubiquitinated, unlike intact ErbB4, which is presumably why
proteasome activity does not act on the ErbB4 receptor before metalloprotease cleavage
(Vecchi and Carpenter, 1997), Thus ErbB4 receptor metabolism demonstrates a novel
coupling of two separate protease activities, acting sequentially, to enable ligandindependent ErbB4 degradation and yet preventing cytoplasmic buildup of the 80 kD
fragment. The fragment may have ligand-independent kinase activity, which would make
its destruction particularly important, but why the 80 kD fragment is constitutively
produced by ErbB4-expressing cells is unclear. It may act as a membrane-bound docking
molecule for signalling molecules, such as SH2 domain proteins, PI-3-kinase or Grb-2,
which

appear to

require

docking

at the plasma

membrane

before

tyrosine

phosphorylation. PLC-y and She both precipitate with the 80 kD fragment (Vecchi et al.,
1996; Vecchi and Carpenter, 1997).

1.6.3 ErbB3 and the heart
ErbBB RNA is found in endocardial cushion and bulbus cordis mesenchyme during
development (Meyer and Birchmeier, 1995). The bulbus cordis is part of the heart tube
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which derives from the top of the ventricle and will form the aorta and pulmonary artery.
In wild type mouse hearts at E9.5, ventricular endocardial cushions are apposed, with a
thick core of mesenchyme and myocytes. In ErbB3 -/- embryos, however, mesenchyme is
lacking in the cushions, and the cushions are distinctly thinner. The cushions give rise to
the atrio-ventricular (AV) valves, so it is not surprising that by E l3.5 the AV valves in
ErbB3 -/- embryos are hypoplastic, little larger than at ElO. Videos o f valves at E l3.5
showed blood reflux through the valves, which is presumably the cause of death at E l3.5
(Erickson er fl/., 1997),

1.7 Phenotypes of ErbB2, ErbB3 and NRG knockouts
Although the NRG -/-, ErbB2 -/-, and ErbB4 -/- mice have identical phenotypes in the
heart, and all three exhibit neural phenotypes, the neural phenotypes are all different.
ErbB3 -/- embryos also exhibit a neural phenotype.

NRG-1 is normally expressed in midembryonic neuroepithelium. In the hindbrain, NRG
is restricted to neuroepithelium of, and neural crest cells from, rhombomeres 1+2, 4, and
6. These crest streams, plus placodal derivatives, normally form cranial ganglia V,
V IW ill and IX (trigeminal, facial/acoustic and glossopharyngeal, respectively). These
are structures of the peripheral nervous system (PNS) and form immediately adjacent to
the hindbrain.

In the NRG mutant, however, most trigeminal ganglion (gV) cells, and a proportion of
those in the other ganglia mentioned, are missing (Meyer and Birchmeier, 1995). The
remaining parts of the ganglia are more distant to the hindbrain than usual, and it is
assumed that most of the normally NRG-positive neural crest cells that usually contribute
to these ganglia have died, so that
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cells still present in the mutant ganglia are placodal derivatives. Cell death itself is not seen
in migrating cells but only in the ganglia (Garratt et al., 2000; Meyer and Birchmeier, 1995).
This suggests that NRG in the mesenchyme mediates proliferation and/or survival of neural
crest derivatives of r2, r4 and r6.

NRG is thought to bias trunk neural crest cells towards a glial rather than a neuronal fate
(Shah et a l, 1994). This concurs with the caudal failure of Schwann cell development seen in
the NRG -/- mice, although it is also possible that the absent Schwann cells did differentiate
but then died, perhaps due to lack of NRG to act as a survival factor.

ErbB2 -/- hindbrains appear similar to those of NRG -I- embryos, with striking reduction in
size of gV and lesser reductions in gVII/VIII and glX (Lee et al., 1995; Meyer and
Birchmeier, 1995). TUJl antibody staining shows loss of the dorsomedial trigeminal
ganglion and mandibular branch, the proximal parts of the IXth and Xth nerve to be smaller
than in wild type, and the neural-crest-derived superior and jugular ganglia to be reduced
(Lee et al., 1995). However, placode-derived neurons of cranial ganglia are unaffected at
El 0.5, and the DRGs appear normal in size. It is thus concluded that ErbB2 is required for
survival of cranial neural crest-derived neurons. From this it would be expected that ErbB2 is
expressed at significant levels in migrating neural crest in the hindbrain, but this has not been
reported, although low levels of ErbB2 are present throughout the embryo. As in NRG -/embryos, in ErbB2 -/- embryos there is a loss of Schwann cells in the trunk. In cardiacrescued ErbB2 mutants, DRGs are reduced due to loss of neurons and glia, and motoneurons
and Schwann cells are also lost (Morris et al., 1999). ErbB2 is expressed in glial cells but not
sensory neurons, so it is concluded that peripheral neurons require a survival factor provided
by Schwann cells.

ErbB3 -/- mice have also been generated (Erickson et al., 1997; Riethmacher et a l, 1997).
Hindbrain neural crest cells normally express ErbB3, but it is later switched off in most
derivatives except Schwann cells (Garratt et a/.,2000). In the trunk, there is an absence of
Schwann cell precursors and Schwann cells which normally surround sensory and motor
axons. Sympathetic ganglia show reduced numbers of neuronal precursors, especially
rostrally (Britsch et al., 1998). Sensory and motor axon development in the trunk begins
normally, but later (after E12..5) 80% of sensory and motor neurons die. This implies that
both sensory and motor neurons in the trunk require survival factors provided by developing
Schwann cells. One hypothesis is that ErbB receptors on the Schwann cells
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regulate survival of NRG-expressing neurons by ‘back-signalling’ via the NRG intracellular
domain (Bao et al., 2001).

In contrast, in the head the cranial ganglia resemble those seen in NRG -/- and ErbB2 mutants,
although development of the cranial ganglia is less affected than in NRG or ErbB2 knockouts.
Ganglia gVIWIII appeared unaffected, although glX and gX were reduced in size. Unlike in the
ErbB2 -/- or NRG -/- embryos, connections from gV to neuroepithelium were present, although
few and disorganised. Numbers of Schwann cells were reduced in the ErbBS -/- trigeminal
ganglia, as in DRGs, but the glossopharyngeal ganglia, which come almost entirely from
placodal origin, were also reduced in size. As both ErbB2- and ErbB3 null mutants exhibit
absence of neural crest-derived portions of cranial ganglia, it suggests ErbB2/ErbB3
heterodimers in undifferentiated crest cells are required for formation of these ganglia.
Additionally, both lack Schwann cells surrounding peripheral nerves, similar to NRG mutants,
implying a role for ErbB2/ErbB3 heterodimers in Schwann cell precursors migrating fr(xn the
DRG in responding to neuregulin.

The NRG-1/ ErbB2/3 signalling system is also essential for development of the sympathetic
nervous system (Britsch et al., 1998). In mice with mutations in ErbB2 or ErbB3 or type I
neuregulin, there is a severe reduction in neuronal precursors in the sympathetic ganglion chain.
It appears that embryos require this signalling mechanism in order for neural crest cells to
migrate to the mesenchyme lateral to the dorsal aorta. Thus NRG/ErbB2/ErbB3 is required for
cranial ganglia, syn^athetic ganglia, and functional peripheral nerve formation.

Two groups have genetically rescued the ErbB2 mutant by myocardial expression of
ErbB2 cDNA under the Nkx2.5 promoter (Woldeyesus et al., 1999) or the aMHC
promoter (Lin et al., 2000; Morriss et al., 1999). In both cases rescued mutants die at
birth, due to lack of innervation of the diaphragm by the phrenic nerve. In these rescued
mutants, Schwann cells are lacking, and peripheral nerves are poorly fasciculated and
disorganised. There is a severe loss of sensory neurons and also of motor neurons on the
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cervical and lumbar levels, but not in the thoracic region, demonstrating different survival
requirements for different subpopulations of motor neurons. Neuromuscular junctions
form, defined by clustering of AChR postsynaptically and expression o f post-synapsespecific genes such as a-AChR, AChE and e-AChR, but show both pre- and postsynaptic
defects. Presynaptic defects include defasciculation of motor axons, degeneration of a
high proportion ofi the motor nerves, and complete lack of Schwann cells;
postsynaptically the junctional folds are impaired, creating nerve-muscle contact sites
extending for tens of microns rather than being punctate. The AChR clusters are also
more dispersed than in wild type.

In agrin or MuSK mutant mice synapses fail to form; yet there is no loss of motor
neurons, showing that synapse formation is not required for motor neuron survival
(Gautam et a l, 1996, DeChiara et a l, 1996, Gautam et a l, 1999). However ErbB2 -/rescued mice demonstrate that syn^se formation is not sufficient for motor neuron
survival. These mutants presumably lack trophic support for motor neurons,
presumably from Schwann cells, as the SoxlO mutant which also lacks Schwann cells
exhibits identical loss of motomeurons ( Britsch et a l, 2001).

NRG-1, ErbB2,

ErbB3 and ErbB4 are all seen clustered at synapses, suggesting they have a function
there. It is not known what role ErbB4 might have, but clearly neither it nor the EGF
receptor are capable of acting as coreceptorsJ^rbB 3 in the PNS, despite their ability to
do so in vitro. As the ErbB2 rescued mice show very similar neural phenotypes to the
ErbB3 knockout, it indicates that the major role of ErbB2 in development is to act as a
coreceptor to ErbB3, and that its ability to signal in association with the EGF receptor, the
interleukin receptor gpl30, and various G-protein-coupled receptors, is at most a minor
issue in development before birth.
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It is thus clear that ErbB2 and ErbB3 act together in formation o f the peripheral nervous
system including neuromuscular junctions. ErbB4, however, is involved in different
aspects of PNS development, as demonstrated by the ErbB4 knockout mouse.

1.7.1 ErbB4 knockout neural phenotype
The ErbB4 -/- mouse dies at E l0.5 in utero due to the heart defect already described,
where ErbB2/ErbB4 heterodimers are required. However by this stage a neural phenotype
is also apparent (Gassmann et al., 1995).

Unlike the NRG -/-, ErbB2 -/-, or ErbB3 -/- mice, the size of the cranial ganglia appears
normal in the ErbB4 knockout, and Schwann cell development also appears normal.
There are, however, striking defects in organisation of the cranial nerves.

ErbB4 is expressed in the hindbrain in rhombomeres 3 and 5, (although faint in situ
staining is seen in rl and rostral to the isthmus) where it is restricted to the dorsal third of
the neural tube and to pools of cells immediately dorsal to developing motor neurons
(Golding et a l, 1999). In the intervening rhombomeres, 2, 4, and 6, crest streams migrate
laterally and ventrally to populate sensory ganglia gV, gVll/Vlll and glX. Using an
antibody (TUJl) to a neuron-specific form of tubulin, the organisation and innervation of
these ganglia was investigated in ErbB4 -/- embryos at E l0.5. This showed aberrant
innervation of the trigeminal and facial/acoustic ganglia: normally gV extends axons
towards r2, and the gVIl/Vlll complex sends axons into r4. However, in the ErbB4
mouse, the trigeminal ganglion exhibits connections to the neural tube via both r2 and r4,
and the same for the facial/acoustic ganglia. In situs of E8.5 - E9.5 embryos demonstrate

34

a defect in neural crest migration from rhombomere 4: usually crest cells never enter
mesenchyme outside rhombomere 3, but a subset does in the ErbB4 -/- mouse.

This phenotype cannot be attributed to an alteration in rhombomeric identity, as
rhombomeric-specific markers such as HoxBl (r4-specific) and Krox-20 (specific to r3
and r5) still show their usual expression patterns in the ErbB4 knockout (Gassmann et a l,
1995).

Some of the ErbB4 mutants exhibited additional minor defects. These include
displacement of the ninth cranial nerve towards the vagal nerve (X), and near-fusion of
gV and VII/VÏII. This is the same phenotype as seen in Krox20 mutants. However, Krox20 expression is unaffected in ErbB4 -/- mice, so ErbB4 cannot be regulating Krox-20.
Also at E l0.5, Krox-20 -/- mice are almost totally lacking r3 and r5, whereas they appear
intact in ErbB4 -/- embryos.

*

1.8 Possible role of ErbB4 in the hindbrain
The phenotype in the hindbrain of ErbB4 -/- embryos suggests that ErbB4 is required for
the normal existence of a barrier that prevents neural crest migration or axon extension
into the mesenchymal region outside r3. This barrier activity could be due to ErbB4 itself,
but this is unlikely, as ErbB4 is not expressed in the mesenchyme. Thus it is more likely
that ErbB4 regulates a barrier molecule. See figure 1.5 fo r a model o f how ErbB4 may be
regulating neural crest migration.
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Experiments transplanting mesenchyme from outside one rhombomere to outside another
suggests that the mesenchyme is also segmented; in practice if not structurally or
genetically, due to production of compounds regulated by the rhcanbomefes (Farlie et al.,
1999; Trainor et al., 2002). Ablation studies have shown that both neuroq)ithehum and
surface ectoderm regulate the properties of hindbrain mesenchyme (Golding et a l, 2002).
In 2000, Golding et al demonstrated that transplantation of r4 neural crest cells from
ErbB4 -/- embryos into wild type embryos does not lead to abrarant migration of the
transplanted crest cells. In contrast, wild type r4 crest transplanted into r4 of ErbB4 -/embryos results in a subpopulation of grafted neural crest cells migrating ectopically into
mesenchyme adjacent to r3. This shows diat the ErbB4 mutation is not crest cellautonomous, but alters guidance cues in the mesenchyme. In 2002, Golding et al. showed
that both r3 neuroepithelium and surface ectoderm are required for normal exclusion of r4
neural crest ceils from mesenchyme adjacent to r3, as removal of either of these two
tissues abutting the mesenchyme leads to 'r3' mesenchyme becoming gradually permissive
to r4 crest cells. Grafts of different ages of crest favour the idea that there is a repulsive
activity which dissipates, rather than only later-migrating crest being able to respond to the
changed environment outside r3. Thus this stutfy supports Farlie et a l (1999) and Trainor
and Krumlauf (2000) in suggesting r3 mesenchyme contains a repulsive activity not
present outside r2 and r4, i.e. that there is functional differentiation of the oranial
mesmchyme, and goes further in showing that both neuroepithelium and surface ectoderm
are required to maintain this repulsive activity.
However, ErbB4 expression is detected in neuroepithelium only, so that if it is responsible
for a repulsive activity in the mesenchyme it must have a role in signalling between the
hindbrain and adjacent mesencl^rme. Other molecules are known to influence crest
migration as well as axon pathfinding; these include various E{A receptors and ephrins,
such as EphA4 and ephrinB2, and collapsin-I (mouse homologue of chick sem^hOTin-III).
It is possible that activated ErbB4 causes expression of an r3-derived diffusible inhibitory
activity. I undertook a study to see whether various candidate molecules, such as
chondroitin sulphate proteoglycans (CSPGs), located in the mesenchyme, were
differentially e?q}ressed in wild type and ErbB4 mutants during the period of neural crest
migration (see Chapter 5 and Golding et a l, 1999).
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1.9 Rescue of the ErbB4 -/- mouse
Due to the ErbB4 -/- embryos dying at E l0.5, what happens to the ectopic cranial nerves
after neural crest migration cannot be studied. Additionally we cannot tell what happens
to the cranial ganglia, or to neural crest cells once they terminally differentiate.

To circumvent this, I decided to rescue the ErbB4 knockout by inserting HER4 (the
human homologue of ErbB4) under the control of a cardiac-specific promoter. An
alternative strategy would be to create a neural-specific knockout.

This latter strategy has been done by Gassmann et al. who generated a neural-specific
conditional knockout mouse using the lox-cre system. Flox sites were inserted into the
ErbB4 gene, and these mice crossed with a line with ere recombinase under the control of
the nestin promoter, leading to splicing out of the ErbB4 sequence between the flox sites
in cells where nestin is expressed.

Nestin is the earliest-transcribed neural-specific gene, being expressed from E7.5. These
neural-specific knockout mice would be expected to reproduce the hindbrain phenotype
of the ErbB4 knockouts, with the heart and other organs expressing ErbB4 normally, but
results were variable, with most homozygous lox-cre mice surviving into adulthood and
appearing normal. It was concluded that these mice do not show the ErbB4 null
phenotype in the hindbrain due to the time lag between nestin and ere recombinase
starting to be expressed, protein being produced, and finally the ErbB4 gene being spliced
out. This could take over a day, by which time ErbB4 RNA would be produced, and this
could be sufficient to ensure correct pathfinding of neural crest in the hindbrain. Also,
ErbB4 appears not to be completely restricted to the rhombomeric neuroepithelium, but
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also exists in patches of cells dorsal to the neural tube. Nestin, conversely, is restricted to
the neuroepithelium, which would mean some ErbB4 would still be expressed in the
nestin-cre mouse. However, work is ongoing to look for any differences in adult brain due
to lack of ErbB4 expression in the cerebellum or substantia nigra, where it is normally
produced into adulthood. Any differences, if they are confirmed to be statistically
significant at all, are very subtle, affecting balance and co-ordination.

The ErbB2 knockout, which dies of the same heart defect as the ErbB4 knockout, has
already been rescued by two groups (Woldyesus et al., 1999 and Morriss et al., 1999) by
targetting ErbB2 expression using cardiac-specific promoters. This suggests that using a
similar strategy to rescue the ErbB4 knockout would be likely to work. The next chapters
describe the making of the ErbB4 cardiac rescue and analysis of the phenotype of these
mice, which is very different from that seen in the ErbB2 rescues.
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Figure 1.1 Structure of ErbB receptors
This figure is a schematic representation o f ErbB receptors, showing that they are
transmembrane receptor tyrosine kinases, containing traditional cytoplasmic kinase
domains, although their C-terminal tails are divergent. ErbB receptors have to
dimerise to enable signal transduction. It is thought that differences in docking sites in
the intracellular domains lead to differences in cellular response to activation o f the
receptors. These sites include tyrosine phosphorylation sites and docking sites for
intracellular proteins involved in signal transduction, such as a putative PI-3-kinase
site in ErbBB.

The four receptors show 60-80% homology in their cytoplasmic kinase domains, and
40-50% sequence similarity in their extracellular domains. The extracellular 'cys box'
cysteine-rich regions, which make up part o f the ligand-binding regions, are only
found in receptors related to the EGF receptor.
p i 85, p i 60 and p i 80 indicate relative molecular weights o f the ErbB receptors.

Despite the similar structures, the ErbB receptors have differing affinities for
neuregulins and differing tyrosine kinase activities. For example, ErbB2's cys boxes
are incapable of binding neuregulin, so an ErbB2 homodimer would be incapable of
transducing a neuregulin signal. ErbBB, in contrast, can bind neuregulin, but cannot
transduce this signal due to an inactive kinase domain. However, an ErbB2/ErBbB
heterodimer is catalytically active, with neuregulin binding ErbBB inducing
dimérisation, which enables ErbB2 to phosphorylate ErbBB, while the ErbB2 and
ErbBB homodimers are not. From this diagram, it appears that ErbB4 homodimers
have no reason not to be catalytically active, although so far ErbB4 homodimers have
only been shown in vitro.

The EGF receptor normally acts as a homodimer, seen in vivo, but in vitro has been
shown to form active heterodimers with ErbB4.
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Figure 1.2 Structure of neuregulins.
This figure shows how neuregulins may be alternatively spliced to produce different
isoforms: some soluble, some membrane-bound.

The EGF-like domain is necessary for binding to ErbB receptors. There are two main
EGF-like domain isoforms, a and p, and which one is present appears to affect the
choice o f cytoplasmic domains.

Arrows represent regions where alternative splicing is either especially frequent or
significant in altering protein structure during maturation o f the precursor protein.
Alternative splices in the extracellular juxtamembrane region (JM) determine whether
a protein is initially membrane-bound (includes a transmembrane domain) or soluble.
This region exhibits the greatest variation, ranging from 1-27 amino acids in length,
and gives rise to subtypes 1-5. Two isoforms o f this region contain a stop codon; so
do not possess a transmembrane domain.

The transmembrane (TM) domain is invariant, and is joined to a 157 amino acid
cytoplasmic domain common to all transmembrane subtypes. This domain is followed
by variable regions a or b (a = 217 amino acids, b = 39 amino acids) or a stop codon
(*) which denotes isoform type c.

The different isoforms of neuregulin can be largely grouped by tissue o f origin as
being mainly mesenchymal or neuronal factors: a 2 and P2 isoforms appear
mesenchyme-specific while p i isoforms are generally restricted to neuronal tissues
(Mason and Gullick, 1995).
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Figure 1.3 Ligand binding to ErbB receptors

The EGF receptor (ErbBI) binds EGF and other ligands which do not bind any o f the
other ErbB receptors, namely TG F-a and epiregulin.

EGFR is incapable o f binding neuregulin. ErbB3 and ErbB4 can both bind
neuregulin-1 and neuregulin-2, although neuregulin-2 has no known function in vivo.
Neuregulin-3 and neuregulin-4 have only been studied in vitro and only bind ErbB4.

Three further non-neuregulin ligands which bind EGF in vivo have been shown to
bind ErbB3 and ErbB4 in vitro: HB-EGF, betacellulin and amphiregulin.

ErbB2, having a non-functional binding domain, cannot bind any neuregulins or EGFlike ligands.
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Figure 1.4 Development of the mouse hindbrain.

At E7.5 in the mouse embryo, the rostral neural tube is constricted into three regions:
the future forebrain, midbrain and hindbrain. By E9.5, the hindbrain has been divided
into a series o f metameric compartments known as rhombomeres (rl-r8).

Also by E9, the branchial arches (bl-b3) are visible and the forming trigeminal (gV)
and facial/acoustic (gVII/VIII) ganglia can be seen in the hindbrain region.

Neural crest cells are produced all along the dorsal neural tube, but then migrate from
the dorsal surface of the neural tube in defined streams. In the hindbrain they emanate
from r2, r4 and r6 and pass through the mesenchyme towards the branchial arches,
some stopping and becoming incorporated into the cranial ganglia, and other neural
crest cells continuing into the branchial arches to form structures o f the face, jaw and
neck. The routes o f migratory neural crest cells are shown in red on the figure.
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Hypothesis
Neuregulin
from r2 and r4 activates ErbB4 receptors ■ in r3.
These activated cells produce and secrete a repulsive or growth inhibitory
activity • which binds to proteoglycans within the adjacent mesenchyme.
Alternatively, activation of ErbB4 produces a diffusible signal in r3 ^ which
induces the synthesis of a repulsive activity in the adjacent mesenchyme.

NEURAL
TUBE

M ESENCHYM E

Pathway of migrating crest
and axon pathfmding

Pathway of migrating crest
and axon pathfinding

Figure 1.5 Hypothetical ErbB4 activity mechanism
Model showing hypothetical mechanism for ErbB4 to control axon guidance and
neural crest migration in the cranial mesenchyme.

As ErbB4 is expressed in rhombomere 3, and neuregulin is present in rhombomeres 2
and 4, it was postulated that ErbB4 would become activated at the boundaries o f r3.
Activated ErbB4 would in turn transduce a signal leading to the generation of
repulsive cues, possibly binding to CSPGs, within the mesenchyme. This signal
would have a repulsive effect on both axons and neural crest, causing crest and axons
in mesenchyme outside r2 and r4 to be repelled from r3 mesenchyme.
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Figure 1.6 Dorsal view of the hindbrain
On the left, sensory neuron axons are shown emanating fi'om the cranial ganglia
towards and entering the neuroepithelium. The \\èite parts of the g a n ^ a are neuralcrest derived; the grey parts derive from placodes.

On the right, branchiomotor and visceral motor neurons extend through the hindbrain
from their medial cell bodies, converging laterally towards exit points in
rhombomeres 2, 4, 6 and 7. The Vth, Vllth and IXth nerve nuclei thus occupy serially
adjacent positions along the AP axis (Lumsden and Keynes, 1989).

Branchiomotor neurons are destined to innervate muscle in the branchial arches
derived

from

paraxial mesoderm,

while visceral motor neurons

innervate

parasympathetic ganglia and smooth muscle. Somatic motor neurons are not shown.
These exit the neuroepithelium ventrally in small clusters (except mlV, the trochlear
nerve, which exits dorsally), and go on to innervate muscle derived from paraxial and
prechordal plate mesoderm (Lumsden and Keynes, 1989, Varela-Echavarria et a l,
1996).

fp - floor plate
b l, 2 - branchial arch 1, 2
ov - otic vesicle
mV, mVII etc - motor nerve V (trigeminal), VII (facial)
gV, gVn - cranial ganglion V (trigeminal), VII (geniculate)

HEAD
D

cranial ganglion

Neural tube

red = sensory
blue = motor

V

TRUNK

Dorsal root ganglion

red = sensory
blue = motor

Figure 1.7
Transverse views of ganglia and neural tube in the head and
trunk
D and V indicate dorsal and ventral.

In the head, sensory neuron cell bodies are located in the cranial ganglia, with
extensions towards the hindbrain and into the periphery. Motor neuron cell bodies are
located in the hindbrain and axons extend dorsally, exiting the hindbrain and then
passing through the cranial ganglia en route to their destinations.

In the trunk, sensory neurons again have their cell bodies in the ganglia and are
pseudounipolar, but motor neurons do not pass through the dorsal root gangha. The
nerves only become mixed sensory and motor nerves lateral to the DRG.

WT (+/+), E10.5
V i la

HRG (-/-), E10.5

VII/-

ErtoB2 (-/-), E l 0.5
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Figure 1.8 Wild type and NRG
hindbrains

ErbB2 -/- and ErbB3 -A
after Erickson et aL, 199 7

This figure shows side views of E l0.5 embryos stained with neurofilament antibody
(TUJl), showing the organisation of the cranial ganglia and nerves and dorsal root
ganglia and nerves, at low (A, C, E, G) and high (B, D, F, H) magnification.
Panels A and B show a wild type embryo with normal organisation of cranial ganglia.

In C and D,

a heregulin-null mutant lacks the mandibular nerve projection which

should emanate downwards fi'om the trigeminal ganglion The geniculate and vestibulo
cochlear ganglia (VlWni) are completely fused, unlike wild type in panel B, where
they can be distinguished. The facial nerve is reduced in size, as are the petrosal and
nodose ganglia (IX, X).

In E and F, an ErbB2 mutant embryo displays similar defects to the HRG mutant, in
that the trigiminal ganglion is small and only has one projection (the opthalmic nerve);
the geniculate and vestibulo-cochlear ganglia (VU/Vm) are fused, the facial nerve is
small, and the nodose ganglion is small, as is the jugular ganglion (both labelled Xg).

In G and H, an ErbB3 mutant is shown. As in the HRG -/- embryo, the mandibular
projection is lacking, and the petrosal and nodose ganglia are reduced in size, although
the geniculate and vestibulo-cochlear ganglia appear normal, unlike HRG -/- or ErbB2 /- embryos. The hypoglossal nerve (XII) and vagal projections are also normal.

The similar abnormalities of HRG -/-, ErbB2 -/- and ErbB3 -/- embryos demonstrate
the importance of ErbB2/3 heterodimers in HRG signal transduction in the hindbrain.
Heregulin is expressed in the mesenchyme adjacent to epithelia thought to express
ErbB2 and ErbB3 in the hindbrain, and the defects seen in the HRG

ErbB2 -/- and

ErbB3 -/- embryos could be explained by a general mesenchymal defect. The neural
crest cells still migrate in all three mutants, as shown by facial cartilage formation, but
tissues which require epithelial-mesenchymal interactions are abnormal, such as the
heart cushions. This suggests the boundaries between the trigeminal and geniculate
ganglia and the surrounding mesenchyme fail to form correctly, leading to fused
ganglia.

1

r2 + r4ep

Figure 1.9 Wild type and ErbB4 -A hindbrains
From Gassmann et a l, 1995

Panels A and B show lateral views o f the hindbrain at E10.5, stained with
neurofilament antibody (TUJl). In wild type. A, the trigeminal gangUon (gV) with its
three brandies, and the geniculate gangfion (gVII and gVIH), can be seen with a clear
space between them. In the ErbB4 knockout, B, the two appear to overlap (shown by
a brace). In addition, the IXth nerve in the ErBb4 -/- is deflected caudally into the
Xth and Xlth neural bundle (large arrow).

The fusion of trigeminal and geniculate gangjia is shown more clearly in horizontal
sections, in panels C and D.

In C, no axons are seen in the mesenchyme region

between r2 and r4, whereas in D, the ErbB4 mutant, axons connect the trigeminal
ganglion to the hindbrain via both r2 and r4 entry points. (Further ventral sections
show the geniculate and vestibulo-cochlear ganglia also connected at both r2 and r4).

Unlike NRG, ErbB2 or ErbB3 null mutants, all projections o f the trigeminal ganglion
are intact.

Mix the above in a fume hood, heat to 60°C, cool to about 40°C, and filter into a 500 ml
measuring cylinder. Make up to 250 ml with dHaO, and add 250 ml 0.2M phosphate
buffer (6.352g NaH 2P 0 4 , 21.87g Na2HP04 per litre H 2O). Aliquot into 15 and 50 ml
Falcon tubes and store at -20°C. Do not reffeeze after thawing.

2.2 Genotyping

2.2.1 Tail biopsies
All mice, after weaning, were sex-segregated, assigned a number, and made identifiable
in that cage by coat colour and ear punches. At the same time as ear punching, tail
samples were taken. The tail was anaesthetised using an ethyl chloride spray (Roche) and
2 - 5 mm tail cut off with scissors. Bleeding was stopped with a silver nitrate point (95%
silver nitrate, 5% potassium nitrate). Tail samples were either incubated in proteinase K
solution immediately (as below) or kept at -20°C indefinitely before proteinase K
incubation and DNA extraction as below.

2.2.2 DNA isolation from tissue
Genomic DNA was isolated from yolk sacs or tail biopsies using the DNEasy Tissue Kit
(Qiagen). Briefly, tissue is lysed by incubation in a buffer containing detergent and
Proteinase K, overnight at 55°C. Genomic DNA is then specifically bound by silica gelbased membrane columns, and contaminants removed with wash buffers containing
ethanol. Pure DNA is then eluted.

For tail biopsies as well as yolk sacs (entire yolk sacs up to El 2.5; portions of yolk sac for
older embryos), the Rodent Tail DNA Isolation protocol was used; this being quicker and
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simpler than the Animal Tissue DNA Isolation protocol. Before elution, spin columns
were given an extra 3 minute spin at 15300 rpm in a benchtop centrifuge to avoid
carryover of ethanol from wash buffers. DNA was eluted after a 5 minute incubation at
room temperature in 100 pi of the provided buffer AE, an alkaline elution buffer.

2.3 PCR of genomic DNA

2.3.1 ErbB4 alleles
Homozygous mutant embryos, heterozygous mutants and wild type embryos were
generated by crossing heterozygous mice carrying the ErbB4 null mutation. In the mutant
ErbB4 allele a ~2 kb fragment, containing the 5’ half of exon 2 and downstream intron
sequence, is replaced by a neomycin resistance cassette (Gassmann et aL, 1995). For
genotyping mice and embryos, a protocol was established which could amplify specific,
different-sized bands for both wild type and mutant ErbB4 alleles, in a single polymerase
chain reaction (PCR).

PCR was performed on genomic DNA isolated from tail biopsies, yolk sacs or other
tissue, using the following primers:
Primer 1, 5’(CAA ATG CTC TCT CTG TTC TTT GTG TCT G) corresponds to a
sequence in the second intron of ErbB4, present in both wild type and mutant embryos,
183 bp 3' to a unique BamHI site in this intron.
Primer 2, 5’(TAT TGT GTT CAT CTA TCA TTG CAA CCC AG) binds the wild type
allele only, 131 bp 5' of the BamHI site.
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Primer 3, 5’(TTT TGC CAA GTT CTA ATT CCA TCA GAA GC) binds a sequence of
the neo cassette inserted into the second exon of the ErbB4 gene, 42 bp 5' of the BamHI
site, and thus only produces amplification where the null allele is present.

All three primers are used in one PCR reaction, and the results run on a 1.5% agarose gel.
Wild type embryos are distinguished by producing a band of 314 bp, homozygous mutant
embryos by a band of 225 bp, and heterozygous embryos by the presence of both
(Gassmann et aL, 1995). See figure 2.1.

PCR reaction:
Reaction mix per sample:

19pldHzO
5 pi 1Ox PCR buffer (Perkin-Elmer)
4 pi dNTP mix (2.5mM each of dATP, dCTP, dGTP, dTTP;
Promega)
2.5 pi primer mix (10 pM of each primer: 1 common to both
alleles, 1 specific to ErbB4" allele, 1 specific to wild
type allele)
4pl MgCb (25 mM, Perkin-Elmer)
0.5 pi Taq DNA polymerase (5U/pl, Perkin-Elmer)
=3 5 pi mix
Plus 15pl DNA (from llOpl eluate per yolk sac)

PCR program "FloxB4” (using a MJ Research PTC-200 PCR machine):
1. 94°C for 1 min
2. 94°C fo ri min
3. 58°C for 2 min
4. 72°C for2m in
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5. Repeat steps 2-4 35 times
6. 72°C for 10 min
then incubate at 4°C.

The above primers sometimes produced faint bands corresponding to the wild type allele
when used all together. Thus in 2001 a new primer set was created which produced
stronger bands with a shorter PCR program.

Primer 1A: 5’(CCG GAG GAA GGA GAG GTC) wild type specific
Primer 2A 5’(CTG CAC GAG ACT AGT GAG AC) mutant specific, in neo cassette
Primer 3A 5’(TGT GCG CAG GAA CAG AGA AC) common to exon 2 in both alleles

These yield bands of -150 base pairs for a wild type allele and - 250 base pairs for the
ErbB4 null allele. See figure 2.1.

PCR program "MGl"
1. 94°C for 1 min
2. 94°C for 30s
3. 58°C for45s
4. 72°C for 30s
5. Repeat 2-4 35 times
6. 72°C for 10 min
then incubate at 4°C
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Generating ErbB4 -/- HER4"“ '^ mice
2.4 Plasmid subcloning and transformation

2.4.1 HER4 plasmid
cH4M2 is a plasmid based on the cDM8 vector and contains human ErbB4 (HER4)
cDNA from a breast cancer cell line, including the full-length coding sequence but a
truncated 3’ polyadenylation sequence, and also a 15 bp optimised ATG sequence
immediately 5’ of the translated region (created by Greg Plowman, Bristol-Myers Squibb;
kind gift of David Stem, Yale, (Elenius et aL, 1997), see figure 2.1). The HER4 sequence
in cH4M2 (bases 2227-6518) corresponds to bases 39-4330 of Genbank accession
number L07868 (Homo sapiens receptor tyrosine kinase (ERBB4) gene, complete cds).

Bacteria used for growing cH4M2 were E. coli strain MC1061/P3 (Invitrogen c663-03).
Their genotype is:
F- OsdR (rk- , mk+) araD139 D(araABC-leu)7679 galU galK DlacX74 rpsL thi mcrB
{P3: KanR AmpR (am) TetR (am)}. These contain the P3 plasmid, stably incorporated as
an episome.

Cells containing the P3 plasmid were required to grow cH4M2. P3 permits selection and
maintenance of plasmids, such as cDM8, which encode the tRNA suppressor F gene
(sup¥). P3 is a low-copy 60 kb episomal plasmid which encodes the kanamycin resistance
gene as well as amber mutation versions of tetracycline and ampicillin resistance genes.
Therefore, cells containing P3 alone are resistant to kanamycin but sensitive to both
tetracycline and ampicillin. When P3 plasmid-containing cells are transformed with supF
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plasmids, they are rendered resistant to both tetracycline and ampicillin by suppression of
the amber mutations.

However, ampicillin sensitivity of P3 plasmid reverts to the resistant form at a high rate,
so untransfected cells will also survive ampicillin selection. The tetracycline amber
mutation also reverts at a significant rate. Cells without the

plasmid grow faster than

cells with, so it is important that the sensitivity is maintained. Therefore the P3 plasmid
also has an active kanamycin resistance gene (KanR) on it, so that susceptibility of the
bacteria to ampicillin and tetracycline can be checked before transforming with a supFcontaining plasmid such as cH4M2.

-10 ng cH4M2 plasmid was transformed into lOOpl MC1061/P3 cells with the
transformation protocol provided. Briefly, this involves permeabilising the cells using 5 pi
p-mercaptoethanol and a heat pulse, growing the cells in SOC medium for 1 hour,
shaking at 225 rpm at 37°C, and plating 50 to 200pl transformation on LB-agar plates
containing 50pg/ml ampicillin and 50pg/ml tetracycline.

Following overnight incubation at 37°C, single colonies were picked and grown in 2ml
LB containing 50pg/ml ampicillin and also lOpg/ml tetracycline, overnight at 37°C,
shaking at 225 rpm. DNA was isolated from 1.5 ml of cultures in which bacteria grew,
and restriction digests were performed to confirm the identity of the plasmid. One
diagnostic Xbal site was missing from the predicted 3’UTR, so this region was sequenced
for clarification {see figure 2.4).
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2.4.2 Isolation of cH4M2 plasmid
Bacteria for the isolation of large amounts of cH4M2 plasmid were grown up from the
remaining 0.5 ml of culture, first overnight in 4 x 2 ml LB broth with ampicillin and
tetracycline as above, and then this starter culture was added to 4 x 100 ml broth.
Glycerol stocks were made from this using 850pl culture and 150 pi glycerol, to be stored
at -80°C, and plasmid DNA was isolated from the rest of the culture.

This was done using a Qiagen MaxiPrep kit. Cells were spun down in a benchtop
centrifuge at 4500 rpm, lysed with the alkaline buffers provided, the four tubes of cells
pooled, and the plasmid DNA separated from genomic DNA and protein using filter
membrane columns. Plasmid DNA was eluted, and precipitated in 10ml isopropanol using
a Sorvall SS-34 rotor at 11,000 rpm. The pellet was washed in 70% ethanol. The final
pellet was resuspended in 110 pi TE pH 8.0 and stored at -20°C.

2.4.3 Concentration and purity of DNA
Estimates of DNA concentration and purity were made by comparison o f 2 pi of DNA to
molecular standards on an agarose gel. Accurate assessment was performed using a
Beckmann DU 640B spectrophotometer, measuring absorbance (A) at 260 and 280 nm.
An A 260 of 1 represents a concentration of 50 pg/ml for double stranded DNA, and an
A 260/A 280 of 1.8 represents DNA uncontaminated by protein.

2.4.4 Sequencing of DNA
Plasmid cH4M2 did not produce the expected digestion pattern with one restriction
enzyme. The extra site shown using Xbal was predicted to be in the 3’UTR, near the sites
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used to cut cH4M2 for cloning. Therefore I sequenced the 3’UTR. Double stranded
plasmid DNA was sequenced by the Sanger di-deoxy chain termination method using a
BigDye kit (Perkin-Elmer) according to manufacturer's instructions (2 pi 200 ng/pl DNA,
8 pi dye mix, 1.31 pi 25 ng/pl primer, 8.69 pi water). 50 ml polyacrylamide gel was
prepared using 6% acrylamide (Sequagel concentrate; contains 25% acrylamide) with
Sequagel diluent, in Ix TEE, with 250 pi 10% ammonium persulphate solution and 25 pi
TEMED. The mixture was immediately injected in between two clean dry glass plates
held apart by plastic spacers, holding the plates at approximately 45°. A shark's-tooth
comb was then inserted and the gel left to polymerise for about 30 minutes. 2 pi of
DNA/dye mixture was injected per lane. Electrophoresis was performed at a constant 25
kV in an automated sequence reader (AbiPrism 377 DNA Sequencer), which exports
sequence to an Apple Mac and provides software for reading sequence. The DNA
sequence obtained was confirmed by Advanced Biotechnology Centre, Imperial College
London, for which minimum 5 pi double stranded plasmid DNA was supplied at 250
ng/pl and 2 pi minimum primer at 3.2 pmol/pl, and sequence was read using the Chromas
program version 1.45 (Technelysium).

M13 Reverse Primer (Invitrogen) 5'(CAGGAAACAGCTATCAC) and a cDM8 Reverse
Primer (Invitrogen) 5'(AAGGTTCCTTCACAAAG) were used for sequencing.

cH4M2 was sequenced using the cDM8 primer as routine digests to ensure the identity of
the plasmid showed an extra Xbal site. This was most likely due to the regeneration of an
Xbal site in the manufacture of the cH4M2 plasmid, in the multiple cloning site region
just 3’ of the HER4 coding region. Sequencing showed that this was the case.
See figure 2.4 fo r details o f this site.
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2.4.5 Other plasmids
A 3’ polyadenylation sequence is required for appropriate polyadenylation of mRNA and
hence for effective translation of a gene. Since it was unknown whether the truncated
sequence of cH4M2 was sufficient to function as a polyadenylation signal in transgenic
mice, it was decided to introduce a longer one that had been used successfully in other
constructs. The plasmid pPactpA was used, which contains the murine p-actin promoter
with an SV40 poly-A signal, cloned into pBluescript KS +, and was a kind gift of Robb
Krumlauf {see figure 2.2)

The coding region of cH4M2 was excised and cloned into the Hin<^II site of ppactin, so
the entire poly-A signal was concatenated 3’ of HER4. The P-actin promoter is thus
intact, so expression of HER4 could be tested in vitro. More importantly, this is the only
restriction site known between the end of the promoter and start o f the SV40 poly-A
signal sequence.

The promoter to be used to control expression of my construct was the murine a-myosin
heavy chain (aMHC) promoter (Gulick et al., 1991), obtained from James Gulick,
Children’s Hospital Medical Center, Cincinnati. This gene is normally expressed solely in
the heart, particularly the ventricles, from the time of their specification in the heart loop.
The MHC genes are located consecutively on one chromosome. The aMHC plasmid
contains part of the P3 MHC gene (100 bp of the last intron and the last exon), the 4 kB
intergenic region, and the start of the aMHC gene, namely the CCAAT and TAATA
binding sites, the first two exons and part of the third exon, and intervening introns
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(Gulick et a l, 1991). This DNA fragment has been cloned into pBluescript II SK+ to
provide a convenient Sail site for cloning an insert to be controlled by the promoter,
immediately 3’ of the third exon fragment of the aMHC gene {see figure 2.2).

Both ppactpA and paMHC were transformed into Stratagene Competent Cells and grown
on agar plates containing 50 pg/ml ampicillin.

2.5 Creation of rescue construct
The HER4 sequence was excised from plasmid cH4M2 (see figure 2.2), and the plasmid
with polyadenylation sequence was linearised. See figure 2.3 fo r cloning diagram.

2pg cH4M2 plasmid DNA
1 pi Smal, lOU/pl
1 pi SnaBI, lOU/pl
1 pi Haell, 5U/pl
2 pi lOx buffer A (NEB)
made up to 20 pi with dHzO

Haell is used to cut the unwanted vector backbone into smaller fragments, to facilitate
separation from the 4.6 kB HER4 sequence on a gel.

The cH4M2 digest was run on a 1% agarose gel with ethidium bromide, and viewed on a
transilluminator at 365 nm rather than 312 nm, on 70% power, to avoid UV damage to the
DNA. The band running at 4.6kb was excised and purified using the QIAquick Gel
Extraction kit (Qiagen), and resuspended in lOmM Tris.Cl, pH 8.5. TE was not used due
to the possibility of EDTA inhibiting subsequent enzyme reactions.
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5)ig ppactpA plasmid DNA
1 pi H inÆ I, lOU/pl
2 pi lOx buffer B (NEB)
made up to 20 pi with dHzO

5’ phosphates were removed from the ends of the linearised ppactpA plasmid to prevent
self-ligation, by alkaline phosphatase treatment.
To lOpl of the above restriction digest, the following were added:
6 pi dHiO
2pl lOx phosphatase buffer (Roche)
2pl Shrimp Alkaline Phosphatase, lU/pl (Roche)

Incubate 1 hour at 37°C
Heat-inactivate alkaline phosphatase by incubation for 15 minutes at 65°C.

The recessed 3’ termini of ppactpA were filled in using Klenow enzyme, which is the
large subunit of DNA polymerase I. It carries the 5 '-3 'polymerase and the 3'-5 exonuclease activities of intact DNA polymerase I, but lacks the 5 '-3 'exonuclease activity of
the native enzyme.

To the above mix, the following were added:
15pl dHzO
2 pi 10 Klenow buffer (Roche)
2 pi dNTPs (2.5mM)
1 pi Klenow Enzyme from E.coli (2U/pl, Roche)

Incubate 30 minutes at 30°C
Heat inactivate 5 minutes at 70°C.
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The linearised ppactpA, now blunt-ended, was used for ligation without further
purification.

Ligation reaction:
2 pi ppactpA vector (-100 ng)
10 pi cH4M2 Smal-SnabI fragment (-500 ng)
2 pi 1Ox Ligation buffer (NEB)
1 pi T4 ligase (400U/pl, NEB)

left for 16 hours at 16°C

Transfected into TOP 10 cells (Invitrogen) as per protocol, and grown on LB plates
containing 50pg/ml ampicillin.

Colonies were grown overnight in 3ml LB with lOOmg/1 ampicillin. Plasmid DNA was
harvested using BiolOl Miniprep Kit from 2ml of culture, and analysed using the
following diagnostic restriction digests:
1. Sail digest, resulting in fragments o f -4.6 kb and -7 kb from desired clones.
2. EcoRI and Sail double digest, where positive clones yield fragments of 1534 bp, -3.3
kB, and -7 kB.

Bulk cultures of the desired clones were grown up using 300 ml LB with lOOmg/1
ampicillin and the Qiagen Maxiprep Kit as above. DNA was resuspended in 110 pi EB.

a-MHC plasmid was linearised with Sail, using 3 pg plasmid (1.5 pi), 2 pi 1Ox buffer H,
2 pi Sail (lOU/pl) and 14.5 pi H 2O, and then gel purified.
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The plasmid was then treated with shrimp alkaline phosphatase (SAP, Roche) to prevent
recircularisation:
10 pi of the above digest, 1 pi 1Ox SAP buffer, 2 pi SAP (lU/pl), 7 pi water, for 1 hour at
37°C followed by 15 minutes inactivation at 65°C.

The HER4-pA construct was excised from the ppactpA plasmid using Sail:
0.2 pg DNA (16 pi), 10 pi buffer H, 6pl Sail (lOU/pl) and 18 pi water. The digest was
run on an agarose gel and the 5kb HER4-pA fragment purified.

Ligation reaction:
1 pi a-MHC plasmid (75 ng), 16.5 pi HER4-pA fragment (5 pg), 2.5 pi lOx ligation
buffer, 2 pi T4 ligase (400U/pl, NEB), 3 pi H 2O, left at 16°C for 12 hours. A control
reaction was set up with the ppactpA vector without the HER4 fragment to show the
dephosphorylation worked.

paMHC-HER4-pA was digested to remove pBluescript sequence using BssHII and Notl,
run over an agarose gel, and the 10.7 kb band corresponding to aMHC-HER4-pA
excised, leaving behind the 3 kb linearised pBluescript. aMHC-HER4-pA DNA was
purified using Qiagen Gel Purification Kit, resuspended in 30 pi sterile TE and ethanol
precipitated, resuspending the pellet in 30 pi sterile TE. The linear construct was diluted
to 5ng/pl for microinjection.
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2.6 Creation of transgenic mice
All procedures were licensed under the Animals (Scientific Procedures) Act 1986, (CBA
X C57B110) Fi mice were used as egg donors and pseudopregnant females. Nine three to
four-week old females were superovulated to produce 20-30 eggs each rather than the
natural 6-10 eggs, by intraperitoneal injection of 5 lU pregnant mare serum (Folligon,
Intervet Laboratories) three days before harvesting fertilised eggs, followed by an
injection of 5 lU human chorionic gonadotrophin (hGC) (Chorulon, Intervet Laboratories)
the day before harvesting. After hGC injection, each female was put in a separate cage
with a stud CBA x C57B110 Fi male, between 2 and 5 months of age. Females showing
vaginal plugs the following morning were used for isolating fertilised eggs.

The oviducts were dissected out into M2 medium and opened out to release the zygotes.
Cumulus cells were removed with hyaluronidase and the eggs rinsed in M2 and M l6
media as in (Hogan et aL, 1994). 288 eggs were each injected with 5 ng aMHC-HER4pA construct DNA and then -20 eggs inserted into each oviduct of 4 pseudopregnant
recipients, created by mating with vasectomised males.

21 mice were bom and all reached adulthood. After weaning, tail samples were taken for
genetic analysis.

Analysis of transgenic founder mice required that mice containing the aMHC-HBR4-pA
construct could be identified, ideally by PCR.
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2.7 Identification of transgenic mice by PCR
Primers were needed which would amplify the construct containing the human
homologue of ErbB4 (HER4) without amplifying similar murine sequences. Initially
primers were chosen with forward primers in the HER4 3’UTR and reverse primers in the
SV40 polyadenylation sequence,

for minimum homology to other mouse or

contaminating human DNA. However no combinations of 4 forward and 4 reverse
primers could be made to produce PCR products from the construct, so primers were
picked from within the HER4 sequence. Two primer sets were used for genotyping. In
the first pair, the forward primer was located near the 3' end of the 3'UTR o f HER4, and
the reverse primer 200bp downstream in the 3'UTR. Thus this pair, yielding a 200bp PCR
fragment, could conceivably be amplifying contaminant human DNA. The second pair
was specific to the inserted construct, with the forward primer located in the second exon
of the aMHC and the reverse primer just downstream of the initial ATG of HER4. This
pair produced a 500 bp fragment with PCR.

See figure 2.5 fo r a diagram showing locations o f the various primers used fo r PCR o f the
construct.

Primer pair 1 was optimised using mouse and human genomic DNA, lOpl per 50pl PCR
reaction, until Ing of human DNA in lOpl of mouse genomic DNA produced a single
band while lOng of mouse genomic DNA alone produced no band. These conditions were
met using the same reagent mix and program as for genotyping ErbB4 embryos; with the
exception that dNTP concentration was reduced from 200pM to 50pM.
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Primer pair 2 was optimised using genomic DNA isolated from tails that came up positive
using primer pair 1. Human and wild type mouse DNA were used as negative controls. A
single band was produced using the same reagent mix as for genotyping ErbB4 embryos
and the PCR program MGl (see above). See figure 3.2 fo r comparison o f candidates A
and B fo r primer pair 2.

2.8 Analysis of where construct is expressed: RT-PCR

2.8.1 RNA isolation from E l0.5 embryos
In order to show that the aMHC-HER4-pA construct expressed HER4 mRNA at E l0.5,
RNA was isolated from E l0.5 whole embryos or hearts and brains, reverse transcribed
and PCR performed to test for the presence of HER4 cDNA.

The heart region taken included all parts of the heart and possibly some liver and lung
primordia, but no branchial arch or somites. The brain region included mesenchyme
surrounding the neuroepithelium. Tissue was dissociated on dry ice with a glass pestle
and powdered glass in 1.5 ml Eppendorf tubes, and homogenised using a 0.9 mm bore
hypodermic needle, or QIAshredder columns (Qiagen), in the recommended amount of
buffer provided in the RNeasy Mini Kit (Qiagen). RNA was isolated as per kit
instructions, and eluted in 50 pi RNase-free water.
RNA yield: O.lpg/pl from heart or brain alone; up to 1 pg/pl from entire embryo.

RNA was then treated with DNAse I (lul per sample, lU/pl) at 37 °C for 30 minutes, and
the reaction stopped by incubation at 85 °C for 5 min.
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2.8.2 RNA isolation from older embryos, newborn pups, and adult organs
RNA was purified from tissues of adult mice containing the HER4*’®^^ construct, from
newborn pups, and from E l6 embryos. Various kits designed for RNA isolation were
tested (Promega RNA Wizard, Qiagen RNeasy mini and midi preps) where the RNA is
bound to a column in preference to DNA, and then eluted. However, these either
produced very little RNA, in particular from heart, or yielded RNA that was contaminated
with so much DNA that it was useless (20U DNAse I at 37°C for 2 hours did not help).
Isolation of RNA from muscular tissue, such as heart and skeletal muscle, is notoriously
difficult. These kits need dissociated cells, so the first problem was homogenising the
tissue. Secondly the columns clog if more than the recommended amount of tissue (30 mg
for the mini columns) is used.

Glass homogenisers are too fragile to homogenise frozen muscle tissue. Rotor-stator
homogenisers are tricky to clean in between each tissue type. Thus I chose to homogenise
tissue by powdering it in a ceramic pestle and mortar under liquid nitrogen. The powdered
tissue could then be completely dissociated by repeated passages through a needle.

Adult heart and skeletal muscle RNA was initially prepared by phenol-chloroform
extraction and high-salt precipitation (protocol from Tim Mohun). However this required
2g of tissue and was thus unsuitable for pups or embryos. Therefore Trizol was used for
all other RNA isolations.

Bulk Skeletal Muscle and Heart RNA prep
2g tissue powdered in liquid nitrogen
Suspend in 24 ml guanidinium thiocyanate (GuSCN) buffer
60 ml GuSCN buffer:

61

48 ml 5M GuSCN
6 ml IM Tris.Cl pH 7.5
1 ml 30% Sarkosyl
0.6 ml p-mercaptoethanol
4.4 ml dH20

shake hard for 1 minute.

Pass through 210 needle several times
Add 12 ml buffered phenol; shake hard for several minutes
Add 12 ml chloroform; shake hard for several minutes
Spin 10 minutes at 3500g

Take aqueous layer and repeat phenol/chloroform extraction.
Precipitate with isopropanol on dry ice.
Spin down
Redissolve pellet in 2 ml PBS
Phenol extract twice.
Phenol/chloroform extract once
Isopropanol precipitate.
Spin down and resuspend in 200 pi (IH2O.
Add 600 pi 4.5M sodium acetate and mix.
Leave overnight at -20°C
Spin down and resuspend in 200 pi dH20; measure OD of RNA.

2.8.3 Trizol protocol for RNA isolation:
Mice were killed (adults by cervical dislocation; pups by peritoneal injection of Euthatal),
tail samples of pups and yolk sacs of embryos taken for genotyping, and the organs listed
below dissected out. Pup and embryonic tissues were frozen in 2 ml tubes at -70°C for up
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to 7 days while genotyping was performed. Pup lower jaws and E l 6 tissues with the same
genotype were then pooled to make up sufficient starting material.

Adult:
liver (1 lobe)
kidney (1/2)
brain (cerebellum)
heart (whole)

Pups (1 day old):
lower jaw (x2)
liver
kidneys
brain
heart
skeletal muscle (from 2 hindlimbs)

E l6 Embryos:
lower jaw (x2)
brain (x2)
heart (x3)
forelimb (x3)

Pestles, mortars, and spatulas were washed with soap and water, then with RNAseZAP,
and rinsed with distilled water. 2ml tubes were labelled, weighed and cooled on dry ice.
Weighing boats were also cooled on dry ice, along with 6cm ceramic mortars and pestles
(BDH). Fresh adult organs, or frozen newborn/embryonic organs, were placed onto the
cold weighing boats and either cut up to size or multiple organs amassed together.

-63 -

For each tissue type, a clean mortar was filled with liquid nitrogen and the tissue added.
The tissue was powdered using the pestles in a grinding action, adding more liquid
nitrogen if necessary. A clean cold spatula was used to put powdered tissue into pre
weighed chilled 2ml tubes.

1 ml Trizol reagent (Life Technologies 15596) was then added (if the sample was over
lOOmg, more Trizol was added to keep the sample volume below 10% of the total) and
the tissue passed through a 20 pm needle 7 times. For all E l6 tissue and newborn heart,
200 pg glycogen (Life Technologies 10814-010, 20pg/pl) was added before dissociation,
as a carrier for the small amounts of RNA in these tissues.

RNA was then isolated as per the Trizol protocol, including the optional step to remove
insoluble material. The RNA pellets were dissolved in 100 pi RNAse-free water (Ambion
9910G) by passing the solution several times through a pipette tip and incubating for 10
minutes at 60°C. Diluting 1 pi with 99 pi TE and checking the A 260/A 280 ratio showed
very pure RNA, the ratio being between 1.94 and 2.06, where 2.0 represents pure RNA.

RNA was treated with DNasel. Approximately 1 pg of RNA (1-15 pi) was used with 1 pi
DNasel (lU/pl), and dH20 added to make a 20 pi reaction. Tubes were incubated at 37°C
for 30 minutes.

2.8.4 Reverse transcription of RNA
Reverse transcription was performed using ThermoScript RT-PCR System (Life
Technologies) using oligo(dT) or random hexamer primers to make cDNA from all
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mRNAs present. Oligo(dT) primers only amplify mRNA, but if the mRNA is degraded
may not amplify the region of interest. Conversely, random hexamer primers are more
likely to amplify non-specific sequences, but this may be necessary to get a signal from
small amounts of short RNA. For adult RNA, oligo-(dT)2o primers gave best results; for
pups and embryos, random hexamer primers were necessary to get a consistent signal.

Denaturing RNA:
0.5 pg RNA for E l0.5 embryos, 3 pi DNase-treated RNA (approx. 150 ng) for older
material.
1 pi oligo(dT)2o (50pM) or random hexamer primer (25 ng/pl)
Reaction made up to 10 pi using DEPC-treated water

RNA and primer were incubated at 65°C for 5 minutes to denature the RNA.
10 pi of the following RT mix was then added to each RNA sample:
RT mix:
4 pi 5x cDNA synthesis buffer
1 pi O.lMDTT
1 pi RNaseOUT (40 U/pl)
1 pi DEPC-treated water
2 pi 10 mM dNTPs
1 pi ThermoScript (15 U/pl)

DNA synthesis temperatures:
Oligo(dT) primed: 60 minutes at 50°C
Random hexamer primed: 10 minutes at 25°C, then 50 minutes at 50°C.

Reactions were terminated by incubation at 85°C for 5 min. 1 pi RNase H (2U/pl) was
added to each sample and tubes incubated at 37°C for 20 min, then kept on ice until the
PCR reactions were set up. RNAse H removes RNA, leaving just cDNA for PCR.
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2.8.5 PCR ofcDNA
2 \i\ of cDNA reaction (-2.5 |ig cDNA) was used for PCR in a 50 pi reaction. Primers
used were primer pair 2, used also for genotyping for the aMHC-HER4-pA construct
(see figure 2.5). With this primer pair, genomic DNA produces a band at 500 bp, while
cDNA made by reverse transcription of RNA produces a band of only 200 bp, due to the
elimination of the intron in the aMHC 3’UTR. Reagents and conditions were the same as
for genotyping embryos (see section 2.3).

A control reaction performing the same PCR on DNAse-treated RNA was performed to
show that bands produced by RT-PCR were not simply due to DNA contamination of the
original RNA.

As a positive control, primers amplifying a fragment of mouse p-actin cDNA were used.
Sense primer: 5’('-TGT GAT GGT GGG AAT GGG TCAG) and the antisense primer is
5’(TTT GAT GTC ACG CAC GAT TTCC)

(sequence obtained from Stratagene,

#302110; primers obtained from Genosys). These produce a 514bp band when used for
PCR on mouse cDNA, confirmed by BLAST analysis. Genomic P-actin sequences are
not available on the databases but have been published (Erba et al., 1988; Nakajimalijima et al., 1985). Despite being marketed as RT-PCR control primers, and widely used
as such, the primers are both within the same exon, so the same size band will be
produced by PCR from RT or from contaminating genomic DNA. Thus control PCRs of
RNA with and without DNAse treatment were performed (results without DNAse not
shown).
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2.9 Analysis of rescue phenotype

2.9.1 Whole mount antibody staining
El 1.5 and E l2.5 embryos were dissected out and the roof plate pierced to allow antibody
penetration. Corresponding yolk sacs were genotyped. Embryos were fixed in 4% PEA
overnight.
Embryos were washed 3 x 15 minutes in PBS containing 1% Triton X-100 (PBT).
Endogenous peroxidase activity was blocked by rocking overnight at 4°C in PBT with
0.1%H202.

Wash 3 x 1 0 minutes rocking in PBT, room temperature
Wash 10 minutes in PBT with 2 mg/ml bovine serum albumin, room temperature
Block for 6 hours or overnight in PBT/BSA with 10% fetal calf serum, room temperature

Primary antibody: 2H3 from Developmental Studies Hybridoma Bank, University of
Iowa, USA. Use hybridoma supernatant 1 in 40 in PBT/BSA/FCS, and spin before use.
Rock over two nights at 4°C.
Wash 6 x 1 hour in PBT/BSA, room temperature
Wash overnight in PBT/BSA, 4°C.
Block 1 hour in PBT/BSA/FCS.

Secondary antibody: goat anti-mouse IgG-peroxidase (Amersham), use 1 in 250, i.e. 6pl
in 1.5ml PBT/BSA/FCS.
Rock 8 hours/ovemight at 4°C.
Rinse 2x 1ml PBT/BSA
Wash 1 hour PBT/BSA, room temperature
Wash overnight PBT/BSA, 4°C.
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Wash 5x 1 hour PBT/BSA, room temperature

Peroxidase staining is done with DAB substrate (DAB = 3,3’-diaminobenzidine
tetrahydrochloride, Sigma D-5637). DAB stock is kept as 50 mg frozen aliquots.
DAB solution: 50 mg DAB is dissolved in 100 ml 0.05M Tris.Cl pH 7.5 and filtered
through IM filter paper.

Wash embryos 2 x 30 minutes in 0.1 M Tris.Cl pH 7.5, room temperature
Incubate 1 hour in 1.5 ml DAB solution in the dark at 4°C.
Replace with 1.5 ml fresh DAB, add 0.9 pi 30% H 2O2 and shake tube immediately.
Rock for 1.5 minutes in the dark, room temperature.
Continue the reaction if necessary, up to 20 minutes.
When background staining starts to appear, take off DAB, rinse in H2O, and then rinse 2x
in Tris-buffered saline (TBS).

Clearing of whole mount antibody-stained embryos
After DAB reaction, cut embryo in half lengthways.
One half is cleared as follows (the other half is used for sectioning):
Rinse 3x TBS. In 2ml tube, add SOOpl TBS then SOOpl methanol.
Rock for 5 minutes, and then replace with 100% methanol.
Let sit for 30 minutes, then change methanol twice more, 30 minutes each, or until the
embryos sink.
Make BABB: 1 part benzyl alcohol to 2 parts benzyl benzoate.
Take off half the methanol and replace with BABB. Sit 5 minutes.
Clear in 100% BABB for 20 minutes.
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Cleared embryos are photographed in BABB.

2.9.2 Whole mount in situ hybridisation
Embryos were dissected out in ice-cold sterile PBS (autoclaved), and fixed overnight in
4% paraformaldehyde at 4°C. In situs were performed using digoxigenin (DIG)-labelled
RNA probes and anti-DIG FAb fragments conjugated to alkaline phosphatase, and
visualised using BCIP and NBT (Roche). The protocol used was from the Pachnis lab,
modified from protocols of Conlon, Ingham, and Wilkinson. It uses reduced salt
concentrations and no RNAse digestion. All water is Elga purified and autoclaved, but
not DEPC treated.

2.9.2.1 Making the SoxlO probe
The plasmid pBluescript KS-SoxlO (kind gift of M. Wegner) was digested as follows:
12 pi DNA (2.9 pg/pl = 35 pg)
2 pi 1Ox restriction buffer (NEB)
8 pi H 2O
1 pi restriction enzyme

For antisense probe, use EcoRJ (10 U/pl)
For sense probe, use BamHI (10 U/pl).
Reactions were incubated at 37°C for 2 hours.

2 pi was run on a gel to confirm complete digestion; the remainder was cleaned using a
Qiagen gel extraction kit and eluted in 35 pi RNase-free H 2O, yielding linearised plasmid
at a concentration of 0.2 pg/pl.
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Transcription reaction:
2 pi 1Ox transcription buffer (Ambion)
2 pi lOx DIG labelling mix (Roche), containing DIG-labelled UTP
8 pi linearised plasmid (0.2 pg/pl)
2 pi RNA polymerase (lOU/pl) with RNAse inhibitor (5U/pl, Ambion)
6 pi H2O

For antisense probe (EcoRI-digested plasmid) use T7 RNA polymerase; for sense probe
(BamHI-digested plasmid) use T3 RNA polymerase.
Incubate at 37°C for 2 1/2 hours.

Add 2 pi DNase I, lU /pl and incubate at 37°C for 30 minutes.
Precipitate:
Add 30 pi nuclease-ffee H 2O and 3.3 pi 7.5M ammonium acetate.
Vortex, add 160 pi ice-cold ethanol, and incubate at -20°C for 1 hour.
Spin at 4°C for 15 minutes, suck off supernatant, and wash in 70% ethanol.
Spin again, remove supernatant, and redissolve pellet in 50 pi nuclease-ffee H 2O.
Store probe at -80°C.
Use probe at Ipl/ml.

1.9.2.2 In situ hybridisation protocol
Recipes for all solutions are given in section 2.9.2.3.

Embryos are fixed overnight in 4% PFA, washed twice in PBT (PBS with 0.1% Tween20) for 5 minutes at 4°C, and then dehydrated:
Rock in PBT with 30%, 50%, and 80% methanol, each for 30 minutes at 4°C, and twice
in 100% methanol.
Store overnight in methanol at 4°C. Embryos can be stored in methanol at -20°C for up to
a month.
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1. Rehydrate embryos by rocking at room temperature for 5-10 minutes in each of the
following: 75% methanol: 25% PBT, 50% methanol: 50% PBT, 25% methanol: 75%
PBT.
Bleach embryos: 4 parts methanol: 1 part 30% H 2O2, 1 hour at room temperature.
Wash 3 X PBT for 5 minutes.

2. Put embryos in 2ml Eppendorf tube. Add 1ml proteinase K (10 pg/ml in PBT). Rock
gently at room temperature for 8 minutes for E9.5 embryos, 15 minutes for E l0.5
embryos.

3. Make fresh glycine in PBT (2mg/ml); wash embryos 2x in glycine/PBT and rinse twice
in PBT.

4. Post-fix embryos for 20 minutes in 4% paraformaldehyde containing 0.1%
glutaraldehyde (from 25% glutaraldehyde stock), rocking, at room temperature.

5. Wash 2x PBT for 5 minutes.

6. Rinse once with 1:1 PBT: hybridisation solution (see section 2.9.2.3 fo r recipe). Let
embryos settle. Add warm hybridisation solution, let embryos settle, and remove. Replace
with fresh hybridisation solution and rock at 70°C for 1 hour.
(Embryos can be stored in hybridisation solution at -20°C, before or after heating, for a
few weeks)

7. Add 1ml hybridisation solution. Invert and remove. Add fresh hybridisation solution
containing 1 pg/ml probe. Incubate at 70°C overnight.

8. Remove hybridisation/probe mix and save. Keeping tubes in 70°C oven, rinse twice
with 70°C hybridisation solution. Wash 2 x 30 minutes with 70°C hybridisation solution.
Probe can be used about 4 times and gives cleaner results after the first time.
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9. Wash 20 minutes at 70°C with pre-warmed 1:1 hybridisation solution: TEST. Rinse 2x
with TEST at room temperature. Wash 2x 30 minutes with TEST.

10. Rinse 2x with MAET. Pre-incubate for 1 hour or more in MAET + 10% heatinactivated sheep serum.

11. Incubate overnight at 4°C in fresh MAET, 10% sheep serum, and 1:2000 anti-DIG
antibody conjugated to alkaline phosphatase (Roche).

12. Rinse 3x with MAET. Wash 6 x 1 hour in MAET, rocking at room temperature, and
wash overnight in MAET. The longer and more numerous the washes, the cleaner the
background.

13. Wash 2 x 1 0 minutes with NTMT.

14. Transfer embryos from 2ml tubes to 4-well microtitre dish (Nunclon 176740).
Incubate with 1.5 ml NTMT with 3.5 pl/ml NET (Roche 1383 213) and 3.5 pl/ml ECIP
(Roche 1383 221). Rock in the dark for 20 minutes, then observe.

15. Keep embryos in the dark until the colour reaction has developed to the extent
required (30 minutes to overnight - put at 4°C if leaving overnight). Wash 3x with PET
and store in PET with 10 pg/ml thimerosal (Sigma). EM purple was found to leave higher
background than NET/ECIP.

2.9.1.3 Solutions:
PET: Add PES tablets to Elga-purified water and autoclave; add Tween-20 to 0.1%.

Hybridisation solution:
Stocks

Final concentrations

For 100 ml

Formamide

50%

50 ml

SSC (20x pH5 with citric acid)

1.3 X

6.5 ml
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E D T A (0.5M pH 8)

5mM

1 ml

Yeast RNA (50 mg/ml)

50 pg/ml

100 pi

Tween-20

0.2%

0.2 ml

CHAPS (10%)

0.5%

5 ml

Heparin (50 mg/ml)

100 pg/ml

200 pi

Autoclaved water

37.1 ml

1Ox TEST:
I.37M NaCl, 27 mM KCL, 0.25M Tris.Cl pH 7.5, 1% Tween 20. On day of use dilute to
Ix with autoclaved water and add levamisole to 2mM (48 mg/lOOml).

MAET:
100 mM maleic acid, 150 mM NaCl pH 7.5, 1% Tween 20. Use IM maleic acid stock:
I I .6g in 80 ml water, pH to 7.5 with Trizma base (10-20g/100ml), make to 100ml with
water and autoclave.

NTMT:
100 mM NaCl, 100 mM Tris.Cl pH 9.5, 50 mM MgClz, 0.1% Tween 20. Make from
stocks on day o f use and add levamisole to 2mM (48 mg/100ml).

2.9.3 Histology
Embryos at E10.5, E14.5 and E17.5, newborn pup hearts, and adult organs were all
dissected out and placed in Eouin’s solution (75 ml saturated aqueous picric acid solution,
25 ml 40% formaldehyde solution, 5 ml glacial acetic acid) at 4°C overnight, and then
stored in 70% ethanol until sectioning. Embryonic day 17.5 and postnatal tissues were
decalcified in 5% formic acid: 10% formalin, 2x48 hours and rinsed with water before
further processing.
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Tissues were blocked in Fibrowax (BDH) and 6 |im sections were cut (except adult brain
cut at 8 pm) and collected onto subbed slides. Slides were stained with haemotoxylin and
eosin.

Sections were photographed using a ProgRes 3012 digital camera (Konitron Elektronik)
attached to a Zeiss Axioskop microscope and imported directly into Adobe Photoshop
version 6.0 for manipulation.

2.9.3.1 Phospho-StatS staining
Slides with Fibrowax sections were heated in a 60°C oven for one hour to melt wax, and
washed in Histoclear (a non-toxic xylene substitute)

2x 5 min. The sections were

hydrated through a graded EtOH series as follows for 5 min each: 100%->

90%->

75%-> 50%-> 25%. Sections were then incubated in PBS for 5 min and etched in 0.1%
trypsin (Sigma #T7168) in water for 20 min at 37°C.
The sections were washed twice in PBS for 5 min/wash and incubated in 0.5% H 2O2
prepared in PBS for 15 min, then washed 2 times with PBS 5 min each.
DNA was denatured by incubating in 2N HCl for 1 hr at room temp.

The sections were washed twice in 0.1 M borate buffer, pH 8.5 for 5 min/wash, then
twice in PBS for 5 min/wash. The sections were treated with 0.2% Nonidet P-40 (NP-40)
for 30 min at room temp.
Slides were then washed twice in PBS for 5 min/wash and blocked in 10% goat
serum/PBS for 1 hr at room temperature. A 1:100 dilution of primary antibody (Goat

-74-

Anti-Phosphostat5, Santa Cruz SCI 1761) in 10% goat serum/PBS was added to each
slide (250 pl/slide) and incubated at 4°C overnight in a humid box.

The sections were washed 3x PBS for 15 min/wash.
A 1:100 dilution of biotinylated goat anti-rabbit secondary antibody in 10% goat
serum/PBS was added to each section and incubated for 1 hr at room temp, in a humid
box. The sections were washed in 3 changes of PBS for 15 min per wash.
After the first wash, Vectastain Elite ABC reagent (Vector #PK-6100) was prepared by
adding 2 drops from tube A to 5.0 ml of IX PBS and mixing, then adding 2 drops from
tube B and mixing, and the avidin-biotin complex was incubated in a humid box at room
temp, for 30 min. ABC reagent was added to sections and incubated for 30 min at room
temp. The sections were washed 3 times in IX PBS for 15 min each.
DAB substrate was freshly prepared from a frozen 50 mg aliquot:
50 mg DAB was dissolved in 75 ml 0.05 M Tris-HCl buffer, pH 7.6, then 18 ml taken
and added to 0.2 ml of 3% hydrogen peroxide.

The mixed DAB was added to the sections and left at room temp, for 4 minutes. The
sections were rinsed,

washed in dH20 for 5 min, then counterstained in haematoxylin

{see below).

2.9.3.2 Counterstaining
Sections were incubated 2x 5 min. in 100% EtOH, then in Histoclear 2x 5 min. The
sections were then stained in haematoxylin for 6 minutes. The sections were rinsed with
tap water until the water was colourless. The slides were dipped 10 times in acid alcohol
(99ml 70% ethanol, 1ml HCl) followed by 10 dips in tap water. The slides were dipped in
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each of 50%, 70%, 95% and 3x 100% EtOH, and then dipped in Histoclear 4 times,
before being mounted in DPX and coverslipped.
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1A

2A

ErbB4
wild type

V--------

-314 bp

-150 bp

1A

3A

neo

ErbB4
null

V----250 bp

-225 bp

Figure 2.1 Genotyping ErbB4 mice
The figure shows the locations of PCR primers used for genotyping mice with the ErbB4
null allele.

In the null allele, most of exon 2 of the ErbB4 gene has been replaced with a neomycin
resistance cassette.

The first combination o f primers used is marked as 1,2, and 3. The later combination of
primers, which gave better results, is marked with 1A, 2A, and 3A.
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Figure 2.2 Plasmid Maps
A. cH4M2 plasmid
The cH4M2 plasmid contains the cDNA for the human HER4 gene including a
truncated 3 ’UTR, in the cDM8 vector.
The coding sequence is excised using SnaBI and Smal to create a blunt-ended
fragment to be ligated into a plasmid containing a polyadenylation region (see
plasm id B)
The HER4 sequence in the final construct will start at the Sail site just 11 base pairs
5’ o f the optimised ATG (see figure 2.3).

B. ppactpA
This plasmid is based on pBluescript and contains the human beta actin promoter (Ng
et al., 1985) with introns and the SV40 polyadenylation sequence, plus part o f the
pSL1190 polylinker. The beta actin promoter is not cut by Sail, H indlll, EcoRI,
BamHI, Bglll, Xbal or Kpnl.
This plasmid is linearised with Hindlll, dephosphorylated, has the overhanging 5’
ends filled in, and the blunt-ended HER4 sequence is ligated in (see figure 2.3).
HER4-pA is then excised using Sail to cut just before the optimised ATG o f HER4
and in the pKS polylinker in ppactpA.

C. aM HC plasmid
This plasmid is based on pBluescript and contains the mouse a-m yosin heavy chain
promoter, which is cardiac-specific. The promoter includes the 5’UTR region, which
contains three exons and two intervening introns.

At the 3 ’ end o f the third exon is a Sail site where the HER4-pA sequence is ligated in
(see figure 2.3). The aMHC-HER4-pA fragment is then cut out using N otl and
BssHII and used for nuclear injection.
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Cloning strategy for rescue of Erb4 -/- mouse
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Figure 2.3 Cloning scheme

This shows an overview of how the HER4 coding sequence is excised from plasmid
cH4M2, inserted into plasmid ppactpA, and then the HER4 and polyadenylation region is
cloned into paMHC to be under the control of the a-MHC promoter.
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Figure 2.4 Actual cH4M2 sequence includes extra Xbal site
Sequence of cH4M2 as published:

6481

4start of pBluescript

5’ TTT GTT TCT TTC TTC CTC TTC TTT TTT TTT TTT TTT TTA TCG AAT TCC TGC AGC

CCG GGG GAT CCA CTA GAG GAT CTT TGT GAA GGA ACC TTA CTT

The underlined region is only 1 base pair different from the Xbal recognition site:
T’CTAGA.

The cDM8 sequencing primer used (5’TAA GGT TCC TTC ACA AAG) corresponds to
the dotted underlined sequence.

Actual sequence:

6481
5’ TTT GTT TCT TTC TTC CTC TTC TTT TTT TTT TTT TTT TTA TCG AAT TCC TGC AGC CCG
GGG GAT CCA TCT AGA GGA TCT TTG TGA AGG AAC CTT ACT T

As indicated by the asterisk, DNA sequencing of cH4M2 shows there is in fact an extra T
residue in the cH4M2 plasmid at position 6546, recreating an Xbal site.
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Figure 2.5 PCR primers used for genotyping rescued animals
To identify which mice had incorporated the aMHC-HER4-pA construct, a PCR based
strategy was developed.

Initially primers were picked from the 3’ end of the construct (top diagram), with all
forward primers in the HER4 3’UTR. When reverse primers corresponding to the
polyadenylation region or polylinkers were used, no bands were produced with any of the
forward primers shown when PCR was performed using the aMHC-HER4-pA construct
as a template.

The three reverse primers corresponding to the HER4 3’UTR all produced bands with the
leftmost three forward primers when aMHC-HER4-pA construct was used as a template,
but obviously were also capable of amplifying human genomic DNA, meaning
contamination of samples could give false positives.

The primer pair marked 1 was used for genotyping tail samples. However, the bands were
not consistently produced if the PCR was repeated. Therefore new primers were picked
from the 5’ end of the aMHC-HER4-pA construct (bottom diagram).

Primers marked A and B in all combinations produced bands when the aMHC-HER4-pA
construct was used as a template, and in PCR on tail samples. No bands o f the same size
were generated from human genomic DNA, although a larger non-specific band could be
produced with pair A. However primer pair A was more sensitive, because it produced
PCR bands from candidate transgenic samples deemed negative by pair B {see figure 3.2).

Primer pair A was used for genotyping thereafter, and for RT-PCR. As the primers are on
either side of an intron, a band of 500 bp is produced from genomic DNA and 200 bp
from cDNA.
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3. Results:

3.1 ErbB4 -/- mice rescued using aMHC-HER4-pA construct
A construct containing the mouse cardiac a-myosin heavy chain promoter (5.8 kb), the
translated sequence of HER4 cDNA, and the SV40 polyadenylation region was created as
described in chapter 2 (see figure 2.3 fo r diagram o f its construction), and amplified in a
pBluescript II SK+ plasmid. This construct was excised from the plasmid so as to remove
the ampicillin resistance gene and other superfluous sequences, using Notl and BssHII,
producing a 10.4 kb linear construct for injection into fertilised eggs.

DNA from tail samples of mice produced by nuclear injection was analysed by PCR to
see whether any founder animals had been produced. Forward primers from the
polyadenylation region, pSLl 190 polylinker or pBluescript polylinker sequence used with
reverse primers from the HER4 3’UTR failed to yield a PCR product when tested on the
aMHC-HER4-pA construct (known as HER4**®“'^ once it was incorporated into the
genome) {see figure 3.1 fo r primer locations). A primer pair corresponding to sequences
within the 3’UTR was tested, and found to amplify plasmid HER4 but not murine ErbB4
3’UTR. This primer pair (1) was used for initial genotyping. This suggested there were 8
positive lines out of 21, but genotyping subsequent generations showed only one positive
A
line (HT2). This line is the one used for all results in this thesis.

As both primers from the pair described above (pair 1) are in the HER4 3’UTR, it was
possible that positive results could be due to human DNA contamination. Therefore other
primers were designed from the HER4 5’UTR and aMHC promoter region (see figure
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3.1). These varied in potency; one pair (primer pair A) consistently amplified DNA from
animals where other combinations did not or were inconsistent (see figure 3.2). This
primer pair indicated that the original assumption of 8 transgenic animals from 21
founders was correct, and was used for all later genotyping.

Animals containing the

construct were crossed with ErbB4 +/- animals. Both

male and female ErbB4 -/- HER4^^^ animals were found to survive to adulthood and to
be fertile.

3.2 Rescued ErbB4 -/- mothers fail to raise pups
ErbB4 -/- HER4*’®“'^ mothers, although fertile, lose most of their pups: 78% die (n=49)
compared to 4% (n=185) from ErbB4 +/- mothers. All pups that died, died within the first
seven days (See figure 3.3).

ErbB4 -/- HER4^®“*^ mothers’ litters are smaller than litters from ErbB4 +/- mothers:
average 4.45 (n = 10 litters) compared to 7.05 (n = 25 litters) for ErbB4 +/- mothers (see
figure 3.4). This is consistent with embryos of different genotypes being produced in
Mendelian proportions: there will be more ErbB4 -/- embryonic-lethal embryos in litters
from an ErbB4 -/- HER4*’®^ mother than in those of an ErbB4 +/- mother. Calculating the
number of conceptions from the number of pups and the proportion expected to be ErbB4
-/- without the rescue construct gives an average of 7.5 for both ErbB4 +/- and ErbB4 -/mothers, as expected. See figure 3.5a fo r details o f litters from ErbB4 +/- mothers and
3.5b fo r how expected numbers o f each genotype were calculated.
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Weighing pups daily from birth suggests that pups of ErbB4 -/- HER4^^^ mothers put on
weight more slowly over the first five days than pups of ErbB4 +/- mothers, particularly
when litter size is taken into account. However if pups with ErbB4 -/- HER4^®“’^ mothers
do survive the first week, they then gain weight at a similar rate to pups with ErbB4 +/mothers. See figure 3.4 b fo r an example.

Dying pups of ErbB4 -/- HER4^^^ mothers are clearly emaciated. They are of all
expected genotypes, and the fact that ErbB4 -/- HER4^^^ mice from ErbB4 +/- parents
survive indicates that this failure to thrive is not a problem with pups of a certain
genotype, but rather a problem of the mother, presumably a lactation problem. However,
some milk must be produced for the pups to survive more than a day. See section 3.9 and
chapter 4 fo r analysis o f this lactation defect.

3.3 Fewer rescued mice born than expected
Although ErbB4 -/- HER4^®“^ animals are viable, the numbers of ErbB4 -/- HER4*’®“^
animals bom were lower than expected: 21 compared to 36 expected amongst 177
offspring from ErbB4 +/- parents. The probability of this being due to chance is P= 0.006
{see figure 3.5a,b,c). Additionally, more ErbB4 HER4^®“^ males were produced than
females (18 males : 9 females). Probability of this according to a chi-squared test is
P=0.02 (see figure 3.6).
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3.4 The HER4**®®'’*construct is heart specific
ErbB4 -/- HER4*’®^ mice survive, whereas ErbB4 -/- embryos without the HER4^®^
construct have never survived beyond El l . This implies that the HER4^®^ is being not
only transcribed but translated, but does not show if the construct is cardiac-specific.

Using primer pair A (as for genotyping, indicated on figure 3.1), a 500 bp band is
produced from HER4^®^ genomic DNA and a 200 bp band from cDNA reversetranscribed from RNA.

RNA was isolated from various tissues at different ages. RT-PCR showed the HER4*^®“'^
construct to be heart-specific at E10.5, E16.5, PO, and in the adult (see figure 3.7). Other
tissues tested were E10.5 brain, E16.5 lower jaw, brain, heart and forelimb, newborn
lower jaw, brain, liver, kidney and skeletal muscle, and adult brain, liver and kidney.

3.5 Heart histology is normal in the rescued mice

3.5.1 Trabeculation
Survival of ErbB4 -/- HER4*’®^^ embryos beyond E10.5 implies that trabeculation is
happening, at least to an extent sufficient for survival. Histology of E l0.5 hearts shows
that trabeculation occurs indistinguishably in rescued mutant and wild type or ErbB4 +/animals (see figure 3.8).
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3.5.2 Heart valves
There are various ideas as to ErbB receptor and ligand involvement in formation and
maintenance of heart valves. It is known that atrio-ventricular valves fail to form properly
in ErbBB -/- embryos. Also in the HB-EGF knockout, both semi-lunar and atrio
ventricular valves fail to form properly, but in the EGFR knockout only semi-lunar valves
are affected (David Lee, pers. comm; Chen et a i, 2000). Thus it is thought that ErbB4,
which binds HB-EGF, is likely to be involved in atrio-ventricular valve formation. I
therefore examined heart valves in El 7.5 embryos and newborn pups. See figures 3.9 and
3.10.

From comparing individual sections of wild type and ErbB4 -/- HER4^®“'^ heart, the
morphology of the valves in the rescued hearts appears normal. At E l7.5 and at PO,
valves appear the same size in both wild type and ErbB4 -/- HER4*’®“^ animals. Currently
our collaborators in David Lee’s lab are analysing newborn hearts in more detail, using
software to measure the size of the valves in each section to find the overall size of each
valve.

3.6 Misguided neural crest in rescued embryos
In situ hybridisations using a Sox 10 antisense probe were performed on E9.5 ErbB4 -/HER4*’®^ embryos to see if they replicated the aberrantly-migrating neural crest
phenotype seen in ErbB4 -/- embryos. Sox 10 labels neurogenic crest cells which have not
yet differentiated. The phenotype is the same in rescued and mutant embryos: misguided
crest cells from r4 are seen in mesenchyme outside r3, eventually forming a bridge
linking the two crest streams which migrate from r2 and r4 to branchial arches 1 and 2
respectively. See figure 3.11.
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3.7 Misrouted axons in rescued embryos
To follow the hindbrain phenotype at later ages (El 1.5 and E12.5), I labelled axons using
a neurofilament antibody on whole embryos {see figures 3.12 and 3.13). This
demonstrated a subset of misguided axons entering the mesenchyme outside rhombomere
3. On sectioning an El 1.5 embryo it was clear that ectopic axons form a connection
between the trigeminal and facial ganglia {see figure 3.12). Also the trigeminal and facial
ganglia are displaced towards each other.

3.7.1 Ectopic nerve at later ages
To see whether the misrouted axons persisted at later ages, transverse sections of E l4.5
and El 7.5 brain were cut and stained with haematoxylin and eosin. In these the trigeminal
and facial ganglia are easily distinguished. In ErbB4 -/- HER4*’“ '^ sections at E l4.5, there
appear to be ectopic axons adjacent to the facial and trigeminal ganglia. These axons
persist at EI7.5, when an ectopic nerve linking the facial and trigeminal ganglia can be
clearly distinguished. See figures 3.14 and 3.15. Our lab is currently establishing whether
the ectopic nerve persists in adult.

Surrounding structures to the ectopic nerve, such as the developing inner ear, appear
normal. In addition, the ErbB4 -/- HER4^®^ animals are not deaf, as indicated in
preliminary tests by their similar startle response to wild type mice.
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3.8 Pancreas histology

3.8.1 ErbB receptors are expressed in the developing pancreas.
In wild type pancreatic ducts, ErbB2, ErbBB and ErbB4 proteins are all seen strongly at
E14.5 using antibodies, as are neuregulin a and p isoforms (Kritzik et al., 2000). At
E14.5, the EGF receptor (ErbBl) is expressed only in cytoplasm of certain acini cells, but
not in most ducts. EGFR-expressing cells were assumed to be transitional cells, exhibiting
some ductal characteristics. Although most ErbBB-deficient embryos die by E1B.5, some
survive to term, and these display defects in the pancreas. The normal pancreas by ElB.5
is organised into a branching epithelium, surrounded by mesenchyme, which expresses
ErbBB. In ErbBB -/- embryos at ElB.5, the epithelium is thinner and islet cell markers are
expressed at a reduced level, suggesting a paracrine role for ErbBB (Erickson et al.,
1997). ErbB2 mRNA is in the adult expressed only weakly in the ducts, compared to its
strong expression in development. ErbB2 mRNA is found also in cell lines derived from
pancreatic duct epithelial cells from 12-day-old rats, i.e. endocrine cells (Press et al.,
1990; Sundaresan et al., 1998). These results suggest roles for ErbB receptors in fetal
pancreatic development.

3.8.2 Wild type and rescue sections of pancreas appear identical
In the adult, ErbB4 is present in islet cells and may have a role in glucagon secretion
(Kritzik et al., 2000). Therefore, sections of adult pancreas of wild type and ErbB4 -/rescue mice were taken and stained with haemotoxylin and eosin. No obvious differences
in islet numbers, size, or composition were seen. See figure 3.16.

3.9 Breast histology

3.9.1 Mammary gland development
Unlike most other organs, the mammary glands undergo multiple phases of development:
initial specification in the embryo, further development at puberty, changes during
pregnancy to prepare for lactation, the onset of lactation, and lastly reversion to a virgin
like state after suckling ceases. The last three processes may be undergone repeatedly.

The mammary gland consists of two main compartments: the epithelial compartment,
which includes ductal and secretory cells, and the fatty stroma surrounding the epithelial
compartment.

The stroma consists predominantly of adipocytes in virgin mice. At puberty, the epithelial
layer branches out, penetrating the fat pad further and creating a branching ductal
network. The epithelium proliferates during pregnancy, as well as differentiating, so by
the onset of lactation secretory epithelium will completely fill the fat pad. After suckling
finishes, the epithelial cells undergo apoptosis, and the epithelial compartment shrinks to
a similar state to that before pregnancy.

Haematoxylin and eosin sections were taken from mammary glands #3 (axillary) and #4
(inguinal) at one-day post partum. At this time breasts should be lactating, exhibiting
large, open alveoli and ducts, with the lumen containing milk {see figure 3.17 A, C). In
ErbB4 -/- HER4*’®^ mothers after the second or third pregnancy, a striking phenotype was
seen: the mammary epithelium contains milk droplets, suggesting failure of secretion, and
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the epithelium itself is disorganised. In addition there is a buildup of lipid droplets in the
lumens, not seen in wild type (see figure 3.17 B,D)

3.9.2 Control of mammary gland development
It is clear that there is communication between the stromal and epithelial compartments.
This has been studied by mammary tissue transplantation; generally mutant epithelium
into wild-type stroma, and wild-type epithelium into mutant stroma, and by looking at
knockout mice (reviewed by Shillingford and Hennighausen, 2001).

This has shown that the EGF receptor is required in the stromal compartment only as
EGFR can be absent from the epithelial compartment without affecting breast
development; EGFR-null epithelium develops normally when transplanted into the fat
pads of wild-type hosts with endogenous epithelium removed, whereas if both EGFR-null
epithelium and stroma are put into wild-type hosts, the gland remains undeveloped
(Wiesen et al., 1999). Inhibin-p-B, a member of the TGF-P family, is similarly only
needed in the stroma. In contrast, the progesterone receptor (PGR) is necessary in both
epithelial and stromal compartments for the ductal epithelium to branch correctly.

Thus signalling between the stromal and epithelial compartments is required to form a
functional mammary gland (development is reviewed further by (Hennighausen and
Robinson, 1998)), but it is unclear how the signalling molecules elicit their effects.
Presumably the compartmentation of signals enables spatial and temporal control of
mammary gland development; stromal signals could provide cues to the epithelium to
trigger duct elongation, control positioning of side branches, and specify alveolar
development (processes known to require oestrogen, progesterone and prolactin.
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respectively), while signals from the epithelium could act on stromal cells to recruit other
cells, such as macrophages, required for epithelial invasion of the stroma and to cause
adipocytes to release nutrients to support proliferation.

Numerous molecules have thus been identified as having roles in mammary gland
development, but far less is known about their specific mechanisms. One transcription
factor whose methods of control are being investigated intensely is Stat5. Most
interestingly, the ErbB4 -/-

mammary phenotype appears similar to that of a

StatS knockout.

3.9.3 Activation of StatS in the breast
Signal transducer and activator of transcription (Stat) 5 is a central molecule required for
production of various milk proteins. Stat5 needs to be activated by phosphorylation to render
it capable of dimerising and then entering the nucleus where it acts as a transcription factor.
The cytokines prolactin, growth hormone, interleukin-2 and erythropoietin, on binding their
receptors, can all cause receptor-associated kinase Jak2 to activate StatS (Miyoshi et a l,
2001; Gallego et al., 2001). The EGF receptor family can also activate StatS (Gallego et al.,
2001). Prolactin has been thought to be the most important of these regulatory molecules, as
prolactin-receptor-null mammary epithelium has the most specific and severe phenotype
(Miyoshi et at., 2001) and females heterozygous for a prolactin-receptor null mutation cannot
lactate (Ormandy et a l, 1997). Also, the prolactin receptor can stimulate MAP kinase and PI3-kinase pathways. There are differences between alveolar phenotype of prolactin-receptor
knockout and StatS knockout mice, indicating that prolactin-independent StatS activation
controls some steps of breast development. See section 4.6 for more detail.

It was suspected that ErbB4 might be involved in activating StatS in the breast. Antibody
staining against phosphorylated StatS on wild type post partum breast sections demonstrates
that phosphorylated StatS is present in epithelial cells of the alveoli, but not in the stroma,
although StatS protein is known to be present in both epithelium and stroma during lactation
(Liu et a l, 1997). In comparable ErbB4 -/- HER4^®^‘^ post partum breast sections, however,
phosphorylated StatS is strikingly absent from the epithelium as well as the stroma (see
figure 3.18)
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Figure 3.1 PCR primers used for genotyping
To identify which mice had incorporated the aM HC-HER4-pA construct, a PCR
based strategy was developed.

Initially primers were picked from the 3 ’ end o f the construct (top diagram), with all
forward primers in the HER4 3’UTR. When reverse primers corresponding to the
polyadenylation region or polylinkers were used, no bands were produced with any o f
the forward primers shown when PCR was performed using the aMHC-HER4-pA
construct as a template.

The three reverse primers corresponding to the HER4 3 ’UTR all produced bands with
the leftmost three forward primers when aMHC-HER4-pA construct was used as a
template, but obviously were also capable o f amplifying human genomic DNA,
meaning contamination o f samples could give false positives.

The primer pair marked 1 was used for genotyping tail samples. However, the bands
were not consistently produced if the PCR was repeated. Therefore new primers were
picked from the 5’ end o f the aMHC-HER4-pA construct (bottom diagram).

Primers marked A and B in all combinations produced bands when the aMHC-HER4pA construct was used as a template, and in PCR on tail samples. No bands o f the
same size were generated from human genomic DNA, although a larger non-specific
band could be produced with pair A. However primer pair A was more sensitive,
because it produced PCR bands from candidate transgenic samples deemed negative
by pair B (see figure 3.2).

Primer pair A was used for genotyping thereafter, and for RT-PCR. As the primers are
on either side of an intron, a band o f 500 bp is produced from genomic DNA and 200
bp from cDNA.
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Figure 3.2 Comparison of PCR primer pairs

Mouse tail samples were initially genotyped using PCR primers taken from the 3' UTR of
HER4 {primer pair 1, see figure 3.1). However, these gave inconsistent results and could
also amplify human DNA, meaning that contamination could not be ruled out as a cause
for inconsistent results. Therefore new primers were picked from the HER4 5' UTR and
the aMHC 3' UTR o f the rescue construct {see figure 3.1).

The new primer pairs were tested on DNA from mouse tails which had been tested using
primer pair 1, some which had come up consistently positive and some which had come
up inconsistently positive or consistently negative. Using the PCR reaction mix and PCR
program described in section 2.3, these results were obtained.

PCR reaction mix aliquots with water, mouse genomic DNA (m) or human genomic
DNA (h) was used as controls. Subsequently ErbB4 +/- mouse tail DNA was also used as
a control and showed no bands with either primer pair A or B (not shown).

Primer pair B shows the same 5 positive samples as with the original primer pair (Pair 1,
not shown), but bands are much clearer. Using primer pair A, however, it is clear that all
7 samples are in fact positive for the rescue construct.

This indicates that the low efficiency of the original primer pair was responsible for
erratic PCR results, rather than human DNA contamination.
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Figure 3.3 Most pups born to ErbB4 -/-

1st litter

2nd litter

3rd litter

mothers die.

Litters from -,
Mouse # # born
#d
5
5
1
5
2
5
5
0
3
4
4
4
4
1
5
1
5
5
2
6
6
3
5
5
1
5
2
2
5
5
Total:

49

38

O f 49 pups from ErbB4 -/- HER4^^^ mothers, 38 died, i.e. 77.5% died, 22.5% survived.

This compares with only 8 pups dying out of 185 births from ErbB4 +/- mothers, with
and without the HER4*'®“'^ allele, i.e. 4.3% died.
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Figure 3.4a ErbB4 -/- mothers have smaller litters

Maternal genotype

Number

of

Number of pups

Mean number of
pups/litter

litters
ErbB4 -/-

11

49

4.45

ErbB4 +/-

25

177

7.08

These litter sizes are based on counts of pups between 9 and 12am, by which time mice
have usually finished giving birth. Thus it is possible that pups are eaten before being
counted.
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Figure 3.4b Comparative weight gain of pups with ErbB4 +/- and
ErbB4 -/- mothers
Litter of ErbB4 +/- mother
(10 pups)

Litter of ErbB4 -/- mother 1 Litter of ErbB4 -/- mother 2
(4 pups)
(4 pups)

Birth weight/g
gain/g

Day 1
Day 2
Day 3
Day 4
Day 5
Day 6
Day 7
Day 8
Day 9
Day 10
Day 11
Day 12

1.4
0.2
0.1
0.8
0.4
0.5
0.6
0.375
0.45
0.4
0.65
0.45

1.5
0.15
0
0.25
0.3
0.45
0.15
0.5
0.5
0.8
0.4
0.7

1.7
0
0.2
all dead

Normally, the smaller the litter, the larger the pups at birth and the faster the rate of growth.

However, in the litters of ErbB4 -/- mothers, the pups are little larger at birth and grow slowly in
the first week, although they then start to gain weight at a similar rate to pups from an ErbB4 +/mother.
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Figure 3.5 Fewer ËrbB4 -/- mice born than expected

ErbB4 -/-

pups are not bom in the expected proportions from ErbB4 +/-

mothers with and without the HER4*'®“^ allele.
Total pups

Total ErbB4 -/-

Expected total ErbB4 -/-

177

21

35.64

11 different mothers were used. For each of 25 litters, the expected number of ErbB4
/- pups predicted by Mendelian genetics was calculated. See figure 3.5b fo r a detailed
statistical table.

Phenotype

Expected

Observed

ErbB4 -/-

35.64

21

N ot-/-

141.36

156

chi-sq

P= 0.006098

i.e. the probability of these numbers being produced by chance is 0.6%, and thus ErbB4 /- embryos or pups are probably dying in increased numbers compared to others at some
point between fertilisation and being counted shortly after birth.

If ErbB4 -/- HER4^^^ newborn pups, or perhaps just ErbB4 -/- HER4*’®^ female pups {see
figure 5.(5), are more likely to die very soon after birth, this partially explains the
difference in litter size between ErbB4 -/- HER4*’®^'^ mothers, and ErbB4 +/- mothers with
or without the HER4^®”* transgene. Alternatively ErbB4 -/- HER4*^®^ embryos have an
increased chance of dying during gestation.
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However, deaths of ErbB4 -/-

pups or embryos is a separate issue from the high

proportion of deaths observed in ErbB4 -/- HER4^^^ mothers’ litters, as the dead pups
found are no more likely to be ErbB4 -/- than any other genotype.
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Figure 3.5a Actual and expected numbers of ErbB4 -/pups from ErbB4 +/ - mothers.
Litter code number Number of
pups In litter

279
285
267
271
256
245
241
235
226
210
195
198
178
170
163
167
150
151
132
143
128
113
122
175
158
296

Number of
ErbB4 -/- pups

6
11
4
8
11
11
4
6
9
6
3
12
6
5
4
3
3
7
11
7
4
9
6
5
5
11

0
1
0
0
0
3
0
0
1
0
0
2
0
0
0
0
0
1
4
3
0
1
1
1
1
2

total:
177
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Expected Mendelian
proportion of ErbB4 -/pups

Expected number of ErbB4
pups

0.2
0.142857143
0.142857143
0.142857143
0.142857143
0.3333333
0.142857143
0.428571429
0.142857143
0.2
0.2
0.142857143
0.2
0.33333333
0.2
0.2
0.2
0.142857143
0.2
0.428571429
0.142857143
0.2
0.2
0.33333333
0.33333333
0.2
total -/- !
21

1.2
1.571428571
0.571428571
1.142857143
1.571428571
3.6666663
0.571428571
2.571428571
1.285714286
1.2
0.6
1.714285714
1.2
1.66666665
0.8
0.6
0.6
1
2.2
3
0.571428571
1.8
1.2
1.66666665
1.66666665
2.2
expected total -/■
35.63809482

Figure 3.5b Calculating expected number of ErbB4 -/- pups:
If one parent is ErbB4 +/- and the other ErbB4 +/- HER4heart
n 8 embryos is ErbB4 +/+ HER4
n 8 embryos is ErbB4 +/+
n 8 are ErbB4 +/- HER4
n 8 are ErbB4 +/n 8 is ErbB4 -/- HER4
n 8 is ErbB4 -/-

However, ErbB4 -/- embryos die, so in fact 1 in 7 pups, not 1 in 8, is expected to be ErbB4 -/HER4.
Therefore in a litter of 8 pups, 1.14 would be expected to be ErbB4 -/- HER4.
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Figure 3.6 Fewer ErbB4 -/-

mice are female than expected.

Actual numbers of ErbB4 -/HER4t>eart
Male

Female

My colony

18

9

Yale lab

6

2

Male

Female

13.5

13.5

4

4

Expected numbers of ErbB4

-

/- HER4"==" mice

Chi-squared test result: P=0.001913
Chi-squared test result without Yale: P=0.005736

These results imply that there is likely to be a cause for the discrepancy between male and
female numbers of ErbB4 -/- HER4*’®^ mice, other than solely due to chance.
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Figure 3.7 RT-PCR
RT-PCR demonstrates that the aMHC-HER4-pA construct produces RNA in the heart from E l0.5
onwards but in no other tissue examined.

To determine whether the rescue construct is transcribed to produce RNA, and whether it is
specific to the heart, RNA was isolated from tissues at various ages and RT-PCR performed. The
RNA used for reverse transcription was pre-treated with DNAse I.

As a positive control, RT-PCR for beta-actin, a gene expressed in all tissues at all ages examined,
was performed. In addition, PCR for both the rescue construct and p-actin was performed on
DNAse-treated RNA without reverse transcription, from which any bands produced would indicate
contamination with DNA.

In PCR using primer pair A to amplify part of the rescue construct, genomic DNA gives a band at
500 bp and cDNA produced by reverse transcription 200 bp (see figure 3.1).
The P-actin primers give a band at 500 bp from either genomic DNA or cDNA.

A.

Heart, brain, liver and kidney RNA were isolated from adult tissue.
cDNA was successfully produced from all samples as shown by P-actin bands. Only heart
tissue produces RNA from the aMHC-HER4-pA construct.

B.

Heart and brain (cerebellum) RNA were isolated from an E l0.5 embryo.
RNA was reverse-transcribed using either random hexamer primers or oligo (dT) primers.
Heart tissue expresses the aMHC-HER4-pA construct but brain tissue does not. p-actin
was expressed by both tissues (not shown).

C.

RNA was isolated from the lower jaw, brain, heart and forelimb of an El 6.5

embryo.

P-actin bands indicate that cDNA was produced from all samples. Only heart tissue
produces RNA from the aMHC-HER4-pA construct.
D.

RNA was isolated from the lower jaw, heart, brain, liver, kidney and skeletal

muscle of

a PO mouse pup.
p-actin bands indicate that cDNA was produced from all samples. Only heart tissue
produces RNA from the aMHC-HER4-pA construct.
Thus the aMHC-HER4-pA construct produces RNA in the heart from E l0.5 onwards but
does not in any other tissue examined.
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Figure 3.8 ErbB4 -/-

heart histology is normal at E l0.5

Transverse sections were taken of embryos at E l0.5 and stained with haemotoxylin and
eosin.

At E l0.5 in wild type embryos, the ventricular myocardium (Vn), which expresses ErbB2
and ErbB4, is induced by the neuregulin-expressing endocardium to grow and
differentiate into the spongy tissue, which looks like finger-like projections in crosssection, known as trabeculae. This can be seen in A and B. The endocardial cushions
(EC) have also formed, which will later form the atrio-ventricular valves.

In ErbB4 -/- embryos containing the rescue construct, trabeculation occurs as in wild
type, and appears indistinguishable from the wild type (panels C and D).

This is in contrast to ErbB4 -/- mutants, where neuregulin signalling from the
endocardium fails, trabeculation does not occur (panel E). The endocardial cushions
however appear normal.
My = myocardium
En = endocardium

This indicates that the aMHC-HER4-pA construct has successfully rescued the ErbB4 -/trabeculation defect.
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Figure 3.9 Heart valves at E17.5 appear normal in rescued embryos.

By E l7.5, the heart valves (the left and right atrio-ventricular valves and the aortic and
pulmonary semi-lunar valves) have formed.

Hearts from E l7.5 embryos were sectioned transversely and stained with haemotoxylin
and eosin.
The left panels (A, C, E) show wild type heart valves, the right panels (B, D, F) show
ErbB4 -/- rescue hearts.

Top: tricuspid valve (TCV)
Middle: bicuspid (mitral) valve (BCV)
Bottom: aortic semi-lunar valve (SLV)

The valves in ErbB4 -/- rescue animals do not appear hypertrophied, hypotrophied, or
disorganised, but similar to the wild type. The other structures of the heart also appear
similar.
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Figure 3.10 Valves in newborn ErbB4 -/- HER4^^^ ^ hearts appear
normal.

Hearts from newborn (PO) mouse pups were sectioned transversely and stained with
haemotoxylin and eosin.

Panels A, C, E, G, I = wild type, panels B, D, F, H, J = BrbB4 -/- rescue hearts.

From top to bottom:
TCV = tricuspid valve
BCV = bicuspid (mitral) valve
PV = pulmonary valve
AV = aortic valve

The ErbB4 -/- rescue valves appear of similar size, shape, and organisation to wild type
valves.
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Figure 3.11 Rescued mutants show aberrant migration of cranial neural
crest.
Whole mount in situ hybridisation was performed on E8.5 and E9.5 embryos using a
Sox 10 probe. Sox 10 is expressed by migrating neural crest cells but is later
downregulated by crest in cbondrogenic regions o f the branchial arches.

E8.5
In wild type embryos Sox 10 labels neural crest cells migrating from rbombomeres 2 and
4 towards branchial arches 1 and 2 respectively (panel A). No staining is seen outside
rhombomere 3. Some Sox 10 labelling is also observed in the otic vesicle.

In ErbB4 -/- rescue embryos, labelled neural crest cells are observed emanating from r2
and r4 towards the branchial arches (panel B), but in addition some misguided crest cells
from r4 enter mesenchyme outside rhombomere 3, adjacent to the neuroepithelium
(arrow). This phenotype is identical to that observed in non-rescue ErbB4 -/- embryos
(Golding et a l, 2000).

E9.5
In wild type embryos, as at E8.5, neural crest cells are observed migrating from
rbombomeres 2 and 4, and no staining is seen in the mesenchyme outside rhombomere 3
(panel C).

In ErbB4 -/- embryos, misguided crest cells form a bridge between the r2 and r4 neural
crest streams (panel D).

In ErbB4 -/- rescue embryos, the ErbB4 -/- phenotype is replicated, with aberrantly
migrating neural crest cells forming a bridge across r3 mesenchyme between the r2 and r4
crest streams (panel E).

- 106 -

m

s

‘ -

m

ErbB4 -/- r ^ b u e
r%

%

Figure 3.12 Neurofilament staining of E11.5 embryos

ErbB4 -/- rescue embryos show links between trigeminal and facial ganglia.
Whole mount neurofilament staining of El 1.5 embryos was performed using the 2H3
antibody. The 2H3 antibody labels all differentiated neurons. Stained embryos were
halved lengthways and cleared before being photographed.

In the wild type embryo (A and B), both the trigeminal and facial ganglia and their roots
are labelled. There is a clear gap between them.

In the ErbB4 -/- rescue embryo, both the trigeminal and facial ganglia are visible, but
appear to be touching or even merged (panel C).

This is clearer on sections of the same embryos: in the wild type (B) there is a clear gap
between facial and trigeminal ganglia, but in the rescued mutant (D) axons pass from one
ganglion to the other forming a link, and there is no gap between them.

Arrows in A and C indicate locations of trigeminal (gV) and facial (gVII) ganglia.
Arrow in D indicated axons connecting the trigeminal and facial ganglia.
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Figure 3.13 Neurofilament staining of E12.5 embryos

Links between the trigeminal and facial ganglia persist at E l2.5.

At El 2.5, penetration of the 2H3 antibody is less good than at El 1.5, making the staining
less clear. The cartoons show the outlines of the trigeminal and facial ganglia, their roots,
and the nerves exiting them.

In wild type embryos at E l2.5 neurofilament staining can be seen along the length of the
neural tube and in the forming dorsal root ganglia and their links to the neural tube. Also
the trigeminal ganglion and its roots can be seen clearly, and the facial ganglion less
clearly (arrows). The facial nerve can also be seen below the facial ganglion.

In the ErbB4 -/- rescue embryo, neurofilament staining is similar (lower figure). The
trigeminal ganglion can be seen clearly, although the facial ganglion immediately to the
right is hard to distinguish. However, in the rescued mutant the facial and trigeminal
ganglia are displaced towards each other, as shown more clearly in the cartoon.
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Figure 3.14 Histology of trigeminal and facial ganglia at E l4.5

Embryos at E l4.5 were sectioned transversely and stained with haemotoxylin and eosin.
Sections shown are from the level of the trigeminal and facial ganglia (indicated in A).
Panel B shows a whole section at this level, with the box indicating the area of the
trigeminal and facial ganglia, which is shown at higher magnification in the panels below.

In wild type embryos, the trigeminal and facial ganglia are adjacent to each other, even
touching (panel C), although the two can be distinguished when examined under higher
power (panel D). Just caudal of the facial ganglion are the structures of the developing
inner ear.

In the ErbB4 -/- rescue embryos, the trigeminal and facial ganglia are again apposed. It is
hard to tell if they are more merged than in wild type. However the facial ganglion may
be larger than in wild type (E, F: compare D with F, and the fact that the facial ganglion
tends to appear in more sections in rescued embryos than wild type embryos.

In some ErbB4 -/- rescue sections, (G, H) the facial ganglion appears to be in two pieces,
which is not seen in wild type. This is consistent with, but does not prove, the presence of
extra cells in the facial ganglion of the rescued mutant.

Analysis of the ganglia at E l7.5, when the trigeminal and facial ganglia are further apart,
would be expected to give a clearer answer (see figure 3.15)
Scale bar = 0.5mm
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Figure 3.15 Histology of facial and trigeminal ganglia at E17.5

E l7.5 embryos were sectioned transversely and stained with haemotoxylin and eosin.
Sections shown are from the level of the facial ganglia (indicated in A). Panel B shows a
section taken at this level, and the box surrounds the area of the trigeminal and facial
ganglia. This is the area magnified in panels C, D, E and F.

By this age, the trigeminal ganglion is divided into three lobes and fibre tracts can be seen
passing through it (C). In wild type, the facial ganglion (gVII) is now clearly separated
from the trigeminal (gV) (box, E). The open space at the bottom right of C (IE) will form
parts of the inner ear such as the cochlea.

In E, the facial nerve can be seen on the right of the ganglion. The grey structure above
the facial ganglion is the developing malleus bone of the inner ear.

In ErbB4 -/- HER4'’“ '^ embryos, in contrast, a distinct nerve fibre link is present between
the trigeminal and facial ganglia (F, arrow). In F, the facial nerve is again visible at the
bottom right, and the developing malleus above the ectopic link between the two ganglia.
Judging by the bottom right of panels C and D, the developing ear structures are all intact
in the rescued mutant.

This demonstrates that an ectopic neural structure persists at E l7.5 in ErbB4 rescued
embryos.
Scale bar = 0.25mm
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Figure 3.16 Pancreas histology of ËrbB4 rescues appears normal.

Adult pancreas from wild type and ErbB4 -/- rescue mice was sectioned and stained with
haemotoxylin and eosin.

A: wild type pancreas showing acini and two islets o f Langerhans.
C: close-up of above section. The organisation and orientation o f acinar cells can be seen
but the different cell types in the islet are indistinguishable.

B, D: ErbB4 -/- HER4^®^ pancreas. Islets are as common in rescued as wild type
pancreas. No phenotype is seen. It is impossible to tell from this staining if islet cells
which normally express ErbB4 are absent or altered in activity.
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Figure 3.17 Comparison of wild type and ErbB4 rescue breast

Females who had given birth to their third litter were killed one day post partum and the
axillary mammary gland (#3) fixed, sectioned, and stained with haemotoxylin and eosin.

Sections shown are from the third of the breast proximal to the nipple. The more distal
from the nipple, the fewer alveoli and ducts are present within the fatty stroma.

A, C: wild type breast. Alveoli are clearly distinguishable from each other, with wellorganised epithelial cells bounding them. The lumens are open and possibly filled with
fluid.

B, D: ErbB4 -/- rescue breast. Adipocytes in the stroma appear normal. Ducts and alveoli
are dispersed through the breast in similar proportions to the wild type. However, the
structure of the alveoli is grossly distorted.

< re

The epithelial cells are not arranged to form a coherent boundary, and not columnar as in
A

the wild type. Lipid globules fill up most of the lumens, and are also seen trapped inside
epithelial cells (arrowed). This implies that the epithelial cell differentiation which
normally occurs in late pregnancy has been disrupted.
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Figure 3.18 StatS is not phosphorylated in ErbB4 -/- lactating breast.

Females were killed three days post partum and the axillary and inguinal mammary
glands (#3 and #4) sectioned.

A, C, E: wild type; B, D, F: BrbB4 -/- rescue.

Phosphorylated StatS antibody staining, counterstained with H&E.
The signal transducer and activator of transcription (Stat)5 is present in breast epithelial
tissues and in the stroma. It is thought to be activated during lactation although its
regulation and downstream targets are unclear. The antibody used labels only
phosphorylated, i.e. activated, StatS, and is visualised with DAB (brown staining).

In wild type, most epithelial structures exhibit brown staining in both the cytoplasm and
nuclei (arrows) corresponding to activated StatS. No activated StatS is seen in the stroma.

B,D,F: ErbB4 -/- rescue breast stained for phosphorylated StatS.
Virtually no staining corresponding to activated StatS is seen in ErbB4 -/- rescue breast
(arrows).

These results indicate that ErbB4 is required for StatS phosphorylation in the lactating
breast.
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4. Discussion
The results chapter demonstrates that the embryonic lethality in ErbB4 -/- mice has been
successfully circumvented using my transgenic approach. I show that the rescued line is
heart-specific for HER4, as no construct is seen to be transcribed in any other organs
examined. This means that the lethality is indeed due to the cardiac defects resulting from
lack o f ErbB4 expression in the myocardium. Importantly, this means that these mice can
be used to study the role of ErbB4 in other organs, by looking for a phenotype where
ErbB4 is normally expressed.

4.1 Reduced numbers of ErbB4 -/-

mice

At least three possible explanations might account for the reduced numbers of ErbB4 -/HER4^®“^ mice bom. It is possible that they are bom but die or are defective and therefore
eaten very soon after birth, before that moming’s check to count the pups. Another
possibility is that in some ErbB4 -/- HER4*’®“'^ embryos, expression of the transgene fails
to rescue trabeculation, or altematively that they die in later embryogenesis for some
other reason. However, to study the cause of embryo loss in more detail would require
genotyping embryos from 10 or more litters at each of various ages, and thus results will
not be produced for a long time. A third possibility is that some ErbB4 -/- embryos fail to
implant. ErbB4 is implicated in implantation as phosphorylated ErbB4 protein is seen
during pre-implantation stages in the blastocyst trophectoderm, and believed to interact
with HB-EGF in mouse uterine epithelium (Lim et a l, 1998; Paria et al., 1999; Wang et
a l, 2000). However, ErbB4 -/- embryos without the rescue constmct are present
according to Mendelian ratios at E9.5 (50 litters examined), so it is unlikely that ErbB4 -/-
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HER4^^^ embryos fail to implant, and more likely that some ErbB4 -/- HER4*’®^ embryos
die at the time of trabeculation or later.

4.1.1 Reduced numbers of female ErbB4 -/- HER4''®“'^ mice
It is also unclear why there is a dramatically skewed sex ratio of ErbB4 -/- HER4^®^
animals: over twice as many males as females. Again one possibility is that females are
slightly weaker and more likely to be eaten soon after birth. Altematively, the lack of
ErbB4 outside the heart could have greater consequences in females, for example if it is
involved in hormone production. However the fact that ErbB4 -/- HER4^®“'^ surviving
females are fertile argues against defects in the reproductive system. Examination of this
sex skew will only be feasible once the age of death of missing ErbB4 -/- HER4*’®“'^
embryos has been established.

Roles of ErbB4 in various organs
ErbB4 is expressed in a wide variety of developing and adult organs, including the central
nervous system, heart, lung, ovary, testis, prostate, pancreas, jaw, and mammary gland.
However, with a few key exceptions, its function appears to be redundant. In the
following sections I discuss what is known about ErbB4 in certain organs and what can be
learnt from the ErbB4 -/- HER4^®”^mouse.
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4.2 ËrbB4 and the hindbrain

4.2.1 Neural crest phenotype
As expected, ErbB4 -/- HER4*’®^ embryos at e9.5 replicate the misguided neural crest
phenotype seen in ErbB4 -/- embryos: Sox 10 in situs show neural crest forming a bridge
between the trigeminal and facial ganglia, due to the aberrant presence of crest cells in
mesenchyme outside r3. In situs at e8.5 show that crest migrates from r4 into the
mesenchyme outside r3, as seen in ErbB4 -/- embryo in situs. Consistent with this, dye
labelling has shown that only r4 crest, and not r2 crest, appears in r3 mesenchyme in
ErbB4 -/- embryos (Golding et a l, 2000).

Given that no known other ErbB receptor is expressed in the hindbrain, it is probable that
this is an instance of ErbB4 homodimers acting in vivo. It would be interesting to try
screening a mouse or human library for further ErbB receptors, using divergent probes
based on the extracellular and tyrosine kinase domains of ErbB4. This might yield
homologous receptors missed by the screens done on human and rat libraries which
identified ErbB3 and ErbB4 by homology with the EGF receptor (Plowman et al., 1990;
Plowman et al., 1993).

4.2.2 Axon Phenotype
Having shown that ErbB4 -/- HER4^^^ embryos show the same neural crest phenotype as
ErbB4 -/- mice, I questioned whether sensory axons also extend aberrantly across r3
mesenchyme. Furthermore, I investigated whether aberrant nerve fibres persist during
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development to create extra neural links. Neurofilament staining at el 1.5 and e l2.5
suggested this was the case: axons could be seen extending through r3 mesenchyme
between the trigeminal and facial ganglia. This implies that in the wild type situation, an
important barrier to crest migration and axon extension outside r3 is controlled by ErbB4.
■-
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The ectopic connection between the trigeminal and the ^ i a l ganglia persists until at least
E l7.5. In vertebrate development, there is an extensive neuronal cell death phase in which
over half the neurons in many parts of the CNS and PNS are eliminated. Target tissues
regulate the numbers of axons innervating them by limiting supply of factors essential for
survival (Gilbert, 1994). Developmental neuronal cell death is largely over by E l7.5 most brain development is complete by this stage, with the exception of cerebellar
development - which implies that the ectopic nerve can survive this pruning stage despite
being in an aberrant location. One possibility is that the ectopic fibres innervate targets
that are also innervated by other cranial nerves, and therefore there are growth factors
present to which the ectopic axons can respond.

Questions remain about this ectopic nerve. Firstly, where does it go to, and also, is it
functional, i.e. does it have functioning synapses? Experiments are currently ongoing
using Dil injections to establish the path of the ectopic nerve. It would also be possible to
double-label the ectopic nerve to check for functional synapses, using an antibody to a
generic synaptic vesicle protein, such as synaptobrevin.

Secondly, is the ectopic nerve sensory, motor, or mixed? The trigeminal nerve in wild
type is divided into a number of branches which innervate the face and jaw, with
somatosensory and motor branches innervating non-overlapping regions. The facial nerve
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is also a mixed nerve. Dil labelling on ErbB4 -/- E l0.5 mouse embryos suggested that the
ectopic nerve contained sensory as well as motor axons (Gassmann et al., 1995), and
similar experiments in chick imply the same (Jon G o l d i n g , comm.) Confirmation of
whether the ectopic nerve in adult ErbB4 -/- HER4*’®“'‘ mice is sensory or mixed may be
possible from Dil labelling, but may require electrophysiological techniques.

4.2.3 Possible clinical relevance of ectopic nerve

Whether the ectopic axons have a function in the adult would be difficult to determine.
However, from the location of the nerve, it may be interfering with the structures of the
inner ear. Normally, neural crest from r2 enters branchial arch 1, with one subpopulation
forming the incus and malleus, and another forming the maxillary and mandibular
divisions of the trigeminal nerve. As shown by the long term fate mapping of Kontges
and Lumsden (1996), the elements of the head formed by cranial neural crest are
organised in an order precisely reflecting the rostrocaudal order of crest exiting the
hindbrain. In particular, muscle connective tissue is always exlusively anchored to
skeletal domains formed from the same crest population, e.g. in lower jaw, mandibular
and hyoid crest populations contact each other but do not mix. Also, distal elements of
mandibular arch (which is populated by crest from midbrain, rl and r2), e.g. Meckel's
cartilage, are exclusively midbrain derived. Crest cells from r4 which migrate to branchial
arch 2 form the stapes of the middle ear, as well as the styloid process, some small
arteries to the ear, with other r4 crest cells forming the facial nerve (Gilbert, 1994).
However no obvious abnormalities in the developing ear are apparent from sections at
E l7.5, and from cartilage staining of newborn skulls the ear structures appear grossly
normal. Testing ErbB4 -/- HER4^^^ mice for deafiiess and balance deficits would show
whether there are subtle abnormalities in the ears.
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Similar misguided trigeminal axons are seen in Krox20 -/- embryos (SchneiderMaunoury et al., 1997) and in chick experiments where r3 is reversed rostrocaudally
(Warrilow and Guthrie 1999). In both cases trigeminal axons are misrouted into the
second rather than the first branchial arch. This suggets that trigeminal axons will
enter whichever branchial arch is nearest. In Krox20 knockouts, trigeminal motor
neurons appear normal up to E l5.5 but die around E l7.5, the normal period of
selective neuronal cell death. In the r3-reversed chick embryos, trigeminal projections
to the second arch were similarly eliminated. This death of seemingly normal
misplaced axons implies that there is specificity of interaction between motor axons
and their branchial arch destination. Presumably there are inadequate survival factors
for these axons, either due to inability to synapse with muscle cells in branchial arch 2
or because the two arches provide different survival factors.

To assess whether the ectopic nerve in ErbB4 -7-

mice might be affecting

neural functions, the medical literature was searched for mention of a trigeminal/facial
nerve anastomosis in humans. It transpires that such links have been anecdotally
reported for years, but only a few cases have been analysed in detail (Cheney et a l,
1997; Delacure et a l, 1990). These cases have arisen when the facial nerve has been
sacrificed in surgery.

usually for tumour removal, yet some months later some facial movement on that side is
observed. Evaluation shows that facial movement (resembling a smile) occurs when the
patient bites down on the back molars. If this movement was achieved by regeneration of
the facial nerve, re-excision of the area should cause facial paralysis again. However,
cases have been reported where the recovery o f movement is unaffected (Martin and
Helsper, 1957), and additionally in the same patient when the mandibular branch of the
trigeminal was anaesthetised to alleviate neuralgia pain, all recovered function in the
facial musculature was lost. In more recent studies, this involuntary smiling reflex
persisted even when a nerve blocker (Xylocaine) was injected into the ipsilateral or
contralateral facial nerve, ruling out regrowth o f the ipsilateral facial nerve or cross
innervation by the contralateral intact facial nerve (Cheney et al., 1997). Therefore the
trigeminal nerve is thought to be synapsing onto muscles normally innervated by facial
motor neurons, restoring function. These findings are of great interest for the
development of new surgical techniques to enable trigeminal neo-neurotisation in facial
muscle paralysis.

There are also congenital conditions which may involve ectopic growth o f the trigeminal
nerve. In particular, Marcus-Gunn syndrome is characterised by a droop (ptosis) of the
eyelid and failure of proper muscular control o f the pupil, on one side only. The eyelid
raises to normal appearance upon chewing, which suggests a failure of innervation (by the
ocular nerve, cranial nerve III) which is partially compensated for by the trigeminal nerve.

ErbB4 -/- HER4^®^ adult mice will be observed for any involuntary movement upon
chewing. However, in both the above conditions, the extra trigeminal innervation only
occurs when there is a defect in local neurotisation. This suggests that if all cranial nerve
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functions are intact, as is presumably the case in ErbB4 -/- mice, that no phenotype would
be apparent. To show if the trigeminal was serving functions of the facial nerve, it would
be necessary to ablate the facial nerve and then see if function remained in ErbB4 -/HER4*’®^^ mice but not in wild type mice.

4.3 ErbB4 and tooth development
ErbB4 has also been implicated in palate and tooth development (Wang et a l, 1998).
However ErbB4 -/- HER4*’®^ pups and adults show normal palates and jaws as shown by
cartilage staining (not shown). Detailed analysis has been undertaken by Kaj Fried to
examine tooth development in ErbB4 -/- HER4*’®^'^ mice. Despite NRG-1, ErbB3 and
ErbB4 normally being present in the tooth germinal zone, his lab sees no abnormalities in
ErbB4 -/- HER4*’®“^ mice (Fried et al., 2002). However the ErbB3 and ErbB4 expression
patterns in this region are non-overlapping, which suggests separate, if any, functions for
the two receptors (ErbB3 in dental epithelium; ErbB4 and NRG-1 in the dental papilla).
As ErbB4 and NRG-1 are expressed simultaneously in the dental papilla prenatally, the
ectomesenchymal cells may be secreting NRG-1 in an autocrine or paracrine loop, as seen
with NRG-1 in glial cells (Raabe et al., 1998). ErbB4 mRNA is strongly upregulated
postnatally in the region where odontoblasts differentiate and initiate dentin formation,
and as expected no ErbB4 mRNA is seen in this area in the rescued mutants (Fried et al.,
2002). However ErbB4 -/- HER4^^^ mice have normal tooth development, which implies
that ErbB4 either has only a minor role in tooth development, or that other signalling
pathways can compensate for lack of ErbB4 in tooth formation.
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4.4 ErbB4 and heart development
It is not known what roles ErbB4 may play in the heart after trabeculation, but it is
possibly involved in valve formation, in association with ErbB3, EGFR and HB-EGF. In
the EGFR knockout on a GDI background, and in mice homozygous for the EGFR waved
allele, viable mice exhibit enlarged semilunar valves resulting from over-abundant
mesenchymal cells, leading to aortic stenosis, but atrio-ventricular (AV) valves are
normal (Chen et a l, 2000). In the ErbB3 null mutant, by E9.5 embryos exhibit thin
endocardial cushions which lack mesenchyme, due to the lack o f ErbB3 transcripts in
endocardial cushion mesenchyme. By E l3.5 the myocardium is thinner than in wild type
and AV valves are distinctly underdeveloped with a lack of connective tissue, leading to
blood reflux through the valves (Erickson et al., 1997). An HB-EGF knockout mouse has
recently been produced, which exhibits defects in both AV and semi-lunar valves (David
Lee, pers. comm)

From the EGFR, ErbB3 and HB-EGF knockouts, it has been hypothesised by David Lee
that HB-EGF and EGFR are involved in semi-lunar valve formation while ErbB3,
possibly in association with ErbB4 is required for atrio-ventricular valve formation. From
individual sections, it is unclear whether AV valves in ErbB4 -/- HER4^®“^ mice are
enlarged. Thus sections of entire hearts are currently being produced to be analysed by
computer software (Leslie Jackson, pers. comm.). It is unclear which molecule functions
as ErbB3’s coreceptor in the heart. Both ErbB2 and ErbB4 mRNAs are expressed in
ventricles beyond E l0.5. However, ErbB2 cannot bind HB-EGF, so if ErbB 2/4 or 3/4
heterodimers act in AV valve formation in response to HB-EGF, it would be the first in
vivo finding of HB-EGF binding ErbB3 or ErbB4.
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4.5 ErbB4 and the pancreas
ErbB receptors are strongly expressed in the wild type pancreas during development.
They may be involved in development and regrowth of the pancreatic islets: in transgenic
mice where interferon-gamma (IFN-y) is expressed in pancreatic islets, pancreatic ducts
continue to proliferate and islets to regrow throughout life, and ErbB expression in these
mice has been studied in detail (Kritzik et a i, 2000). In IFN-y mice, ErbB receptor
expression varies between ducts, but ErbB2 expression is more widespread than that for
ErbB3 or ErbB4. Expression of all three receptors declines by birth in IFN-y and wild
type mice, but resumes in IFN-y mice by 5 weeks of age. In IFN-y islets, ErbB4 is
permanently localised at the periphery of the islets, correlating with glucagon-secreting A
cells, but with a distinct expression pattern to that of somatostatin or insulin (produced by
delta and beta cells respectively). ErbB2 is seen in islets infiltrated by inflammatory cells.
No clear expression pattern of ErbB3 is seen. These results suggest a role for ErbB
receptors in development and regrowth of pancreas islets, and in particular that ErbB4
may participate directly in differentiation or maintenance of type A islet cells. However,
initial histology of adult wild type and ErbB4 -/- HER4*’“ ‘^ pancreas shows no apparent
differences.

Glucagon acts in opposition to insulin in regulating blood glucose levels, but unlike
animals with defective insulin production, mice with impaired glucagon production are
viable, being generally healthy but with mild hypoglycaemia and flat glucose-tolerance
curves (Furuta et al., 2001), perhaps because glucagon is also produced by the CNS
(Drucker, 2002). In addition, A and B cells (glucagon-secreting and insulin-secreting,
respectively) cannot be reliably distinguished by H&E staining. Thus to confirm whether
type A cells are indeed normal, or perhaps failed to differentiate, specialised staining
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methods such as the Grimelius argyrophil technique, or immunohistochemistry, are
required (Siebert and Stirling, 1994).

4.6 ErbB4 and mammary glands

4.6.1 ErbB receptors and ligands in the mammary gland
The EGF receptor and ErbB2 are both expressed in the breast, becoming active during
puberty, suggesting roles in growth (Schroeder and Lee, 1998). This is consistent with
the fact that overexpression of EGFR and ErbB2 occurs in a high proportion o f breast
cancers and correlates with a poor prognosis (reviewed by (Hynes and Stem, 1994).
ErbB3 is also expressed in adult breast, and overexpression is reported in 25 to 50% of
breast carcinomas (Naidu et aL, 1998 and previous studies).

In contrast, ErbB4 is generally seen in differentiating, rather than growing, tissues
(Srinivasan et al., 1998). Additionally, although ErbB4 deregulation is frequently seen in
breast cancers, its overexpression is in fact associated with a favourable prognosis
(Srinivasan et al., 1998). Both these facts suggest that ErbB4 is involved in different
signalling pathways, involved in differentiation, rather than the proliferative response
with which EGFR, ErbB2 and ErbBS are associated.

ErbB4 is not switched on at puberty, and only becomes activated in adult females,
becoming expressed strongly during pregnancy. However, phosphorylated (i.e. active)
ErbB4 is only detected in late pregnancy, peaking during early lactation, when secretory
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mammary epithelial cells terminally differentiate into actively secreting alveoli
(Schroeder and Lee, 1998), suggesting a role in alveolar maintenance in mid-lactation.

Neuregulin-1, when implanted into mammary glands of virgin mice, induces epithelium
differentiation, leading to production of p-casein, a milk protein. High levels of NRG-1
are seen during pregnancy, which is also consistent with a role in mammary
differentiation, probably activating ErbB4. TGFa, in comparison, binds EGFR, but
cannot induce epithelium differentiation in the breast (Jones et aL, 1996).

4.6.2 Dominant-negative ErbB4
Dominant-negative receptors are truncated versions of endogenous receptor proteins,
which include ligand binding and transmembrane domains, but lack any kinase activity. If
expressed in great excess in a cell, virtually all endogenous versions of that receptor will
be paired with an inactive receptor, so that no catalytic activity takes place. However, the
specificity and inhibitory effect of dominant negative receptors varies: for example
dominant-negative EGFR inhibits duct morphogenesis during puberty, but has no effect
in pregnancy or lactation, apparently due to the high levels of EGFR expression at these
stages. Because ErbB receptors can form dimers with other ErbB receptors, dominantnegative receptors will have some level of cross-ErbB inhibition and do inactivate their
heterologous dimérisation partners in vitro.

Dominant-negative ErbB4 (ErbB4 up to P705, lacking the cytoplasmic phosphorylation
domain, under the control of the mouse mammary tumour virus (MMTV) promoter)
(DM-ErbB4) has been used to inactivate endogenous ErbB4 signalling in the breast
during development and pregnancy (Jones and Stem, 1999). Transgenic mice expressed
this constmct throughout the mammary gland from before puberty (3 weeks) with mRNA
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levels increasing during pregnancy, peaking at 1-3 days post partum, and decreasing from
12 days post partum onwards.

However, a phenotype was seen only 12 days post partum: instead of the entire fatty
stroma having adipose cells displaced by swollen alveoli, filling the fat pad, some of the
lobuloalveoli were unexpanded, although the remainder were actively secreting lipid as
normal. The condensed alveoli contained unusually high amounts of lipid, but otherwise
resembled the undifferentiated lobuloalveoli normally seen in late pregnancy. Both
normal and condensed alveoli expressed P-casein protein, but whey acidic protein (WAP)
and especially a-lactalbumin were downregulated in condensed compared to normal
alveoli. The normal alveoli were found not to express the dominant negative construct.
4.6.2.1 Comparison with dominant negative EGFR or ErbB2
This ErbB4 deletion phenotype is different from that seen with dominant negative EGFR
or ErbB2. Dominant negative EGFR prevents duct morphogenesis in pubescent mice, but
had no effect during pregnancy or lactation, probably due to high levels of endogenous
receptor. This earlier phenotype is consistent with the wider roles of EGFR compared to
the other ErbB receptors. With an ErbB2 dominant negative receptor, similar to the DMErbB4 construct used, lobuloalveolar development at birth is inhibited and pubertal gland
development is unaffected, but the phenotype appears earlier than with DM-ErbB4, and
WAP and a-lactalbumin expression is unaffected (Jones and Stem, 1999). This
phenotype is similar to that seen in my ErbB4 -/- HER4^^^"^ mice. The non-overlapping
phenotypes obtained from the dominant-negative EGFR, ErbB2 and ErbB4 receptors
suggest that none of them act as a complete pan-dominant-negative. In particular this is
implied by the differences between phenotypes with the DM-ErbB4 construct and my
ErbB4 -/- HER4^'"" mice.

-
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4.6.2.2 Comparison of the ErbB4 rescue mouse to the dominant negative ErbB4
mouse
Where the dominant negative ErbB4 construct is expressed in the mammary gland, one
would expect the phenotype to be the same as the ErbB4 null heart rescue mouse.
However, this is not altogether the case. The alveolar cells in my mice have proliferated,
creating alveoli the same size as in wild type, unlike the condensed alveoli seen with DMErbB4. ErbB4 rescue mice also show lipid trapped in the secretory epithelial cells
themselves, rather than in the lumen as in DM-ErbB4 mice. These differences could be
put down to a more severe phenotype in DM-ErbB4 mice (due to partial inactivation of
other ErbB receptors) being compensated for by variegated DM-ErbB4 transgene
expression, so there are sufficient normal alveoli to produce milk.

ErbB4 -/- HER4^^^ mice would thus be a more precise tool for analysis o f ErbB4’s role
in the breast, with the additional advantage that my mice can be bred easily, rather than
requiring injections to produce the phenotype as with DM-ErbB4 mice.

My ErbB4 -/- HER4^®“^ mice imply that ErbB4 is required for lobuloalveolar
differentiation and function in late pregnancy and during lactation. This is supported by
the fact that BrdU incorporation studies and TUNEL staining show no differences in DMErbB4 breast between normal and condensed alveoli, indicating that neither growth nor
cell death are affected.

4.6.3 Previous investigations into StatS activation in the breast
ErbB4 -/- HER4*’®“'^ mice exhibit a similar phenotype to that of StatS mutants, and thus
StatS expression has been analysed in my mice.
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Knockout mouse models have shown that the prolactin-Jak2-Stat5 pathway is required for
formation o f alveolar structures during pregnancy. There are two StatS transcription
factors: StatS a and StatSb. StatSb levels in the breast are much lower than levels of StatS a,
and StatS a can compensate for absence of StatSb, so StatSb knockout mice are able to
lactate. StatSb is thus generally ignored in studies of StatS in the breast. In contrast,
StatS a-null mice exhibit reduced epithelial development during pregnancy, and secretory
epithelial cells fail to form functioning secretory alveoli, so StatSa-null mice are unable to
lactate. C U. cè aly

.

Transplantation experiments have been performed to see whether StatS a was
phosphorylated in the stroma, the epithelial compartment, or both, and what growth
factors were capable of triggering this. The prolactin receptor is synthesised exclusively
in mammary secretory cells, and thus unsurprisingly was shown to activate StatS only in
the epithelium. Prolactin is required for gland development in pregnancy and to switch on
production of milk proteins. More recently StatS has been shown to be activated in the
stroma by EGF and growth hormone, and in vitro by ligands of the ErbB/EGF family
including neuregulin and amphiregulin (Jones et a i, 1999), suggesting that ErbB family
members may be involved in activating StatS during mammary differentiation.

StatS protein is strongly expressed in both normal and condensed alveoli in the DMErbB4 breast. However, when an antibody specific to phosphorylated StatS was used,
whereas in normal alveoli where the nuclei stain strongly for phosphorylated StatS 12
days post partum, it was demonstrated that phosphorylated StatS was only present in
uncondensed (normal) nuclei. When StatS a protein was expressed ectopically in vitro, in
human embryonic kidney 293T cells, StatS tyrosine phosphorylation was only seen when
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StatSa was co-expressed with ErbB4. In addition, when both StatS and ErbB4 were
coexpressed in 293T cells, they could be cross-immunoprecipitated.

This evidence suggesting a link between ErbB4 and StatS is confirmed by my results
showing that in ErbB4 -/- HER4*^®^ mice, StatS is shown to be unphosphorylated in
mammary epithelial cells during lactation, unlike in wild type mice.

4.6.3.1 Prolactin had been thought to regulate StatS
According to Gallego et al., (2001), StatS protein precipitated from the breast becomes
phosphorylated in response to prolactin. To establish whether it is the stromal fat pad or
the epithelium, or both, where StatS responds to prolactin, mammary epithelium was
removed from one inguinal gland, prolactin injected into the gland, and StatS
phosphorylation in both inguinal glands assessed. This showed phosphorylation in the
intact gland but not in the cleared fat pad, suggesting that only StatS in the epithelium is
phosphorylated in response to prolactin. These results are from virgin mice. In prolactin
knockout mice in which pregnancy is artificially maintained by injections of
progesterone, StatS phosphorylation is greatly reduced compared to wild type, from E l3
to term, and P-casein and WAP protein levels are also greatly reduced.

When epithelium from prolactin-receptor-null mice was transplanted into cleared fat pads
of virgin mice, alveoli failed to develop during pregnancy. At E l 8 and 1 day post-partum,
no StatS phosphorylation was observed in western blots, nor was mRNA of p-casein or
WAP observed. This indicates that epithelial prolactin activation o f StatS is required for
alveolar differentiation and lactation (Gallego et aL, 2001).
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My results indicate that ErbB4, not prolactin, is the main regulator of mammary Stat5, as
without ErbB4, Stat5 in mammary epithelium does not get phosphorylated. This could
suggest that both prolactin and ErbB4 are required for StatS phosphorylation. However,
recent evidence from the same prolactin receptor knockout shows that phosphorylated
StatS is in fact seen in mammary epithelium using the anti-phospho-StatS antibody (Frank
Jones, pers. comm.). The fact that prolactin knockout mice are infertile and pregnancies
have to be maintained artificially with progesterone could be causing misleading results
in the Gallego paper; it is also plausible that the reduction in StatS phosphorylation seen
in their post-partum breasts is related to reduced epithelial differentiation compared to
wild type.

Together these data strongly suggest that prolactin does not regulate StatS to any great
extent, and instead suggest that mammary StatS phosphorylation in pregnancy requires
ErbB4, although other factors may also be necessary.

4.6.4 ErbB4 conditional knockout
Recently an ErbB4 conditional knockout has been created, using floxed ErbB4 to
eliminate ErbB4 in the mammary gland (Frank Jones et al., manuscript in preparation).
This produces a phenotype similar to my ErbB4 rescue mice: pups die in the first few
days, and histology shows enlarged secretory epithelial cells containing lipid globules.
However, pup death is rare in the first litter, and only becomes significant in subsequent
litters.

It is unclear whether this delayed onset of the phenotype is of physiological

relevance or whether it is due to incomplete recombination of the ErbB4 gene during the
first pregnancy and lactation, becoming enhanced over multiple pregnancies. In my mice
there is no significant difference in pup death numbers between first and subsequent
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litters (65% in first litters, 88% in later litters; n=23 and 26 pups respectively from 5 first
and 5 subsequent litters).

Additionally, Flox-ErbB4 alveoli were more sparse compared to wild type, and somewhat
condensed, whereas my ErbB4 rescue alveoli exist in similar numbers and distribution to
wild type, and are similar sizes; only the morphology of the epithelium is aberrant. My
ErbB4 rescue mice show large fat globules inside epithelial cells, and little in the lumen;
we have not yet looked at milk protein production. Flox-ErbB4 mice appear to have a
more normal epithelium, but with less lipid production. Given that both strains are in the
early stages of analysis, these are most likely to be strain-specific differences. I therefore
predict that the constitution of milk will be similar for both mice, and that the levels of
lipid and protein in colostrum and later milk from ErbB4 -/- HER4*’^“” mice will indicate
what aspects of lactation are under control of ErbB4.
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4.7 Conclusions
ErbB4 rescue mice show a phenotype consistent with ErbB4 having a role in
differentiation rather than growth. In the breast, it is likely to be involved in a complex
pathway involving the EGF receptor and StatS to regulate alveolar formation and milk
production. Contrary to what was previously thought, StatS phosphorylation does not
require prolactin but is dependent on ErbB4.

This implies that milk production is deficient in ErbB4 -/- HER4^®“^ mothers. Further
analysis of particular proteins, fat content, and volume of milk produced should indicate
what aspect is defective, and thus what aspects of milk production are in part regulated by
StatS.

It is probable that whey acidic protein (WAP) and a-lactalbumin are

downregulated in ErbB4 -/- HER4^®“^ mice, similar to alveoli expressing DM-ErbB4.

Pups from ErbB4 -/- HER4^^^ mothers, if they die, die by postnatal day S. This suggests
a defect in early lactation, possibly in the colostrum (extra rich milk produced on the first
day of lactation, tailing off rapidly thereafter), which contains extra proteins, fat, and
nutrients. Alternatively the mother could be producing reduced amounts o f milk all along,
but once some pups have died there is sufficient to support a small litter (up to S pups
maximum, as compared to ErbB4 +/- mothers which can feed up to 12 pups successfully).

Alternatively, the deaths of pups of ErbB4 -/- HER4*’®^ mothers could be due to a
behavioural defect, where the mothers do not make an effort to suckle their young, or they
avoid it because it is painful. However, ErbB4 -/- HER4*’®^’^ mothers are seen to be
suckling pups, even when some pups later die, although we don’t know whether they
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suckle as much as ErbB4 +/- mice, or if other behaviours may interfere with raising
young, such as trampling or biting the pups. ErbB4 mRNA is present in many areas of
adult brain, in oligodendrocytes, astrocytes, cortex, amygdala, hippocampus, reticular
thalamic nucleus, several hypothalamic nuclei, subthalamic nucleus, substantia nigra and
ventral tegmental area. Immunostaining shows ErbB4 to be present in dopaminergic
neurons in the latter two areas. Astrocytic expression of dominant negative ErbB4 has
produced mice with delayed puberty and reduced fertility, and this phenotype is even
more dramatic in DM-ErbB4/waved double mutants (Prevot et al., 2001), suggesting that
ErbB4 (in association with EGFR) has a role in fertility.

Thus it is plausible that the lack of ErbB4 in the brains of ErbB4 -/- HER4‘’®“^ mice is
affecting behaviour, leading to death of pups, as well as there being problems in milk
provision due to absence of ErbB4 in the breast.

The aberrant cranial nerve link between trigeminal and cranial ganglia may also have a
behavioural effect. One predicted effect is involuntary facial movement when chewing, as
seen in humans with trigeminal/facial nerve anastomosis.

4.8 Future directions
The ErbB4 -/- HER4^®“'^ mouse can be bred easily, reaches adulthood, and is fertile,
which gives it an advantage over other mice used to investigate ErbB4 function (ErbB4
null and mammary DM-ErbB4). It can be used to look at roles of ErbB4 in all organs,
unlike the breast-specific Flox-ErbB4 knockout. Tissues o f particular interest could

133-

include cerebellum, pons, jaw development, heart valves and reproductive system. This
potential is borne out by the requests we have had from other labs for these mice.

Another interesting possibility would be to breed ErbB4 rescue mice with heterozygous
ErbB2 rescue mice to see if effects are seen in other organs during embryonic
development.
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5. A study of mesenchyme components outside rhombomere 3
Chapter 1 described how in hindbrain development sensory axons grow along stereotyped
routes through the cranial mesenchyme to reach their appropriate entry points into the
neuroepithelium: trigeminal ganglion axons always project to rhombomere (r)2, and
facial/acoustic ganglia axons always project to r4. Axons are never seen entering the
mesenchyme adjacent to r3, raising the possibility that r3 mesenchyme contains an
activity inhibitory to axon growth. In mice lacking the erbB4 receptor (normally
expressed in r3), trigeminal and facial/acoustic ganglia axons misproject into r3
mesenchyme, suggesting that the putative axon barrier is absent. Similarly, neural crest
cells migrating from rhombomere 4 also normally avoid mesenchyme outside r3, yet
some pass into it in the ErbB4 knockouts.

This chapter describes investigations into the nature of this inhibitory activity in hindbrain
mesenchyme.

5.1 Cryoculture assay
To establish what lies in mesenchyme outside r3 that could be acting as an inhibitor, it
was first necessary to establish whether axons can extend across mesenchyme outside r3,
i.e. whether there is an inhibitory activity present.

In order to answer this, Jon Golding set up a cryoculture assay, in which dissociated ElO
trigeminal neurons were seeded onto longitudinal cryosections of hindbrain, aged E8 ElO. These neurons form from E9, and are present in sufficient numbers to harvest by
ElO. In vivo, axons enter the neuroepithelium around ElO. Different ages of hindbrain
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were used to see if a repulsive activity varied during development. The numbers of cells
extending axons across an imaginary line extending into the mesenchyme from
rhombomere boundaries were counted, both for axons crossing from r2 mesenchyme or r4
mesenchyme into r3 mesenchyme, and from axons leaving r3 mesenchyme and entering
mesenchyme of r2 or r4. The numbers of axons which reached a boundary and stopped or
turned away were also counted.

In normal mice, statistical analysis showed that a significantly smaller proportion of cells
extended axons into r3 mesenchyme compared to those extending axons from r3 into r2
or r4 mesenchyme. This implies an inhibition of axon growth into r3 mesenchyme from
r2 or r4 mesenchyme. This inhibition was greatest on ElO hindbrain, gradually decreasing
on younger hindbrain sections.

However, neurons landing on r3 mesenchyme can extend axons perfectly well, as well as
being able to cross a boundary into r2 or r4 mesenchyme. This suggests that axons are
inhibited from entering r3 mesenchyme not because of any inherent inability to grow on
r3 mesenchyme, but because when given a choice they preferentially grow on r2 or r4
mesenchyme, presumably due to the adhesive qualities of the substrate. Alternatively,
axons may be less able to grow on a thin strip of mesenchyme extending from
rhombomere boundaries.

In ErbB4 -/- hindbrain, we predicted that there would be less inhibition o f axons to enter
r3 mesenchyme. This proved to be the case. Various pre-treatments were then performed
on wild type hindbrain cryosections, before seeding with neurons, to attempt to remove
the repellent activity.
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Salt washes, heparin washes, heparitinase and chondroitin sulphate A all had no effect.
However, treatment of cryosections with chondroitinase ABC or with chondroitin
sulphate C did reduce the inhibitory effect. Chondroitinase ABC is known to digest
hyaluron as well as chondroitin sulphate proteoglycans (CSPGs), and so, to exclude the
possibility that chondroitinase’s effects were due to hyaluron degradation, some sections
were pre-treated with hyaluronidase. This caused no significant increase in proportions of
neurites crossing the r3 mesenchyme boundary (Golding et aL, 1999).

ErbB4 is present in r3 and r5, while neuregulin is present in r2 and r4, which suggests
that activated ErbB4 exists at the rhombomere boundaries. Thus given the cryoculture
results we hypothesised that repulsive molecules could be produced in the mesenchyme in
response to ErbB4, and that these repulsive molecules might be CSPGs or associated with
them {seefigure 5.7).

5.2 CSPG expression study
Chondroitinase ABC enzyme acts on CSPGs, severing the chondroitin moiety from the
proteoglycan backbone {see figure 5.2). CSPGs are a prevalent component of the
extracellular matrix, and are known to act in neural crest and axon guidance in the
embryo (Bronner-Fraser, 1993; Henderson et al., 1997; Perris and Johansson, 1987), both
by attraction and repulsion.

Thus I wanted to establish whether CSPGs are present in the mesenchyme of wild type
mouse hindbrain, whether they are distributed so as to be able to act as an inhibitor to
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axon extension, i.e. outside r3, and if so, if there would there be any difference observed
in ErbB4 -/- hindbrain. I also investigated expression of the chondroitin-6 SPG subgroup
of CSPGs, and one specific CSPG, versican. Versican is known to be non-permissive for
neural crest cell migration, and embryos where versican is upregulated show
abnormalities of neural crest migration (Henderson et al., 1997). Chondroitin-6 SPGs are
one o f the major subgroups of CSPGs (the other being chondroitin-4 SPGs), and
investigating these could help to narrow down which CSPGs are present in the hindbrain.

I also examined expression of heparan sulphate proteoglycans (HSPGs). HSPGs are
found associated with basement membranes in developing nervous system (Walz et al.,
1997), and also known to be present in ECM and to act on axon growth with both
inhibitory and stimulatory effects (Hantaz-Ambroise et al., 1987; Tonge et al., 1997).

5.3 Results

5.3.1 CSPG distribution
CSPG staining was comparable between polywax and cryosections. Cryosections gave
better morphology and required less processing, so were then used for all other antibodies
in this study. Hindbrain sections taken at E8.5, E9.5, and E10.5 were used, as these
correspond with the ages at which neural crest cells leave r2 and r4 and axons extend
through mesenchyme towards the neuroepithelium.

Antibody staining on wild type polywax sections or cryosections shows CSPG to be
expressed diffusely throughout the mesenchyme at E8.5 and E9.5, and strongly along
rhombomere boundaries and the basement membrane surrounding the neural tube. Other
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basement membranes, such as those around the otic vesicle, also strongly express CSPG.
There was no increase in CSPG expression outside r3 - the level o f CSPG appears
uniform throughout the mesenchyme. This suggests that, at this stage in the hindbrain,
chondroitin sulphate proteoglycans do not make up a pre-pattern of molecules in the
mesenchyme that could be acting as a neural crest or axonal inhibitor (see figure 5.3).
However, this gives no information on the levels of specific subsets o f CSPGs, so it
remains possible that specific CSPGs might repel axons outside r3.

At E l0.5, CSPG expression decreases outside r2 and r4, but from the pattern appears to
be due to lack of expression in the developing trigeminal and facial/acoustic ganglia,
which are expanding in this area, rather than to alteration of expression in particular areas
of the mesenchyme. Disregarding the ganglia, levels appear to stay the same in the
mesenchyme at all three ages examined. There is no increase in CSPG staining adjacent
to r3 boundaries, which would suggest a role in crest or axon inhibition.

In addition to the observation that CSPG is uniformly present in wild type cranial
mesenchyme, the ErbB4 -/- mutant mice show no difference in CSPG expression from the
wild type at E8.5, 9.5, or E l0.5 (seefigure 5.3).

5.3.2 C-6-SPG distribution
Antibody staining using an antibody to C-6-SPGs showed a similar expression pattern to
that of CSPG, i.e. showing C-6-SPG in hindbrain mesenchyme, basement membranes,
and rhombomere boundaries. The same ages, E8.5, 9.5, and 10.5, were examined for both
wild type and ErbB4 -/- embryos. C-6-SPG and CSPG staining is colocalised, implying
that C-6-SPGs comprise a significant proportion of the CSPG content at the age range
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examined. Although staining appears equally strong with anti-CSPG and anti-C6SPG
antibodies, it cannot be inferred that C6SPGs are the predominant subtype, as different
antibodies have different binding efficiencies, so staining intensity may not be
proportional to concentration of antigen.

The epitope detected by the C-6-SPG antibody requires that sections be pre-treated with
chondroitinase to expose the relevant epitope {see figure 5.7). When C-6-SPG antibody
was used on untreated sections, and also when CSPG antibody was used on
chondroitinase-treated sections, no staining was apparent {see figure 5.4). This shows that
the C-6-SPG antibody was specific to C-6-SPGs as revealed by chondroitinase digestion,
and that chondroitinase destroys the epitope to which the CSPG antibody binds {see
figure 5.2). The lack of background staining in both cases also indicates high specificity
of the two antibodies.

5.3.4 Versican distribution
Versican is a C-6-SPG, and is excluded from the neural tube at the hindbrain level at the
ages examined. It is known to have a role in hindbrain neural crest migration at this stage
in mouse embryos: in the Pax3 (splotch) mutant mouse, in situs show versican is
upregulated outside the neural tube, which results in failure of neural crest migration
(Henderson et al., 1997). It would be logical that a downregulation of versican in the
ErbB4 mutant could be resulting in permissiveness for aberrant migration of neural crest.

However, versican expression at E8.5 {figure 5.3) and E9.5 and E l0.5 (not shown) in wild
type and mutant appears identical to that of CSPG and C-6-SPG. This indicates that
versican is present in the hindbrain at the ages of development examined. The lack of
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versican downregulation in the ErbB4 -/- embryo rules out the hypothesis that ErbB4
regulates versican expression in the hindbrain.

5.3.5 Heparan sulphate proteoglycans
Heparan sulphate proteoglycans (HSPGs) are common in the extracellular matrix of
adults, and can specifically bind heparin-binding EGF-like growth factor (HB-EGF),
which is a ligand for ErbB4 in vitro. HSPGs are known to have neurite growth-promoting
activity in vitro and to regulate neural differentiation (Bartlett et al., 1998). They also
bind the Ig domain of NRG-1 proteins (Sudhalter et al., 1996).

At ES.5 and E9.5 in wild type hindbrain cryosections, HSPG is localised to basement
membranes, where intense staining is observed. Double staining of sections for both
HSPG and laminin confirmed that almost all HSPG staining is confined to basement
membranes. Weak HSPG staining is seen in certain areas o f the mesenchyme, such as just
rostral of the otic vesicle, and delineating blood vessels, but the majority of the
mesenchyme contains no HSPG. E9.5 ErbB4 -/- sections stained for HSPG appear
identical to wild type sections (figure 5.5).

5.4 SPG Conclusions

5.4.1 Sulphated proteoglycans and ErbB4
Antibody staining on both wild type and ErbB4 -/- embryos, at E8.5 to 10.5 for CSPG, C6-SPG and versican, shows that there is no obvious patterning of expression in the
mesenchyme of these proteoglycans prior to or during neural crest migration, apart from
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their exclusion from the developing ganglia. Secondly, no differences between wild type
and mutant in total expression of CSPG, expression of the chondroitin-6 subset of CSPGs,
or o f versican expression were observed. This suggests that there is no direct causal link
between proteoglycan presence and the repulsive activity that normally prevents crest
migration or axon extension into r3 mesenchyme.

The effect seen in vitro with chondroitinase on cryosections was thus likely due to the fact
that CSPGs, including versican, make up a significant proportion of the hindbrain
extracellular matrix. Chondroitinase digestion would disrupt CSPGs, and at the same time
displace a putative inhibitor bound to them.

The fact that versican expression appears consistent throughout the hindbrain
mesenchyme up to E9.5 is interesting, as in the trunk there is differential expression:
versican is completely absent from tissues invaded by neural crest cells and extending
axons (Landolt et aL, 1995). This suggests that versican may be involved in neural
patterning in the trunk but that different mechanisms apply in the hindbrain. Thus
although versican, when upregulated in Pax3 mutants, inhibits neural crest cell migration,
any inhibitory effect must be being overridden by other factors in wild type hindbrain.

Heparan sulphate proteoglycans, which have also been implicated in axon guidance, were
similarly investigated. At E8.5, no differences in HSPG distribution are seen between
wild type and ErbB4 -/-. The localisation of HSPG to the basement membrane, and the
fact that its expression is unaltered in ErbB4 null mutants, implies that HSPG is not
regulated by ErbB4 and does not prevent axons migrating into r3 mesenchyme.
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It was concluded that SPGs appear unlikely to be regulated by ErbB4 in the hindbrain,
and considered that the effects seen in cryoculture when SPGs were disrupted are
probably due to SPGs binding non-specifically to the actual inhibitory molecules.

5.5 Materials and Methods

5.5.1 Immunohistochemistry
Pregnant CBA wild type mice, or mice heterozygous for the ErbB4 null allele, were
sacrificed by cervical dislocation and the uteri placed in ice-cold PBS. Embryos were
dissected out and removed from their yolk sac and amnion. The yolk sac was used for
ErbB4 genotyping as described in chapter 2.

5.5.2 Cryosections
Embryos were cut longitudinally parallel to the hindbrain, removing the branchial arches
and heart structures. The hindbrains were then aligned on card covered in a smear of
Bright Cryo-M-Bed (TAAB), excess PBS removed, and the card lowered into liquid
nitrogen.

Once frozen, the tissue blocks were either cut immediately on a Reichert-Jung 2800
Frigocut E cryostat, or stored for up to 10 days in a humid box at -80°C.

10 pm sections were collected onto gelatine-coated slides. Slides were dried at room
temperature for 20 minutes, and then either fixed and stained immediately, or else stored
vacuum-packed at -20°C for up to 2 weeks.
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Sections were fixed in 1ml/slide 4% paraformaldehyde in a covered box for 15minutes,
rinsed in PBS, washed briefly in dHzO, again in PBS, and blocked in milksolution for 30
minutes.

Milk solution: 10% skimmed milk powder (Marvel) in PBS.

5.7.3 Polywax-embedded sections
Embryos were fixed in 4% paraformaldehyde overnight, rinsed 3x in PBS at room
temperature, then dehydrated for 20 minutes in each of the following:
30%, 50%, 70% ethanol, twice in 96% ethanol (all room temperature).

The polyester wax (BDH 36070 4E) is mainly polyethylene glycol distearate. Batches
vary - some are contaminated with alcohol, which prevents the wax hardening.
1:1 96% ethanol and recycled polywax, 30 minutes
1:2 96% ethanol and recycled polywax, 30 minutes
100% fresh polywax, 2 hours (then added to recycled beaker)
100% fresh polywax, overnight (then recycled)
Fresh polywax, 1 hour.
All wax stages are at 42°C.

Embryos were stored for up to 2 weeks in wax at 42°C before being blocked out.
Embryos younger than ElO were stained with 1% Toluidine Blue in polywax (takes up to
3 days to dissolve at 42°C) overnight and rinsed in fresh wax. Embryos were then
orientated in fresh polywax in a rubber mould and immediately frozen at -20°C for 1
hour.

Frozen blocks were mounted in a Reichert-Jung Cryocut E cryostat set at 15°C. 7 -10pm
sections were cut and collected onto drops of glycerine or distilled water on gelatine-
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subbed slides. Some sections were collected onto drops of thionin and examined in order
to orientate the sections.
Slides were dried next to a slow fan, and stored at 4°C for up to two weeks.

5.7.4 Antibody staining of fixed, blocked sections:
In preparation for antibody staining, polywax sections were fixed in ethanol and
rehydrated before blocking:
100% EtOH for 15s,
96% EtOH for 3 min,
70% EtOH for 5 min,
rinsed in dH20 followed by PBS, and then blocked in 10% milk solution for 30 min.

Primary antibodies were made up in milk solution, 200pl per slide, and the slides covered
in parafilm to reduce the volume of antibody needed per slide and prevent evaporation.
Slides were incubated overnight in humid boxes at 4°C.
Primary antibodies used:
CS-56 anti-CSPG mouse mAb, 1:500 (Sigma)
anti-C-6-SPG mouse mAb (ICN Biomedicals), 1:500 (requires pre-treatment with
chondroitinase, see below)
12C5 anti-versican mouse mAb, 1:500 (from Developmental Studies Hybridoma Bank)
anti-heparan sulphate proteoglycan rat mAh (MAB 1948, Chemicon), 1:1000
anti-laminin rabbit affinity-isolated antibody, 1:200 (Sigma)

Chondroitinase pre-treatment:
Chondroitinase ABC (Oxford Glycosciences) was diluted to 6U/ml in provided buffer and
used 60pl per slide, covered in parafilm. Slides were incubated 2h at 37°C and then rinsed
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carefully 3x in PBS. TESPA-subbed slides, rather than gelatine-coated slides, were used,
as chondroitinase digests gelatine, making the sections come loose from the slides.

After incubation with primary antibody, sections were rinsed 5x in PBS. Secondary
antibodies were used together with DAPI nuclear stain (Sigma) at 5pg/ml, in antibody
diluent (PBS + 1% bovine serum albumin + 0.05% sodium azide). 200pl was used per
slide, the slides covered in parafilm and incubated at room temperature in humid boxes in
the dark for 1 hour.

Secondary antibodies used:
Fluorolink Cy3 goat anti-mouse IgG (H+L) (Amersham), 1:300
Fluorolink Cy2 goat anti-rabbit IgG (H+L) (Amersham), 1:300
Fluorolink Cy2 goat anti-rat (Amersham), 1:300
Slides were then rinsed 5x in PBS and mounted in Glycergel (Dako).
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Hypothesis
Neuregulin
from r2 and r4 activates ErbB4 receptors ■ in r3.
These activated cells produce and secrete a repulsive or growth inhibitory
activity • which binds to proteoglycans within the adjacent mesenchyme.
Alternatively, activation of ErbB4 produces a diffusible signal in r3
which
induces the synthesis of a repulsive activity in the adjacent mesenchyme.

NEURAL
TUBE

M ESENCHYME

Pathway of migrating crest
and axon pathfinding

Pathway of migrating crest
and axon pathfinding

Figure 5.1 Hypothetical ErbB4 activity mechanism
Model showing hypothetical mechanism for ErbB4 to control axon guidance to and
neural crest migration from the hindbrain.

As ErbB4 is present in rhombomere 3, and neuregulin is present in rhombomeres 2 and 4,
it was postulated that ErbB4 would become activated at the boundaries of r3. Activated
ErbB4 would in turn affect other molecules present in the mesenchyme. These molecules
would possibly bind to chondroitin sulphate proteoglycans (CSPGs), and have a repulsive
effect on both axons and neural crest, causing crest and axons in mesenchyme outside r2
and r4 to be repelled from r3 mesenchyme.
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Figure 5.2 Chondroitin sulphate proteoglycan structure

Proteoglycans consist of two elements: a core protein and a large number of
glycosaminoglycan (GAG) side chains.

Each side chain is attached to a serine residue of the core by a linking tetrasaccharide. The
side chains consist of repeating disaccharide units. In chondroitin sulphate, the two sugar
residues are N-acetyl-6-galactosamine (GalNAc) and 5-glucuronic acid (GlcA) (shown).

Chondroitinase ABC cleaves the GalNAc - GlcA 1-4 bond, yielding disaccharides, and
exposing the epitope recognised by the anti-C-6-SPG antibody. The anti-CSPG antibody
recognises conformations requiring GAG side chains, and thus does not recognise CSPG
after chondroitinase ABC treatment {see section 5.3.2).

-
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Figure 5.3 CSPG distribution in the hindbrain

Chondroitin sulphate proteoglycan antibody staining in wild type and ErbB4 -/hindbrain.

All pictures show longitudinal sections through the hindbrain, with the rostral end to the
left, showing rhombomeres 3,4, and 5.

CSPG staining is localized to the basal laminae and rhombomere boundaries at each age
examined, and is also present throughout the mesenchyme. However, CSPG is excluded
from the condensing trigeminal and facial ganglia, as shown at E l0.5 by the gaps in
CSPG in the mesenchyme.

In ErbB4 -/- embryos, staining is similar to the wild type at E8.5, E9.5 and E10.5 (E10.5
not shown). There is no alteration in CSPG levels in mesenchyme outside rhombomere 3,
or its boundaries, as might be expected if ErbB4 were controlling CSPG expression.

When an antibody to versican (a C-6-SPG) was used, staining was identical to that
obtained with the total CSPG antibody (E8.5 shown).
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CSPG + CHase

-À

C6SPG + CHase

Figure 5.4 Specificity of C-6-SPG and CSPG antibodies

The chondroitin-6-SPG antibody is shown to be specific to C-6-SPG.

The C-6-SPG antibody recognises an epitope that is only exposed by treating C-6-SPG
with chondroitinase. To check the specificity of this antibody, the C-6-SPG antibody was
used on untreated and chondroitinase-treated cryosections. All sections are from E9.5
wild type mouse embryos from the same litter, stained simultaneously.

A. CSPG staining without chondroitinase treatment. There is strong staining o f the
rhombomere boundaries and basement laminae, and diffuse staining throughout the
neuroepithelium and mesenchyme. Background staining is low.

B. Staining was not seen with the CSPG antibody on chondroitinase-treated sections, as
expected, due to destruction of the epitope recognised.

C. No staining was observed using the C-6-SPG antibody on untreated sections,
indicating specificity of the antibody to the epitope described (see figure 5.2).

D. The C-6-SPG antibody, after chondroitinase pre-treatment, stains strongly basement
membranes and rhombomere boundaries, and also throughout the mesenchyme. This is
the same distribution as seen for the CSPG antibody.

CH-ase = chondroitinase-treated section

-1 5 0 -

e 8 wt
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Figure 5.5 HSPG staining

Heparan sulphate proteoglycans are another important constituent o f the mesenchyme,
and in the hindbrain are shown to be almost exclusively restricted to the basal lamina
surrounding the rhombomeres.

A. E8 wild type HSPG staining, almost exclusively localized to the basement laminae.

B. E9 wild type HSPG staining, chiefly localized to the basement membranes and
rhombomere boundaries, but with punctate staining in certain areas o f the mesenchyme
and surrounding blood vessels.

C. E9 ErbB4 -/- HSPG staining, again corresponding to basement membranes, although
again there are low levels of expression in the mesenchyme.

D. Laminin staining on the E9 mutant section shown with HSPG. This confirms that
HSPG is indeed localizing to basement membranes, but mesenchyme staining is slightly
different, confirming that each filter is showing different staining, and not bleed-through
from the other filter.
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