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Abstract

A recurrent and evolutionarily ancient mode of neuronal organisation juxtaposes
functionally related neurons in to so called neuronal nuclei. Neuronal nuclei are the
predominant mode of organisation of motor neurons in the vertebrate hindbrain. The
coalescence of nuclei during development, a process known as nucleogenesis, is a
crucial step in the construction of neural circuits. However, the signals and
molecules which govern nucleogenesis are currently not understood. This study
demonstrates that members of the classical (Type I1) sub family of cadherin cell-cell
adhesion molecules are differentially expressed in cranial motor nuclei of
rhombomere (r) 5 and 8 as well as the auditory nuclei of r5 in the chicken hindbrain.
The dynamic and differential expression of type Il cadherins drives the segregation
of motor neurons into spatially distinct nuclei. Normalising the type 1l cadherin
expression profile between two motor nuclei; the dorsal Facial Motor Nucleus and
Accessory Abducens Nucleus leads to nucleus desegregation, as indicated by
aberrant intermixing of neuronal populations. Refinement of the dynamic cadherin
expression in r5 is modulated by Fibroblast Growth Factors (Fgf); specifically Fgf8
which is expressed within r5 itself and mediates its action through the MAPK/ERK
signalling pathway. Both up and down regulation of this signalling pathway results in
the disruption of nucleogenesis, with associated alterations in cadherin expression.
Taken together this suggests a model whereby Fgf signalling modulates the

dynamic expression of cadherins, which in turn drives cranial nucleogenesis.
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1. Introduction

1.1 Neuronal Nuclei

In his work “Texture of the nervous system of Man and Vertebrates” Ramon y Cajal

discusses the basic principle of a nervous system:

“Teleologically the nervous system appears as an apparatus of improvement,
destined to collect a greater number of excitations from the external world, classify
and distinguish them into separate species, as well as impart greater speed, extent

and energies to the motor energies” (Cajal, 1909).

In essence the basic vertebrate nervous system consists of two major aspects; a
sensory and a motor component. The purpose of the sensory component is to
receive input from external stimuli and then process this into a network which is able

to mediate an appropriate response using the motor component.

The most basic form of such a system is found, according to Cajal, in coelenterates
(known now as the Ctenophora and Cnidaria phyla of jellies and coral organisms).
In these organisms a nervous system exists which consists purely of the sensory
neuron; “it exhibits a bipolar shape, with a thick peripheral process ending in a
cilium, and a finer central extrusion that branches to the subjacent mesoderm”. The
second aspect of this system is the motor neuron, which “adopts a stellate shape

and gives off several processes”. (Cajal, 1909)

In comparison the vertebrate nervous system is highly complex; the human nervous
system for example consists of hundreds of billions of neurons and glia. However,
broadly speaking the nervous system of humans, and indeed all vertebrate species,
retains the same basic principle as discussed by Cajal; consisting of sensory
pathways and motor pathways, which relay signals via the central nervous system
(Figure 1.1).

14



CNS Brain and Spinal cord

PNS

Sensory Pathways Motor Pathways

Autonomic (Involuntary) Somatic (Voluntary)

Figure 1.1: The nervous system can be divided in to peripheral (PNS) and central (CNS) aspects.
Sensory and Motor pathways relay signals via the CNS.

How the nervous system is able to perform this task is dependent upon the
organisation of individual neurons into precise anatomical circuits which are able to
mediate behaviour. The nervous system is divided into two parts; the peripheral
(PNS) and central (CNS) nervous systems. The CNS consists of the brain and
spinal cord each of which can be subdivided into specific regions which are
functionally related. Within the CNS there are two major forms of neuronal
organisation; the stratified layers of the cortices, for example in the cerebral or

cerebellar cortex and clusters of functionally related neurons called nuclei.

The cerebellum provides an example of both types of neuronal organisation (Figure
1.2). The cerebellar cortex consists of 3 distinct layers, which are defined by the
subtype of neuron they each contain and receives input from the motor cortex,
spinal cord, vestibular and auditory circuits. Output from the cerebellar cortex is
relayed via the three deep cerebellar nuclei, each of which contains one neuronal
subtype, to either the premotor/motor cortex or motor neurons which mediate
behavioural responses. In this way individual neurons are connected in a functional

anatomical unit, which mediates behavioural responses (Eccles, 1973).

15



*Image Removed

Figure 1.2: lllustration of neuronal organisation found in the cerebellum. Cerebellar cortex is
organised into 3 stratified layers each containing different cell types; Pc, Purkinje cell; Ge¢, Ganglion
cell; pf, parallel fibre; bc, basket cell; gr, granule cell. Output from the cerebellar cortex is relayed
via the cerebellar nuclei (cn). Figure from Eccles, 1973.

The major advantage of organising neurons in this way is that of allowing
intercellular communication and integration of multiple neuronal subtypes. Using an
example taken from Cajal it is possible to illustrate the growing need for high level
organisation in a complex nervous system. Figure 1.3 A, shows a basic nervous
system consisting only of Cutaneous sensory neurons and the muscle fibre. Each
neuron sends three projections, one to each target muscle which will mediate
movement in response to cutaneous stimuli. In the second scenario (Figure 1.3 B) a
motor neuron is introduced, this extra layer of complexity allows the organism to
integrate input from all three sensory neurons at one point before eliciting a
response. Behaviourally this is significant as it allows a greater flexibility in response
to multiple cutaneous inputs. However, this is not the most efficient conformation of
neuronal organisation as each sensory neuron must still send three projections and
each motor neuron is isolated. Concentrating motor neurons into a central ganglion,
as seen in figure 1.3, C, reduces the amount of projections each cutaneous sensory
neuron is required to make and allows communication between each of the motor
neurons directly. This acts to integrate all of the sensory inputs prior to eliciting a

behavioural response.
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*Image removed

Figure 1.3: Organisation of neurons into central nuclei is advantageous. A: A basic circuit consisting
of a single neuron innervating muscle fibres. B: Addition of a motor neuron to the system allows
greater integration of sensory input. C: Organisation of the motor neurons into a central ganglion
increases the efficiency of the system and facilitates their direct interaction. Modified after Cajal, 1909.

If we look at, for example, vertebrate spinal motor circuits it is possible to see how
this principle is maintained (Figure 1.4). Motor neurons (MNSs) within the ventral horn
of the spinal cord are organised into discrete groups which reflect their axonal
projections to the periphery (Landmesser et al.,, 1978). This can be considered in
three major divisions, firstly motor neurons are organised into distinct motor
columns which occupy stereotyped positions along the rostrocaudal axis reflecting
their common target, for example the lateral motor column, which projects axons to
target muscles in the limb is generated at the axial level of the limb itself (Romanes,
1951). Within the motor columns MNs are segregated into a medial division, which
projects axons to ventral limb muscle targets and a lateral division which projects
axons to the dorsal limb muscles. Finally within each motor column division MNs are
clustered into motor pools (Romanes, 1942), each of which extends axons towards
one specific muscle. In turn each motor pool is innervated by afferent input from the
same muscle target. Significantly, within each motor pool each of the MNs is
electrically coupled (Brenowitz et al., 1983), allowing coordinated firing in response
to sensory input. This basic circuitry provides the basis for the stretch reflex arc

within the spinal cord.
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Dorsal Root Ganglion

la sensory afferent

4

Commissural
interneurons

d i motor neuron

= Target muscle
la inhibitory neuron

Figure 1.4: The spinal reflex arc; a motor neurons are coalesced into distinct pools within the ventral
horn of the spinal cord. A circuit is constructed such that each motor pool projects to a target muscle
and receives sensory input form that muscle via the la afferent fibre. Projections are also made for
example to commissural neurons which are important in mediating locomotion and the la inhibitory
neuron which acts after a delay to inhibit motor neuron firing. These are not the only inputs to the a-
motor neurons, which also receive inputs from interneurons and the corticospinal tract (in higher
vertebrates).

Whilst much has been elucidated as to the development of cortices and, to lesser
extent spinal motor pools, little is known as to the mechanisms which drive nucleus
development in other regions of the CNS. The focus of this research is the
development of sensory and motor neuronal nuclei in the embryonic chicken

hindbrain and the molecules and signalling pathways which mediate this process.
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1.2 Development of the chicken embryonic hindbrain.

The focus of this study is the mechanisms which drive nucleus formation in terms of
coalescence and segregation; specifically the motor nuclei of r5 and r8 and the
sensory nuclei of r5. It is important therefore to understand the function, positioning,
origin and peripheral targets of these nuclei in wild type embryos.

1.2.1 Rhombomeres; transient cell lineage restriction compartments

Neuronal nuclei within the chicken hindbrain occupy spatially distinct positions along
the rostrocaudal, dorsoventral and mediolateral axes (Reviewed in Guthrie, 2007).
The correct axial positioning of neurons in this manner is, in part, defined during
early neural development. The mechanisms which impart this regional specificity
have to some extent been elucidated and we now know that the correct patterning
of the nervous system is dependent upon the development of transient structures
known as neuromeres. The development of the chicken embryo was extensively
characterised in 1951 by Hamburger and Hamilton; embryonic days are not a
suitable measure of chick development due to the rapid and inconsistent rate of
growth. Hamburger and Hamilton instead described a series of 46 chicken
embryonic development stages, which | shall refer to as HH1-46 (Hamburger and
Hamilton, 1951).

Early in development (around HH9) the neural tube begins to acquire a series of
swellings along its rostrocaudal axis which are precursory to each of the major CNS
brain regions; Prosencephalon (Forebrain), Mesencephalon (Midbrain) and
Rhombencephalon (Hindbrain). The boundaries between each division are visible
as slight furrows in the neural tube. Looking specifically at the developing
rhombencephalon, immediately following neural tube closure (HH9) there are 7
clearly distinct rhombomeres (Vaage, 1969) which persist until HH24. There is an
8" most caudal, rhombomere which is intermediate in character as it does not have
a clearly defined boundary with the developing spinal cord (Cambronero & Puelles,
2000; Lumsden, 2004).

Rhombomeres are cell lineage restriction regions, each giving rise to specific cell
types which will occupy nearby axial positions (Fraser et al., 1990; Guthrie et al.,
1991). Neurogenesis begins at HH11-12 with different neuronal subtypes found to

differentiate in spatially segregated regions within each rhombomere. The alar
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(lateral) neural plate giving rise to second order sensory interneurons and relay
neurons, whilst the basal (medial) neural plate gives rise to interneurons and motor
neurons (Reviewed in Lumsden 2004; Guthrie 2007). The specific development of
motor and sensory neurons within the hindbrain is discussed later (Introduction 1.3,
1.4).

It has been demonstrated by Fraser et al., 1990, that each rhombomere is
essentially a compartment which acts to segregate groups of cells with the similar
properties. Lineage tracing by injecting dye into single progenitors at HH11
demonstrated that the daughter cells are restricted to a single rhombomere.
However,, subsequent investigation by the same group demonstrated that later in
development around HH25, a small proportion of cells migrate to neighbouring
rhombomeres (Birgbauer & Fraser, 1994). What is the significance of the lineage
restriction provided by rhombomeres and how is it established?

1.2.2 The positional identity of rnombomeres is determined by Hox gene

expression

The development of regional patterning within the hindbrain is controlled by Hox
gene expression (Wilkinson et al.,, 1989). First identified in Drosophila
melanogaster; where they act to control regional patterning and segment identity
along the embryonic body axis (Reviewed in Lewis, 1978), Hox genes are a large
family of chromosomally clustered genes which encode helix-turn-helix transcription
factors. Hox genes are highly conserved across species and interestingly the 3’ to 5°
directionality of gene clustering on the chromosome reflects their anterior-posterior
expression patterns (McGinnis et al., 1984a, 1984b; Dressler & Gross, 1989) Unlike
Drosophila melanogaster, which has eight Hox genes organised on one
chromosome, vertebrate species have 39 separate Hox genes clustered on 4
chromosomes (Reviewed in Lemons & McGinnis, 2006). This presents the
possibility that a combinatorial Hox gene expression drives regional patterning

involving overlapping expression of Hox genes across several gene loci.

Each rhombomere is found to express a combination of Hox genes (Reviewed in
Tumpel et al., 2009), the expression of which precedes rhombomere formation and
is induced by diffusible signals in rostral and caudal hindbrain regions. In the rostral

hindbrain FGF8, which is expressed in the midbrain hindbrain boundary, establishes
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the rostral extent of Hoxa2 expression at the r1-2 boundary leaving rl as the only
rhombomere not to express any Hox genes (Irving & Mason, 2000). Whilst caudally,
Retinoic Acid (RA) expressed in the spinal cord and paraxial mesoderm induces
Hox gene expression in a dose dependant manner (Glover et al., 2006) (Figure 1.5).
The combination of Hox gene expression defines the identity of each rhombomere.
For example r4 expresses a combination of Hoxa2, Hoxb2, Hoxal and, uniquely
Hoxbl; targeted mutation of Hoxbl in mice leads to the loss of rhombomere 4
identities and adoption of a rhombomere 2 phenotype (Studer et al., 1996). This is
due to the similarity in Hox gene expression between r2 and r4, which also
expresses Hoxa2 and Hoxb2, and r4. A great deal of research relating to the role of
Hox genes in determining regional patterning has been performed based upon the
stereotyped and highly conserved pattern of cranial motor nucleus and cranial nerve

development within rhombomeres.

*Image removed

Figure 1.5: Hox gene expression boundaries in the rhombomeres are determined by the Fgf and RA
signalling. The anterior limit of activation is limited by Fgf8 from the midbrain hindbrain boundary,
whilst RA signalling induces the expression of different hos genes in a dose dependant manner.
Figure from Irving & Mason 2000.
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1.3 Cranial motor nuclei

1.3.1 Motor neuron organisation is highly conserved across vertebrate

species

Cranial motor neurons comprise three subsets each of which projects axons to
different muscle targets; Branchiomotor (BM), Visceral Motor (VM) and Somatic
Motor (SM). In the hindbrain these neurons are organised into distinct motor nuclei,
each of which may contain one or more motor neuron subtype (Lumsden et al.,
1989). These motor nuclei occupy specific, spatially segregated positions along the
rostrocaudal, dorsoventral and mediolateral axes. The positioning of motor nuclei is
highly stereotyped and conserved across vertebrate species, for example between
the mouse and chick hindbrain (Gilland & Baker, 2005. Also Figure 1.6).

BM and VM neurons extend their axons towards large common exit points in the
lateral neuroepithelium, whereas SM neurons extend their axons through small
ventral exit points (with the exception of the Trochlear SM axons which project
dorsally from the hindbrain), where they will form constituent parts of nine of the
cranial nerves. BM neurons contribute motor components to five of the cranial
nerves which innervate muscle targets in the branchial arches and tongue.
Specifically the muscles of mastication, Trigeminal (V); the muscles of facial
expression, the diagastric muscle of the jaw and the stapedius muscle of the inner
ear, Facial (VII). As well as the Glossopharyngeal (IX) nerve which innervates the
stylopharyngeus muscle and both the Vagus (X) and cranial accessory (XI) nerves,
which provide innervation to the pharyngeal and laryngeal muscle groups (Review
see Guthrie, 2007).

VM neuron axons form part of the Oculomotor (lll) and Facial (VIl) nerves,
innervating the parasympathetic ganglia of the head; the ciliary body of the inner
eye (lll) and the pterygopalatine, sphenopalatine and submandibular ganglia (V).
VM neurons also contribute axons to the Vagus (X) nerve, specifically projecting to

the thoracic viscera.

The Oculomotor (lll) nerve also contains axons of SM neurons which constitute the
oculomotor nucleus; they project their axons to the superior, inferior and medial recti
muscles as well as the levator palpebrae superioris and inferior oblique muscles.
These extraocular muscles control most eye movements except lateral motion away

from the midline, which is controlled by the lateral rectus muscle, and internal
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rotation of the eye which is provided by the superior oblique muscle. The lateral
rectus receives innervation from, and is the sole target of, the SM axons of the
Abducens (VI) nerve. Similarly the Trochlear (IV) nerve which innervates the
superior obliqgue muscle is formed entirely of axons of SM neurons. Finally, the
Hypoglossal (XII) nerve, consisting of SM axons projects to the muscles of the

tongue.

The position of many cranial motor nuclei is retained between mouse and chick
embryonic hindbrain with subtle differences in positioning of others (Figure 1.6). The
Trochlear (V) and Oculomotor (Ill) nuclei are located in rl and the caudal midbrain
respectively. The trigeminal nucleus (V) occupies r2 and 3 in chick, but extends into
rl in mice. The facial (VIl) and vestibuloacoustic (which is not a motor nucleus, but
innervates the sensory epithelia of the inner ear, Simon & Lumsden, 1993) (VIII)
nuclei are found in r4, 5 and 6 in the mouse, but only in r4 and 5 in chick. In chick
hindbrain we find the abducens (VI) nucleus in r5 and 6 with the smaller accessory
abducens restricted to r5; in mouse abducens is found only in r5. Rhombomere 6
also contains the glossopharyngeal nucleus (1X) in mouse, which extends into r7 in
chick hindbrain. In the more caudal region of the hindbrain the vagus (X) and
cranial accessory (XI) are found in r7 and 8. Finally in r8 of both mouse and chick

we find the hypoglossal nucleus (XII) (Guthrie 2007).
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*Image removed

Figure 1.6: The position of motor nuclei and ganglia in chick (left) and mouse (right) hindbrain. III,
Oculomotor; IV, Trochlear; V Trigeminal; VI, Abducens; aVl, accessory Abducens; VII; Facial; VIII,
vestibuloacoustic; 1X, glossopharyngeal; X, Vagus; XI, cranial accessory; Xll, hypoglossal. Figure
from Guthrie, 2007.

1.3.2 Hox genes regulate cranial motor nuclei differentiation and positioning

The distribution of the cranial motor nuclei can therefore help to inform the role of
Hox genes in controlling the regional patterning and neuronal specification in the
hindbrain. For example, r4 has been the focus of much study due to its unique
expression of Hoxbl. Within r4 the BM neurons of the facial nucleus (FBM)
differentiate and in mice, but not chick, subsequently migrate to r6. Following Hoxb1
mutation, as mentioned previously, r4 takes on an r2 phenotype .That is, FBM fail to
migrate and eventually are lost. The remaining motor neurons extend their axons
aberrantly to the first branchial arch as opposed to the second. Thus it appears that
the remaining MNs take on a trigeminal identity. Misexpression of Hoxbl in r2
results in, as would be predicted, trigeminal MNs adopting a FBM neuronal fate;
here MNs project their axons to the second branchial arch (Goddard et al., 1996;
Studer et al., 1996; Bell et al., 1999) (Figure 1.7).

Importantly, following Hoxb1 disruption the structural formation of the rhombomeres
is not altered, indicating that Hoxbl plays a role in specification of FBM identity

within r4. Further to this, it is known that Hoxb1 expression in the neural crest cells
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is required for correct guidance of the facial nerve in the periphery and survival of
the FBM neurons in r4. Conditional knock out of Hoxbl expression in these cells
leads to failure of the facial nerve to develop and eventual death of FBM neurons
(Arenkiel et al., 2004).

*Image removed

Figure 1.7: Following Hoxb1 double knockout in mouse hindbrain (left) Facial Motor Neurons (green)
fail to migrate caudally or across the floorplate as observed in Hoxb1™ or WT conditions. In the
Hoxb1™ Facial Motor Neurons migrate laterally in a similar manner to trigeminal motor neurons (red) in
r2. In Chick hindbrain, misexpression of Hoxb1 in r2 results in aberrant path finding of trigeminal motor
axons to the second branchial arch (Green). Figure from Lumsden, 2004.

Similarly the expression of the Hox3 genes is thought to regulate the differentiation
of SM motor neurons in r5 and 6. The Hox3 genes, Hoxa3, Hoxb3 and Hoxd3 are
expressed in r5-8 in chick, with highest expression of Hoxa3 in r5&6. Knock down of
any of these three Hox genes leads to defects in rhombomere identity, specifically
Hox3 genes act to inhibit expression of Hoxbl, thus suppressing BM neuron
development. Double knock out of Hoxa3 and Hoxb3 in r5 and 6 is sufficient to
inhibit differentiation of SM motor neurons which constitute the abducens motor

nucleus (Gaufo et al., 2003).

Hox gene expression is refined in the rhombomeres by specific upstream signalling
factors for example, the transcription factor Krox20 which is expressed in r3&5
(Wilkinson et al., 1989) and acts to initiate the transcription of Hoxa2, Hoxb2 and
EphA4. In the absence of Krox20 neuronal populations of r3&5 are found to
intermingle with those from neighbouring rhombomeres (Schneider-Maunoury et al.,
1997). In Krox20™ mice motor neurons populations are depleted (Schneider-
Maunoury et al., 1997). Similarly the upstream Hox regulator MafB is expressed in
r5&6 and regulates their development. In MafB” mice these rhombomeres fail to

develop causing loss of SM and VM nuclei in these regions (McKay et al., 1997).
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Hox genes are also thought to control MN differentiation in the dorsoventral axis of
the hindbrain from progenitor populations in the basal plate of the developing
hindbrain. The process of MN differentiation in this axis has been extensively
studied in spinal MNs which are specified in distinct progenitor domains along the
dorso ventral axis under the control of Sonic Hedgehog (Shh) secreted from the
floor plate and notochord, which in turn modulates the expression of homeodomain
transcription factors (Briscoe & Ericson, 1999; Briscoe et al., 2000). Molecularly
distinct ventral neuronal subtypes are generated in five distinct domains in the
developing spinal cord. The generation of these neuronal subtypes can be induced
in vitro by selective two to three fold increases in Shh concentration. Importantly the
position of each progenitor domain from the floorplate and the distinct neuronal
subtypes generated there can be predicted in vivo by the concentration of Shh
required for different subtype induction in vitro (Ericson et al., 1997).

Each progenitor domain can be specified by its expression of homeodomain
transcription factors under the control of the zinc finger-containing Gli transcription
factors; Stamataki et al., 2005 demonstrated that incremental changes in Gli TF
activity can mimic the action of Shh concentration changes in the neural tube
(Stamataki et al., 2005). Indeed, in Gli2” mice the floor plate is not specified
diminishing the Shh signal (Ding et al., 1998). GIi3 is thought to act as a
transcriptional repressor; in the absence of SHH Gli3 is proteolytically processed to
produce a Gli repressor, which acts to down regulate gene transcription.
Derepression of Gli3 is required to specifiy the more dorsal SHH dependant cell

types in the neural tube (Persson et al., 2002).

Thus Shh signalling is transduced into a gradient of Gli activity which acts to specify
the gene expression response in each progenitor domain. Two classes of
homeodomain TFs are expressed in ventral spinal neurons designhated as either
class I; Pax7, Dbx1, Dbx2, Irx3 and Pax6 or class II; Nkx6.1 and Nkx 2.2 (Briscoe et
al., 2000). Class | protein expression is repressed at distinct Shh threshold
concentrations, whilst Class Il proteins require Shh for induction as a result the
boundaries of expression of these proteins delineate the progenitor domain
boundaries. The paired cross repression of these transcription factors acts to define
the neuronal subtype found in each boundary and relieves the requirement for
continued SHH signalling (Jessell 2000). Spinal motor neurons originate in the
Olig2® pMN domain. Olig2 is a bHLH class transcription factor which primes
neurons to a MN state and is required for the development of motor neurons and
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oligodendrocytes sequentially (Lu et al., 2002). Within the pMN domain the
combinatorial action of Nkx 6.1, Nkx 2.2 and Irx3 lead to a restricted expression of
the homeodomain protein, MNR2. MNR2 is a specific determinant of motor neuron
identity which is expressed prior to the last mitotic division of MNs in the pMN
domain, ectopic MNR2 expression is sufficient to direct ventral neurons of

interneuron subtypes to a motor neuron fate (Tanabe et al., 1998).

Similarly in the hindbrain Shh secreted from the floor plate and notochord produces
specific populations of motor neurons in different progenitor domains (Stamataki et
al., 2005). In terms of SM, VM and BM populations, BM and VM neurons are
generated in the p3 domain, directly adjacent to the floor plate (Pattyn et al., 2003),
whereas SM neurons are generated in the more lateral pMN domain (Ericson et al.,
2003) (Figure 1.8).
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Figure 1.8: Motor neurons in the hindbrain differentiate in different progenitor domains under the
control of secreted Shh signalling from the notochord and floorplate.
1

factors which act to specify neuronal subtype. Both domains express Nkx 6.1 and
6.2, which act as repressors of interneuron fate. Loss of function of either or both
Nkx 6.1 and 6.2 leads to aberrant migration of VM and BM neurons and complete
loss of the SM neurons which constitute the abducens nucleus. The p3 domain is
also found to express Nkx 2.2 and 2.9 (Figure 1.8) which are believed to specify VM
and BM neuron fate in the spinal cord (Briscoe et al., 1999) and hindbrain

respectively; Pabst et al., (2003) demonstrated that in Nkx2.9 deficient mice there
27



are marked defects in Spinal Accessory (SA) nerve development, which appears
reduced in size, concomitant with a reduction of BM neurons which normally migrate
to the dorsolateral aspect of the hindbrain. The vagus and glossopharyngeal nerves
were also reduced in size in 50% of Nkx2.9 deficient mice indicating a role in BM
neuron development (Pabst et al.,, 2003). In the pMN domain expression of the
homeobox gene Olig2 induces the expression of MNR2, which is a key regulator of
motor neuron fate (Tanabe et al., 1998). Olig2 is crucial for the development of SM
neurons in r5 and 6; Zannino & Appel (2009) performed a morpholino knock down
of Olig2 function in r5 and 6 of zebrafish embryos which resulted in the failure of
Abducens motor nucleus to develop (Zannino & Appel., 2009).

Following these early specification events both SM and BM/VM neurons are found
to express a different repertoire of transcription factors. All cranial MNs express
Islet-1 after exiting the cell cycle (Ericson et al.,, 1992); a member of the LIM
homeobox gene family. LIM genes have been shown shown to control neuronal
identity and axon pathfinding in vertebrates; Tsuchida et al., 1994, demonstrated
that in the spinal cord, combinatorial expression of LIM genes distinguish
subclasses of motor neurons in the spinal cord which topographically extend their
axons to the periphery (Tsuchida et al, 1994; also discussed later in terms of motor
pool development and identity, Introduction 1.6.2). However, only SM neurons
express Hb9 (Arber et al.,, 1999); Hb9 is closely related to MNR2 however is
expressed only in post mitotic motor neurons and is believed to be involved in the
consolidation of MN neuron fate. In mice lacking Hb9 function, MNs develop as
normal; however will acquire the molecular identity of interneurons, whilst ectopic
expression of Hb9 or MNR2 is sufficient to induce MN identity (Arber et al., 1999;
Tanabe et al., 1998). This is useful when analysing cranial motor neuron positioning
as it allows easy identification of different motor neuron subtypes. Studies in
chapters 3.1 and 3.2 of this thesis rely upon this as a method of identifying different

motor nuclei.

1.3.3 Peripheral targets of the r5 and r8 cranial motor nuclei

Within r5 of the chicken hindbrain there is a complex of 4 major cranial motor nuclei;
abducens, accessory abducens and facial motor nucleus, which consists of dorsal
and ventral divisions. The abducens (Ab) is a SM nucleus, its axons project ventrally
from the hindbrain to the lateral rectus muscle of the eye, as a major part of the VI"
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cranial nerve. The abducens consists of two spatially separated aspects, the
abducens which is found in the medial dorsal aspect of the hindbrain and the
accessory abducens (AccAb) which is located laterally to the facial motor nucleus.
AccAb projects to the retractor bulbi muscle which controls retraction of the eye
associated with extension of the nictitating membrane (Disterhoft et al., 1985,
Labandeira-Garcia et al., 1989, Wahl et al., 1994). Positioned ventrally to the
abducens and medial of the accessory is the facial motor nucleus (FMN). The FMN
consists of two divisions (ventral and dorsal) of BM neurons, which extends their
axons towards a large dorsal hindbrain exit point. Upon exit into the periphery the

th
I

axons of the FMN form part of the VII™ cranial nerve which innervates the second

branchial arch muscles and the parasympathetic ganglia. (Jacob et al., 2000).

In rhombomere 8 there are also 4 distinct cranial motor nuclei; the
glossopharyngeal, vagus dorsal hypoglossal and ventral hypoglossal nuclei. The
hypoglossal nuclei consist of SM neurons and are divided into dorsal and ventral
aspects close to the midline (Figure 1.9), they project their axons ventrally as the
XII™ cranial nerve to the muscles of the tongue (Youngren & Philips 1983). The
glossopharyngeal nucleus consists of SM neurons which innervate the pharyngeal
muscles and salivary glands as part of the IX"™ cranial nerve. The vagus motor
nucleus, which is made up of BM neurons innervates multiple targets in the thoracic

region and the abdominal viscera (Kuratani & Tanaka, 1990).

BM and SM neurons can be distinguished by their respective expression of Hb9 and
Islet-1; Figure 1.9, showing transverse sections through rhombomeres 5 and 8 of
the chick embryonic hindbrain illustrates this expression difference and

demonstrates the positioning of the cranial motor nuclei discussed here.

29



hb9: Isl1 r5 Stage 31 hb9: Isl1 r8 Stage 29

A Dorsal Vagus
-

Accessory Abd..u‘cens DorsaI'HypogIE) S
- 2, "

. o 2 @
/# "dorsal Facial Motor

Glbssopharyngeal

'_‘.3‘5;

Ventral Hypoglossal

C D Ventricular zone
I Ventricular zone /\ 4 \
£\
Ab A

s$2dFM w o -

AccAb Yy B2 DH
“SVFM o

[I) — — VH-
V

Figure 1.9: Somatic motor and Branchiomotor neurons can be differentiated by their expression of
Hb9. Somatic MNs (yellow) express Hb9 and Isletl, whilst Branchiomotor express only Islet-1
(green). A: The motor nuclei of r5 in the chick hindbrain at HH31. B: The motor nuclei of r8 at HH29.
Scale bar 100pm. C,D: Diagrammatic representations of r5 and 8 respectively showing the bilaterally
repeated patterns of cranial nucleus organisation.
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1.4 Cranial auditory (sensory) nuclei

As well as focusing on the development of cranial motor nuclei, this study will also
seek to address potential mechanisms which may control auditory nucleus
development. Within r5 and 6 there are 3 distinct sensory nuclei; nucleus Angularis
(nA), nucleus Laminaris (nL) and nucleus Magnocellularis (nM), which constitute the
auditory hindbrain. The neurons which will constitute these nuclei originate in
spatially discrete domains from MNs, however given their close proximity to the
motor nuclei; it is likely that the development of these two neuronal populations may
be linked. The role of the auditory hindbrain nuclei is that of a second order sensory
nucleus which integrates sound input from both ears before passing signals to
higher centres. In order to investigate the development of these nuclei it is
necessary first to understand the unique structures that are found here and how
tightly controlled nucleogenesis is critical for their function.

1.4.1 Structure of the auditory hindbrain

Unlike the motor nuclei of the chick hindbrain, which coalesce into spherical like
clusters, the function of the auditory hindbrain requires an unusual anatomical
specialisation. One of the three r5 nuclei, the nL is a single cell thick lamina which
extends broadly along the rostro caudal axis of the hindbrain. This type of
lamination is unusual as it does not exist within the framework of a stratified
structure, such as the cerebral cortex, but is isolated. First described by Ramon Y
Cajal; the nucleus sits ventral to the nM and consists of approximately 750
individual neurons, each with a bipolar dendritic architecture extending dorsally and
ventrally (Cajal 1909; Parks & Rubel., 1975; Smith 1981).

Figure 1.10: Nissl staining of nucleus
Laminaris (NL) and nucleus Magnocellularis
(NM). NL is a single cell thick neuronal
structure, which sits ventral to the NM. NM
can be seen as a tight cluster of neurons
which extends for approximately half the
length of the NL. There is a visible cell sparse
region surrounding NL, which is occupied by
the bipolar dendrites of NL neurons. Image
from Rubel et al., 1985.

*Image removed
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The nM forms a bilateral circuit with nL which facilitates processing of Interaural
Time Differences (ITD’s); the time difference between sound reaching one ear
compared to the other. This, in the case of the chicken, is approximately 0-180us
(Overholt et al., 1992; Hyson, 2005) By calculating the ITD a bird can establish from
which direction a sound originated and can accurately distinguish between sound
sources separated by less than 1-2° along the horizontal plane (Review see Hyson
2005) . It is this nL-nM complex which will provide the model for nucleogenesis
which will be investigated in chapters 3.3 and 3.4.
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Figure 1.11: Schematic showing the organisation of avian auditory hindbrain circuitry. The VIith
cranial nerve projects to both the nM and nL. The nM then projects in turn to both contralateral and
ipsilateral nL (indicated by red/blue dotted lines). In this manner a bilateral circuit is established
enabling the processing of ITD’s.

Sound waves impinging on the tympanic membrane of the middle ear cause
frequency specific oscillation of the columella bone. This in turn vibrates the oval
window of the fluid filled cochlea; movement of this fluid induces wave like
movement along the basilar papilla membrane. Each region of the basilar papilla
responds maximally to oscillations at specific frequencies. Movement of the
membrane is registered by the specialised ‘hair cells’ within the basilla papilla which
convert mechanical stimulation by the tectorial membrane of their apical stereocilia

or ‘hair bundles’ into a change in electrical potential within the cell. This change in
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membrane potential leads to action potential generation in the spiral ganglion cells
which project their axons to the nM within the hindbrain as the VIII"™ cranial nerve.
The axonal projections of nM extend bilaterally to both ipsilateral and contralateral
nL. Ipsilateral nM-nL connections are found exclusively on dorsal nL dendrites,
whilst contralateral nM axons synapse with ventral nL dendrites (Young & Rubel,
1983). In this manner auditory information from either ear is spatially segregated
onto dorsal or ventral dendrites of nL neurons (Figure 1.11).

Ipsilateral action potential nM input occurs simultaneously across the entire nL,
whist contralateral input occurs sequentially across the laminar moving medially to
laterally. It is traditionally held the contralateral input is delayed by a series of ‘delay
lines’ established by very fine control of axonal growth and targeting (Jeffress, 1948;
Gorlich, 2010). The time taken for action potentials to travel across the array of
delay lines will at one point offset the ITD. When simultaneous input from both
ipsilateral and contralateral nM occurs, this increases the probability of action
potentials being produced by the nL neuron. In this manner, nL neurons are said to

act as ‘coincidence detectors’ (Figure 1.12).

Figure 1.12: nL neurons act as coincidence
detectors, representing a place map relating
to the origin of a sound source in the
horizontal plane. Ipsilateral input occurs

1 simultaneously across the entire nL, whilst
_‘ . B contralateral input travels along a series of

—-( »

-~ - delay lines. At one point the time taken for a
/ \ sound to travel from one ear to the other
/ Delay Lines \ (the ITD) is offset by the time taken for
| <FFEFses | \ action potentials to reach a certain point on
|I wiie | | the nL and coincident input occurs. For
\ U ."III example, a sound originating at point A will

A v cause coincident input at point A in the
\ i / medial nL. Where as a sound originating at
- point B will cause coincident input at point B

on the nL. This model was first proposed by
Jeffress (1948).

Thus across the medial to lateral extent of nL there exists an ITD axis, which

corresponds to a place map; each neuron can be said to fire maximally when a
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sound originates at a specific angle from the midline (Overholt, 1992). The nL can
also be divided into three broad regions which are specialised to process input from
different characteristic frequency (CF) ranges; High 2.5-3.3KHz, Middle 1-2.5KHz
and low 0.4-1KHz (Smith & Rubel., 1979; Smith, 1981) (Figure 1.13). Across the
frequency axis of nL there exists a gradient in the length of dendritic projections,
high CF cells have short highly branched dendrites in comparison to middle and low
frequency CF neurons, which have longer relatively unbranched dendrites. The
anatomical specialisations of nL neurons have been shown to be important in
enhancing the acuity of ITD detection (Agmon-Snir et al., 1998; Grau-Serrat, 2003)
across the entire frequency range (Figure 1.12).

Figure 1.13: The nL is tonotopically
organised such that neurons which receive
input at high, middle or low frequencies are
found in different regions along the
rostromedial to dorsolateral axis. In the
chick, the audible frequency range of 0.4 to
3.3 KHz is represented here.
Specialisations of nL neurons include the
differing length of the bipolar dendrites.
lllustrated here, high frequency neurons
have highly branched, relatively short
dendrites, whilst low frequency neurons
exhibit long sparsely branched dendrites.
This is a graded change, such that the
change occurs gradually across the array,
not in a few spatially distinct populations.

Another anatomical specialisation of nL neurons is found to be when looking at the
site of action potential initiation (the Axon initial Segment, AIS) along the tonotopic
axis. The proximal aspect of neuronal axons is found to be myelinated, but only for
neurons in the middle and high CF regions of nL, this myelination is absent on low
CF neurons (Kuba et al., 2006) suggesting an adaptation for processing higher
frequency sounds. Indeed Kuba et al., 2006 demonstrated that in nL neurons there
are clusters of the sodium channel Nav1.6 along the axon but it is largely absent
from the soma. Structurally these clusters are found at increasing distance from the
soma as CF increases, and vary in length. In low CF neurons the AIS is
approximately 25um in length and located 5um from the soma, in high CF neurons

the AIS is approximately 10um in length and located up to 50um from the soma.
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High CF neurons receive multiple high frequency inputs onto dendritic sites located
close to the soma. Modelling this scenario, Kuba demonstrated that these inputs
temporally summate and cause a plateau depolarisation of the soma. This
depolarisation inactivates sodium channels and acts to inhibit action potential
generation. By increasingly isolating the site of action potential initiation from the

soma with increasing CF, nL neurons bypass this problem.

Physiologically nL is adapted to enable accurate coincidence detection. This is
mediated by two main strategies; a rapid Excitatory Postsynaptic potential (EPSP)
time course combined with an active inhibitory input. Neurons in nL are found to
express fast activating AMPA receptors (Ravindranathan et al., 2000; Kuba et al.,
2002) which act to accelerate EPSP time course. These neurons also have a very
low input resistance due to an activated potassium current at rest. This effect is a
result of the expression of a low voltage-activated Potassium channel, Kv1.2, which
is abundant in nL and is upregulated immediately prior to hatching (Kuba et al.,
2005). A rapid EPSP time course significantly reduces the possibility of temporal
summation, whereby the depolarisation of the membrane is of sufficient amplitude
that subsequent depolarising input occurs whilst the membrane is still depolarised.
Under high frequency stimulation this results in summation of the two inputs,
pushing the membrane closer to the depolarisation threshold required to initiate
action potential generation. Temporal summation can therefore lead to aberrant
action potential generation which inputs to nL neurons are not coincident, but
sufficiently close to one another to reach the depolarisation threshold. As a result of
the rapid EPSP time course the possibility of temporal summation is significantly
reduced, preventing accidental action potential generation and thus improving the
acuity of coincidence detection. The entire nL also receives a broad inhibitory input
across the entire frequency range from the ipsilateral Superior Olivary Nucleus
(SON) (Burger et al., 2005) mediated by GABA, receptors this inhibitory pathway

acts as a gain control, inhibiting non specific nL neuronal firing. (Lu et al., 2009)
1.4.2 Development of the auditory hindbrain

The motor neurons of the chick embryonic hindbrain originate in distinct domains
adjacent to the floor plate under the control of Gli transcription factors which act to
suppress interneuron cell fate. The exact mechanisms which control sensory neuron
differentiation in the hindbrain are not currently known, however, experiments using

chick-quail chimeras have shown that the neurons which constitute the nL and nM
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originate in the alar plate of the hindbrain, in a region lateral to that of motor neuron
development (Tan & La Douarin, 1991). The neurons which will constitute nL
differentiate at around embryonic day (E) 3.5-4 (HH21-23), those neurons which
constitute nM differentiate slightly earlier around E2.5-3 (HH17-20) .The two
neuronal populations are spatially distinct and are found initially to be spread across
several rhombomeres; nL neurons are found in R5 and 6, whilst nM neurons are
located in R5,6 and 7. This suggests that these neurons are specified prior to
migration and is indicative of an earlier lineage link (Cramer et al 2000).

Both populations share a common migratory route, moving towards the dorsal
aspect of the hindbrain to coalesce in an area known as the Auditory Anlage (AA)
(Book & Morest, 1990) by E5-6 (HH28-29). This is the first recognisable
manifestation of the auditory hindbrain and is characterised as a ball of neurons
surrounded by a cell sparse region. The development of the nL-nM bilateral circuit
begins as nM neurons extend their contralateral projections to the ventral aspect of
nL, this occurs at E6 and, importantly, prior to nM innervation by cochlea nerve
afferents (Hendricks et al., 2006; Molea et al., 2003) (Figure 1.14); suggesting that
the preliminary organisation of the circuit is not activity dependent. This is supported
by lineage tracing which indicates that in the tonotopically organised nM, neurons
originating in R5 will contribute to the higher end of the frequency axis whilst those
originating in R7 will contribute to lower end (Cramer et al.,2000)

Subsequently from HH29-34, there is a period of growth in the hindbrain which
leads to a medial displacement of the AA. Throughout this period the AA begins to
segregate into distinct nM and nL populations; a process which is completed by
HH35 (Figure 1.14). At HH35 nL-nM synapses begin to form (Hendricks et al., 2006)
and the dendritic trees of nL neurons across the frequency axis begin alteration
towards their adult morphologies (Smith 1981). The mapping of nM input on to nL is
potentially controlled by Eph protein expression (Cramer et al., 2002); at HH36 there
is an expression gradient of EphA4 which is highest on the dorsal neuropil of the
rostral nL neurons and lowest on the dorsal neuropil of the caudal nL neurons
(Person et al., 2004). Synapses from nM-nL are functional at approximately HH37,
and chicks are responsive to sound in ovo at HH38, after which the graded
expression of EphA4 is lost; indicating that this mapping is not initially dependent

upon sensory stimulation.
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The nL neurons do not achieve their mature architecture until Post hatch day 25
(Saunders et al., 1973). Following segregation, nL appears as a long thick group of
cells, ventral to nM. This conformation is altered gradually as the nL appears to ‘thin’
into a single cell thick sheet of neurons by approximately HH40. Developmentally
this process appears to occur first in rostral nL and occurs slightly later in caudal
regions (Smith, 2011).1t is possible therefore to consider the development of nL in
two distinct stages, the first from HH17 to HH40 is a period of intense neuronal
migration and organisation which occurs largely in the absence of sound cues. The
second from HH41 onwards is a period of late development where auditory function
is specialised and refined, a process which is likely driven by auditory input (Review
see Gao & Lu., 2008).

To summarise, nuclei occupy specific spatially discrete positions within the
hindbrain and are crucial to the formation of functioning neuronal circuits. In the
specific case of the nL, the structure of the nucleus itself is also critical to its function
in sound source localisation. Paositioning of neuronal nuclei appears to be closely
linked to regional patterning in both the rostrocaudal and dorsoventral axes of the
developing hindbrain. However,, the mechanisms which drive coalescence and
organisation of these neuronal nuclei in the hindbrain are yet to be elucidated. The
question therefore is how are these cells which are functionally related able to

identify and adhere to each other, forming distinct neuronal nuclei?
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1.5 Cell adhesion

The development of any multicellular organism requires dynamic and properly
regulated intercellular adhesion. Adhesion between cells provides a physical anchor
which maintains structural integrity across tissues and facilitates intercellular
communication. In the vertebrate nervous system we now know that adhesion
between neurons is mediated by several families of cell surface adhesion proteins,
the expression of which are highly temporally and spatially controlled throughout
development (For reviews see Shapiro et al, 2007. Cavey & Lecuit, 2009).
However,, the principle that cells are held together by an intercellular substance has

been a topic of interest for over a century.

Early studies on cellular cohesion, for example by H. V. Wilson in 1907,
demonstrated that cells from living tissues are able to coalesce with one another
following dissociation. Wilson took dissociated cells from living sea sponges and
found that they would form aggregates similar in structure and identity to the parent
sponge when incubated in sea water (Wilson, 1907); thus demonstrating an
inherent ability, and preference, of individual cells to adhere to one another forming
organised structures. In vertebrate species observations by Schiefferdecker (1886)
indicated that cells which constitute the tissues of vertebrate species were also held
together; demonstrated by the separation of dermal layers from pancreatic extracts
(Reviewed by Steinberg, 1996). It was proposed by J. Gray (1926) that this binding
of cells was mediated by “intercellular cement” “The stability of the epithelium
depends upon the presence of this intercellular complex, since if it be removed
adjacent cells separate easily from their neighbours” (Gray, 1926). Working with
Mytilus (a genus of saltwater mussels) Gray demonstrated that cells taken from the
gill epithelia were prone to dispersal, which could be accelerated by altering the ion
content of water (Figure 1.15) (calcium was identified as a potential factor in cell
adhesion as early as 1900 by Herbst) (Gray, 1926).

This concept of a binding intracellular substance was maintained through
subsequent studies on vertebrate tissues. Moscona & Moscona (1952) investigated
the ability of chick limb bud cells to reconstitute in vitro following complete or partial
disintegration; finding that these structures were able to reorganise in a manner
reflective of normal development when cultured as mixed aggregates. Isolated

populations of myogenic cells were unable to develop in this manner, leading to the
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conclusion that this “might also have been due to an impairment of their capacity to
secrete in vitro the normal combination of intercellular materials” (Moscona &
Moscona, 1952).

*Image removed

Figure 1.15: The degree of cell dispersal from a cohesive tissue in water is increased by reducing
calcium concentrations. Figure from Gray, 1926.

Moscona (1960) identified what he believed to be the intercellular substance using
crude pancreatic preparations and suggested that this substance “combining the
functions of a cell bonding framework and an information network” was crucial to
theories of developmental biology. However, this substance was later identified to
be DNA which had escaped damaged cells (Moscona, 1960. Steinberg, 1996).

In principle however, this theory of the role of an extracellular substance is true; it is
now accepted that proteins on the surface of cells are crucial for cell adhesion, but
also perform an instructional role in terms of cell recognition and circuit
development. Both of these studies discussed used different methods to dissociate
cells; protease treatment (trypsin) or alterations in ionic concentration. Several
mechanisms of action for calcium mediated cell adhesion were proposed following
the work of Gray (1926), for example Schmitt (1941) who proposed that the Ca**
may act to reduce the negative charge between cell surfaces allowing contact,
leading Steinberg et al., to investigate the effect of Ca®* removal versus protease

treatment in cell dissociation (Steinberg et al., 1973).

Steinberg et al., found that when dissociated by removal of Ca** and Mg* ions,
retinal cells would form aggregates immediately when resuspended in culture
medium. Conversely, those cells treated with trypsin required a lag period before
aggregation would begin following resuspension. Steinberg et al., concluded that
trypsinisation “alters the composition of the cell surface” and that the lag time was a

consequence of the cells requirement to replace lost or damaged cell surface
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components (Steinberg et al., 1973). Interestingly, in the presence of small
concentrations of Ca®" during trypsinisation, cells were able to aggregate

immediately following resuspension, without a delay period.

This observation was crucially repeated by Takeichi (1977) who described two
distinct mechanisms of cell adhesion; Ca*" dependent system (termed CADS) and
Ca®* independent system (termed CIDS). The Ca®-dependent mechanism is
sensitive to trypsin, but can be protected by addition of Ca** from proteolysis.
Experimenting with different concentrations of Ca** and trypsin, Takeichi
demonstrated that treatment with high concentrations of trypsin in the absence of
Ca?* disables both mechanisms, leaving cells unable to adhere to one another. Low
concentrations of trypsin were sufficient to disable Ca?* dependent adhesion, but not
Ca?*-independent adhesion. Addition of Ca* to the trypsin medium is sufficient to
protect the CADS alone (Takeichi et al., 1977). It was discovered further to this that
cells treated with trypsin and Ca?* were found to express a cell surface protein of

approximately 150000MW, which was absent from cells treated with trypsin alone.

Subsequent study focussed, naturally, upon identifying the proteins which mediated
these types of cellular adhesion. Utilising the trypsin and Ca* combination system it
was possible to isolate the cell surface protein which was mediating CADS
adhesion. Takeichi (1981) and Yoshida & Takeichi used Fab preparations of
antibodies raised in rabbit against teratocarcinoma (F9) cells to achieve this. Firstly
demonstrating that these Fab fragments were able to inhibit aggregation of T9 cells
(Takeichi, 1981) following combined trypsin and Ca®* treatment, thus targeting
CADS specifically. This inhibitory effect was neutralised using extracts from cells
which had been treated only with trypsin; thus removing the cell surface protein,
which acts to sequester the anti-F9 fragments in vitro. Fractionation of this
supernatant revealed the presence of a 34K molecule which was bound to the
antibody. Subsequent analysis revealed that a 124K protein isolated from trypsin
and Ca”" treated cells shared this fragment. It was this protein which mediated
calcium dependent cell adhesion; Yoshida & Takeichi termed this molecule

‘cadherin’.
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1.6 Cadherins

Following the identification of the teratocarcinoma cadherin it was demonstrated that
this cadherin was found in epithelial cells (Oguo et al., 1983) leading to re-
classification as E-cadherin. Other cell types which did not express E-cadherin were
also demonstrated to be subject to calcium dependent cell adhesion, but did not
express E-cadherin specifically. Instead it was revealed that different tissues
expressed cadherins which were similar to E-cadherin in molecular weight and
protease cleavage activity (Reviewed in Takeichi, 1988), for example N-cadherin
(neural cadherin) which was isolated in early embryonic mouse tissues and
expressed differentially to E-cadherin, marking boundaries between distinct cellular
layers (Hatta et al., 1986).

Since this initial discovery the cadherin family of cell adhesion molecules has grown
to include over 100 individual identified cadherins, which are classified into several
subfamilies dependent upon their structure; classical cadherins, desmosomal
cadherins, protocadherins, Flamingos/CELSRS and FAT cadherins. (For reviews
see Shapiro et al., 2007; Suzuki & Takeichi, 2008; and Nollet, Kools & van Roy,
2000). The classical cadherins and desmosomal cadherins are well defined as
adhesion molecules, whilst the other subfamilies often have differing roles in
vertebrate development. As such the classical cadherins represent a good

candidate to drive neuronal coalescence in these regions.

In vertebrates the classical cadherins are single pass transmembrane proteins that
can be subdivided into two groups; Type | or two. Type I/ll cadherins possess five
repeated 110 amino acid extracellular cadherin (EC 1-5) domains, whilst atypical
cadherins have a variable number of EC domains (Tanabe et al., 2004). Each
domain contains three calcium binding points; calcium binding to these domains
causes the extracellular region to rigidify and is essential for cadherin-based cell
adhesion (Nagar et al., 1996).

The EC1 domain is the N-terminus of the protein and contains the region which
determines the specificity of cadherin binding although each of the domains is
potentially involved in the process of dimerisation (Tsuiji et al., 2007). Both cis and
trans dimerisation of cadherins is known to occur, and this is thought to be important
for the cell adhesive function of the cadherins. Stabilised cadherins project out from
the cell membrane surface and interdigitate with those projected on the opposite cell
membrane surface, in what has been described as the ‘adhesion zipper’ (Shapiro et
42



al., 1994). The alignment of these bound cadherins at the cell surface reflects that of
the intracellular actin filaments to which the cadherins associate. These intracellular
filaments are stabilised and facilitate the formation of strong adhesive contacts
between cells (For review see Pokutta & Weis, 2007). Binding is preferentially
homophilic between identical cadherins on the surface of opposed cells, this
differential binding is shown to mediate cell sorting both in vitro and in vivo
(Introduction 1.6.1). However, studies have demonstrated that classic cadherins are
able to bind heterophilically (Shi et al., 2008).

Cadherins have a highly conserved intracellular region, which has two separate
catenin binding domains; the juxtamembrane domain binds p-120 catenin whilst the
catenin binding domain can bind either y or § catenin (Nollet et al., 2000). It is
through this catenin binding domain that cadherins are able to mediate intercellular
adhesion; cadherins bind to y or 8 catenin which in turn is able to bind cytoplasmic a
catenin, subsequently a catenin is coupled to F-actin of the cytoskeleton via an
intermediate factor known as EPLIN (epithelial protein lost in neoplasm). This
cadherin-catenin-EPLIN-actin complex forms the adherens junction which is the
basis of intercellular adhesion. It has been demonstrated that in the absence of
either a catenin or EPLIN this complex is unable to form and cadherin-mediated
intercellular adhesion is inhibited (Abe & Takechi 2008).

y/B catenin
. EELIN

'\ catenin
Cell Membrane f._.

-oa

Intercellular Space

F-Actin

Cell Membrane

Figure 1.16: Schematic illustrating classical (Type I/Il) cadherin structure. Consisting of 5 EC
domains, the intracellular aspect of the protein binds y or 8 catenin which in turn is able to bind to a
catenin. This complex binds to the actin cytoskeleton via the intermediary EPLIN, mediating the
structural basis of the adherens junction based cell adhesion.
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Following the initial discovery of classic cadherins, attention focussed on a possible
role for cadherins in morphogenesis. Several studies identified that the expression
of different cadherin subtypes was both regionally specific and dynamic as
development occurred. Describing this phenomenon, Takeichi (1988) summarises,
“when a population of cells is to be separated from a parent layer, those acquire a
new type of cadherin and/or lose the originally expressed cadherin type”. This
analysis was based on a few examples of cadherin expression in the developing
embryo, for example prior to gastrulation the chick epiblast expresses L-CAM (the
chick homologue of E-cadherin), as gastrulation proceeds the cells which separate
from the epiblast to form the mesoderm begin to express N-cadherin and
simultaneously down regulate L-CAM expression. Following neural induction the
cells of the neural plate also express N cadherin during and after separation from
the surrounding ectoderm in the formation of the neural tube, whilst the ectoderm
itself maintains L-CAM expression (Hatta et al., 1987).

Thus cadherins appear to mediate the organisation of cells into distinct epithelia
during early embryogenesis. How do cadherins mediate this action? Nagafuchi
(1987) investigated the adhesive properties of cadherins, by transfecting mouse
fibroblast (L-cells) which have little endogenous cadherin activity, with E cadherin
coupled to a virus promoter sequence. It was observed that following transfection
these cells acquired a Ca®* dependent aggregating activity and were
morphologically altered to reflect an epithelial phenotype, indicating that epithelial
adhesion could be a result of Ca?* mediated cadherin adhesion (Nagafuchi et al.,
1987).Significantly the level of cadherin expression determines the extent of
adhesion in these cells; cells expressing a high level of cadherin will aggregate with
those expressing similarly high levels even if all of the cells are expressing the same

cadherin.

Subsequently, Nose (1988) sought to investigate the nature of binding specificity of
the cadherins, reasoning that differential expression of cadherins in early
embryogenesis is linked with organisation of different epithelial layers. This study
demonstrated that cells expressing different classic cadherins in vitro will aggregate
separately, providing the first direct evidence that differential cadherin expression
can sort mixed cell populations into homogenous aggregates (Nose et al., 1988).
Recently, Katsamba et al (2009) demonstrated that cells expressing different
cadherins of the same type will form mixed aggregates of groups of cells, using in
vitro assays of CHO cells expressing either N or E cadherin (Type I). These cells in
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turn formed separate aggregates when incubated with cells expressing the type I
cadherin, 6b, indicating a preferential binding specificity with cadherins of the same
class. Type Il cadherins appear to show no specific binding specificity in vitro, but
have been demonstrated to drive cell sorting in vivo (Katsamba et al., 2009, Price et
al., 2002). This binding specificity was demonstrated to be mediated by the EC1
domain in the classical cadherins. Using chimeric cDNA constructs of E and P
cadherin, Nose et al., (1990) demonstrated that swapping the EC1 domain of P
cadherin with that of E cadherin alters the binding specificity. Cells expressing the
chimeric cadherin formed aggregates with cells expressing wild type E cadherin
(Nose et al.,, 1990). Thus providing evidence, in vitro, that differential cadherin
expression can drive cell sorting and aggregation that is required for morphogenesis
of tissues.

1.6.1 Cadherins in CNS tissue patterning

The restricted and differential expression profiles of cadherins in the CNS combined
with their binding specificity in cell adhesion led to the idea that cadherins potentially
play a role in the development of specific brain regions and functional neuronal
circuits. | have briefly discussed the expression of N cadherin in the developing
neural plate; the differential expression of N cadherin in this region is crucial for the
tissue separation from the adjacent ectoderm (Hatta et al., 1986). Such examples of
spatially restricted cadherin expression are common in early neural development
(Reviewed in Redies. 2000), for example in the neuromeres of the CNS cadherin 6
is transiently expressed in rhombomere 6 of the mouse embryonic hindbrain,
delineating it from the adjacent rhombomeres. Cadherin 6 positive cells from
rhombomere 6 are found to form homogenous aggregates when dissociated and
cultured in a calcium-rich environment whilst altering the Hox gene expression in r6
leads to rostral shift in cadherin 6 expression associated with altered rhombomeric
identity. Exogenously transplanted cadherin 6 positive cells will sort to r6
preferentially, whilst cells expressing a different cadherin will not (Inoue, YH et al.,
1997, Inoue, T et al., 2009). Thus cadherin 6 appears to play a crucial role in the

compartmentalisation of the developing neural tube.

Further to this, Kimura et al., (1996) investigated the expression patterns of
cadherin 11 in the developing mouse CNS, finding that cadherin 11 delineates
several different boundaries and compartments, including expression in several

central neuronal nuclei. Importantly Kimura et al., noted that cadherin 11 was
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expressed in both the developing nuclei and cortical plate of the cerebellum,
reasoning that the associated expression of cadherin 11 may be important in
functional circuit development (Kimura et al., 1996). In fact, the restricted expression
of cadherins and their relation to the compartmentalisation of functional circuits has
been extensively studied in the developing cerebellum (Reviewed in Redies et al.,
2010).

As discussed the cerebellum exhibits two modes of neuronal organisation; the
stratified laminae of the cerebellar cortex and the deep cerebellar nuclei. The
neurons which constitute the cerebellar cortex are classified into granular, stellate,
basket, golgi and Purkinje cells. These cells are organised into three distinct layers;
the outermost molecular layer, the middle Purkinje cell layer and the granular layer.
Each of the surface regions of the cerebellar cortex is compartmentalised,
representing a specific part of the body, within each compartment the climbing fibre
input from the inferior olivary nucleus innervate a specific group of Purkinje cells. In
turn the Purkinje cells of the cerebellar cortex project to the deep cerebellar nuclei in
a topographic manner.

This highly stereotyped topography of projections is thought, in part, to be mediated
by cadherin expression. Throughout cerebellar development cadherins are
expressed in Purkinje cell clusters representing the parasagittal domains. For
example Arndt & Redies (1996) investigated the expression of the classical
cadherins 6b and 7 in the developing cerebellum, finding that both cadherins are
expressed in different transverse domains in early development (HH29) which
partially overlap. As development proceeds the expression patterns of each
cadherin are altered, appearing as patches along the rostrocaudal axis into distinct
parasaggital stripes (HH35). This expression pattern was attributed to differential
cadherin expression in the Purkinje cells of each separate compartment. Further
analysis of cadherin expression in chicken cerebellum has revealed that at least five
other classic cadherins and five members of the protocadherin subfamily are
expressed in parasagittal domains, appearing to suggest an adhesive code for

Purkinje cell compartments in the cerebellar cortex.
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In order to assess the role of cadherin expression in cerebellum development, Luo
et al., (2003) overexpressed cadherin 6b or 7 in the Purkinje cell progenitors, finding
that misexpression led to Purkinje cells invading a cortical territory which expresses
that specific cadherin endogenously. The mechanism of this action is proposed to
be one of altering the migratory path of Purkinje cells from the ventricular zone.
During development radial glia, found in the ventricular zone, give rise to and
provide a migratory scaffold for Purkinje cells (Zhang et al., 2010). Luo et al.,
(2003) found that after the initial migratory step from the ventricular zone to the
mantle layer, cadherin 7-positive Purkinje cells would orientate themselves along a
nurite fibre tract which expressed cadherin 7. These fascicles led migrating cells to
cortical regions expressing cadherin 7 endogenously. A model is suggested such
that cadherins guide tangential migration of Purkinje cells to discrete regions of the
cerebellar cortex along neurites that express the same cadherin.

In terms of functional connectivity, as noted by Kimura et al., (1996), specific
regions of the cerebellar cortex which are connected to the deep cerebellar nuclei
are also found to express specific cadherins. Neudert & Redies (2008) examined
the functional connectivity of specific Purkinje cell domains, demonstrating that
protocadherin 10 positive cortical domains are connected to regions of the deep
nuclei which also express protocadherin 10. This data indicates that cadherins,
potentially, have a role in cerebellar circuit formation and topographic mapping.

1.6.2 Cadherins in spinal motor pool formation

Cadherins appear therefore to play a role in patterning of the CNS throughout
development, by mediating cell sorting and compartmentalisation of functionally
related groups of neurons as shown by examples in early neural epithelia formation
and the functional mapping of the cerebellar cortex. In terms of the role of cadherins
in CNS nucleus development, one model system which has been investigated is

that of motor neuron pool formation in the spinal cord.

Motor neurons in the ventral horn of the spinal cord are spatially segregated into
distinct groups, the hierarchy of which was briefly discussed earlier (Introduction
1.1). Firstly motor columns which extend longitudinally along the spinal cord and
can be divided into several groups; the lateral motor column (LMC) which is found

only at the level of, and innervates, the limb mesenchyme and the median motor
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column (MMC) part of which extends throughout all rostrocaudal levels (MMCm)
and a second division which is found only at thoracic levels (MMCI). The
establishment of motor columnar identity at the correct axial level is controlled by
Hox gene expression and is critical for the topographic mapping of motor neurons to
correct muscle targets. Specification of MN columnar identity is dependent upon
sequential phases of Hox expression in both progenitors and post mitotic MNs;
Dasen et al., 2003, demonstrated that initially the positional identity of progenitor
domains along the rostrocaudal axis is reflected in by Hoxc9 expression.
Progenitors at thoracic levels express Hoxc9 under control of Fgf whilst the brachial
progenitor domain lacks Hoxc9 expression. Absence of Hoxc9 expression in
brachial progenitors permits the expression of Hoxc6 proteins in post mitotic
brachial MNs which will eventually form the LMC. At the thoracic level, Hoxc9
proteins are continued to be expressed and act in a cross repressive manner with
Hoxc6 to specify the distinct identities and boundaries between the LMC and

Column of Terni (CT) neurons (Dasen et al., 2003).

The motor columns can be differentiated by their LIM homeodomain transcription
factor expression. Initially it was demonstrated that the combination of Islet-1, Islet-
2, Lim-1 and Lim-3 identifies specific motor columns. These genes are temporally
expressed in early post mitotic neurons, for example all MNs express Islet-1 initially,
but this lost in the LMCI by HH25 in chick. LMCI is found to express Islet-2 and Lim-
1, whilst MMCm expresses Islet-1, Islet-2 and Lim3 (Tsuchida et al., 1994).
Specifically it has been shown that expression of Lhx3 and Lhx4 is a determinant of
MMC motor neuron fate; misexpression of Lhx3 is sufficient to alter the fate of LMC
neurons to MMC like identity, with an accompanying change in axonal trajectory
(Sharma et al., 1998).

Subsequently the motor columns can be divided into medial and lateral divisions
based upon their axonal projection targets. For example the LMCI MNs project
axons to the dorsal limb muscles, whereas the LMCm projects axons to the ventral

limb muscles (Landmesser, 1978).

The organisation of the motor columns is dependent upon Hox gene expression and
extrinsic signals from the paraxial mesoderm. For example Retinoic acid (RA),
which is synthesised by the enzyme Retinaldehyde dehydrogenase 2 (RALDHZ2) is
initially expressed at all levels in the paraxial mesoderm and is required for multiple

steps in the process of spinal motor neuron organisation. RA signalling is important
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in the specification of LMC motor neuron identity in the spinal cord, acting initially in
combination with Shh to induce Olig2 expression in the pMN domain which in turn
mediates the expression of motor neuron specific proteins such as Hb9 and Isletl1/2.
Later in development, RALDH2 is expressed in post mitotic LMC neurons
themselves. The MNs of the LMCm differentiate earlier in development than those
of the LMCI, thus requiring LMCI neurons to migrate through the LMCm to reach
their final position. Sockanathan & Jessell (1998) demonstrated that the early born
LMC neurons express RALDH2 and are able to induce the expression in a non cell
autonomous manner of the LMCI specific marker Lim-1 (Sockanathan & Jessell.
1998).

This selective expression of LIM homeodomain proteins determines the settling
position of cell bodies in the motor column and the topographic axonal guidance of
MN afferents to the limb; motor neuron settling position is sensitive to Islet-1
expression which promotes a medial settling position. Lim-1 misexpression is
sufficient also to alter the axonal trajectory of medial LMC neurons from ventral to
dorsal mesenchyme, whilst loss of Lim-1 function results in random targeting of
LMC axons. This action is mediated through the control of downstream EphA
receptors; EphA4 is expressed in LMCI neurons and its cognate ephrin A protein is
expressed in the ventral limb mesenchyme. Islet-1 expression reduces whilst Lim-1
expression increases EphA4 expression in LMC neurons. Interestingly the aberrant
expression of EphA4 does not alter the central segregation of motor neuron pools,
indicating that the Eph-ephrin signalling pathway does not participate in this process
(Kania & Jessell, 2003). Whilst it has also been shown that multiple pathways of
Eph-ephrin signalling as well as the Semaphorin family of cell adhesion molecules

also participate in this process (Reviewed by Kao et al., 2012; also see discussion).

Following specification of motor columnar and division organisation the next order of
complexity is the formation of the specific motor pools. The motor neurons in each
motor pool extend their axons to a specific muscle target and receive input from
sensory afferents of the same muscle. Sensory afferent input can be mediated via
interneurons or in some cases can be a direct monosynaptic connection (Mears &
Frank, 1997). Previously it has been demonstrated that functionally-related sensory
afferents and motor pools have similar ETS transcription factor expression profiles,
for example the expression of PEA3 and Er81 (Lin et al., 1998). This transcription
factor profile is potentially important for correct targeting of sensory afferents to the
motor pool during the development of spinal circuits (Arber et al., 2000; Vriesling &
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Arber, 2002). The factors which drive discrete pool segregation however, were
unknown until a study by Price and colleagues (2002). Cell adhesion molecules and
specifically cadherins are likely candidates to instigate the coalescence of motor

pools due to their known roles in early neural patterning and tissue development.

Price et al., (2002) investigated the potential role of cadherins in the development of
motor pools of the LMC in the chick embryonic spinal cord. It was found that several
members of the Classical type Il family of cadherins were expressed within the
motor pools of the LMC at lumbosacral segments 1-3. The expression patterns of
theses cadherins was spatially restricted so as to reflect a pool-specific expression
mirroring that of the ETS/LIM homeodomain proteins at HH35, when pool
organisation approximates its mature conformation. Each pool expressed a unigue
combination of type Il cadherins, for example; the adductor (A) pool expresses
cadherins 6b, 8, 13 and 20, the external Femorotibialis (eF) pool expresses only
cadherins 6b, 8 and 13, whilst the Anterior lliotibilalis (ITR) pool expresses
cadherins 6b, 7 and 8. This led to the prediction that this differential expression
may play a role in the segregation of LMC neurons in to pools.

To test this Price et al., focused upon the two specific motor pools: the A pool and
the eF pool, whose cadherin expression profile differs only in the expression of
cadherin 20. During development eF MNs must migrate past A MNs to reach their
final position, this is accompanied by a down regulation of cadherin 20 expression
by eF neurons at HH24. Misexpression of cadherin 20 via in ovo electroporation,
resulted in loss of segregation between the two pools as indicated by an increase in
neuronal mixing (Figure 1.17). There is no effect on the ITR pool, which remains
segregated following cadherin 20 misexpression. Significantly, misexpression of
either E cadherin which is not endogenously expressed in the LMC neurons or
cadherin 6b which is found in both eF and A motor pools had no effect on pool

segregation.
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*Image removed

Figure 1.17: Misexpression of cadherin 20 (MN-cad) in the external Femorotibialis motor pool (red)
results in aberrant mixing with Adductor motor neurons (yellow), degrading motor pool specificity.
From Price et al., 2002

This data demonstrated that the differential cadherin expression between eF and A
motor pools of just one cadherin; cadherin 20, is sufficient to mediate motor neuron
pool sorting. In addition to this study, Patel et al., (2006) demonstrated that the
specificity of motor pool sorting by type Il cadherins is mediated by the EC1 domain.
Using a chimeric cadherin construct combining cadherin 20 with the EC1 domain of
cadherin 6b, Patel et al., were able to mimic the effect of normal cadherin 6b
expression, resulting in no alterations in A and eF pool segregation (Patel et al.,
2006).

Cadherins have also been demonstrated to place a functional role in the divisional
segregation of spinal motor neurons, prior to pool segregation. Recent work by Bello
et al., (2012), demonstrated that catenin-dependent cadherin function is required for
the migration of motor neurons if the LMC. Specifically, disruptions in either
cadherin function via uncoupling of cadherins to their intracellular binding partners
using a dominant negative y catenin or specific downregulation of cadherin 7, which
is usually expressed during migration of these motor neurons, results in perturbation

of motor neuron migration and divisional segregation (Bello et al., 2012).

Interestingly, Luo et al., 2008, demonstrated that cadherin 20 is induced by SHH
signalling in spinal and hindbrain motor neurons as HH12, However,, maintenance
of cadherin 20 expression beyond HH24 (when motor pool sorting begins) is SHH
independent (Luo et al., 2008).

If cadherin expression is sufficient to drive neuronal coalescence and specify
segregation in the spinal cord, the question remains as to which factors could act to
modulate cadherin expression. As discussed previously, certain exogenous factors

such as RA can play crucial roles in CNS development. The expression of ETS
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transcription factors coincides with the arrival of motor axons to the base of the limb
bud (Lin et al., 1998); ablation of the limb bud at HH18 leads to downregulation of
Er81 in the LMC and an accompanying loss of the downstream targets cadherin 20
and T cadherin expression assayed at HH29 (Price et al., 2002). Thus there may be
an exogenous signal which drives ETS/LIM homeodomain protein expression,

which is crucial for the central topography of motor neurons in the spinal cord.

Livet et. al (2002) sought to address the role of ETS transcription factors on spinal
MN organisation; focusing on the expression of PEA3 in mouse spinal cord. A
mutant mouse was generated which lacks functional PEA3 activity by insertion of a
IRES-NLS-LacZ cassette into the exon encoding the DNA binding domain (PEA3-/).
Analysis of MN positioning in the PEA3-/- mouse revealed that the cell bodies of
these motor neurons were mispositioned in the ventral horn, in a similar manner to
that observed following cadherin deregulation (Price et al., 2002). This phenotype
was concomitant with an alteration in the expression profiles of cadherin 7 and 8
(Livet et al., 2002).

Parallel to this a separate study identified a potential exogenous factor which acts to
induce PEAS3 expression in the spinal cord. Haase et al., (2002) demonstrated that
Glial cell line derived neurotrophic factor (GDNF) synthesised in the plexus of the
developing forelimb was sufficient to induce PEA3 expression in a subset of spinal
motor neurons. Later in development GDNF expression is restricted to two specific
muscle targets in the limb; the motor neurons which innervate these muscle targets
normally express PEA3. However, in GDNF mutant mice, PEA3 is not induced in
these MN populations and their positioning within the spinal cord is subsequently
altered.

Taken together these studies present a potential model whereby exogenous signals
from the periphery act to induce the expression of ETS transcription factors in spinal
motor neurons, which in turn act to modulate cadherin expression. This differential
and dynamic cadherin expression drives neuronal coalescence and segregation into

distinct motor pools.
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1.7 Fibroblast Growth Factors

GDNF expressed in the limb region is sufficient to alter ETS/LIM homeodomain
protein expression, which in turn regulates cadherin expression; driving motor pool
formation in the spinal cord. The spatially and temporally regulated expression of
such exogenous cues, appear to be crucial for correct CNS organisation. Therefore
it is reasonable to suggest that such molecular cues may also be involved in
patterning and nucleogenesis in other regions of the CNS. On candidate molecule
which could play a potential role in hindbrain patterning of the chick embryo is
Fibroblast Growth Factor 8 (Fgf8).

First isolated from bovine brain extract, where it was shown to stimulate cell division
and accompanying DNA synthesis in fibroblasts (3T3) (Gospodarowiscz. 1974), the
Fgf protein family of ligands is now known to consist of at least 22 different
members. Of these 22 ligands, 18 are secreted, whilst 4 are non secreted; Fgf 11-
14, also known as Fibroblast Growth Factor Homologous Factors (FHF’s 1-4) (for
reviews see Ornitz and Itoh. 2001 and Goldfarb. 2005) . Secreted Fgfs mediate their
actions via 4 cognate Fgf Receptors (FGFR's), receptor tyrosine kinases (RTK's)
which activate several downstream signalling pathways. Fgfs can be divided into
sub families based upon their sequence homology and binding affinity with each of
the respective FGFR's (Ornitz et al., 1996).

1.7.1 Fibroblast Growth Factor Signalling

The FGFRs like all RTKs consist of an extracellular domain, a transmembrane
domain and an intracellular domain which contains the catalytic protein tyrosine
kinase region. The extracellular domain of the FGFRs is constructed of 3
immunoglobulin (Ig) repeat sequences, which are usually designated D1 - D3,
alternative splicing of the D3 sequence in FGFRs 1-3 is responsible for alterations in
Fgf binding affinity. There is no alternate splicing in the D3 domain of FGFRA4.
Alternative splicing of the D3 domains is believed to allow differential responses to
Fgfs in juxtaposed tissue during development as the D2-D3 regions are the primary

binding point for Fgf ligands. The D1 domain is thought to act in an auto inhibitory
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manner; studies have demonstrated that the binding affinity of Fgf ligand and the
accessory protein heparin (which binds a positively charged pocket in the D2
repeat) can be enhanced when a cell expressed an FGFR deletion mutant lacking
the D1 domain. There is a region between D1 and D2 which contains the heparin
sulphate proteoglycan (HSPG) binding domain and a conserved amino acid
sequence (the 'Acid Box') which are integral to Fgf signalling. Binding of HSPGs is
required to mediate binding of Fgf to the receptor as well as FGFR dimerisation
itself, in the absence of bound HSPG the acid box is able to mimic it's negative
charge and draw the D1 region closer to the D2-D3 domains by binding the HSPG
domain and folding the extracellular domain as whole in on itself. The D1 domain
then blocks the D2-D3 specific binding to Fgf ligand, thus acting in an autoinhibitory
manner to prevent inappropriate Fgf signalling from being initiated (Eswarakumar et
al., 2005).

Upon ligand binding FGFRs dimerise leading to autophosphorylation of the
intracellular tyrosine kinase domains. This in turn leads to the establishment of a
complex of accessory signalling proteins associated with three distinct intracellular
signalling pathways. PLCy can be recruited to the phosphorylated tyrosine of the
RTK, activating the PLCy/Ca2+ signalling pathway associated with cytoskeletal
reorganisation. Two other signalling pathways can also be initiated by the FGFR in
combination with the docking proteins FRS2a/B. Initially following FGFR
dimerisation and autophosphorylation, FRS2a/f binds at the juxtamembrane
domain, and subsequently recruits the adaptor protein Grb2. Grb2 is able to bind
Gabl activating the MI3K signalling pathway associated with cell survival through
anti-apoptosis. Another protein which binds FRS2a/B is Son of Sevenless (Sos)
which mediates another divergent signalling pathway; the MAPK/ERK signalling
pathway. The FRS2a/B-Grb2-Sos complex through the guanine nucleotide
exchange actions of Sos, activates Ras. Once activated, Ras binds to Raf, which is
able to phosphorylate Mek leading to sequential phosphorylation and activation of
Erk1/2 as part of the MAPK/ERK signalling pathway (Figure 1.18). Fgf signalling via
the MAPK/ERK signalling pathway mediates a variety of cellular responses,
dependent upon the strength, pattern and duration of signalling (discussed in the
next section). As such the precise control of this signalling pathway in terms of

promotion and attenuation is crucial during development.

54



Fgf's, Sef, Spry’s, Mkp3
PEA3, XFLRT3 etc.

Figure 1.18: Summary of the FGFR MAPK/ERK signalling pathway. Fgf ligand binding leads to the
dimerisation of FGFR’s resulting in the autophosphorylation of the receptor tyrosine kinase
intracellular domains. This promotes the binding of the adaptor molecule FRS2, which in turn recruits
Grb2 and Sos. This complex facilitates the activation of Ras, which modulates the activity of Raf and
begins the chain of MEK/ERK phosphorylation which ultimately leads to transcription of the Fgf syn-
expression group in the nucleus. Spry and Sef are endogenous inhibitors of Fgf signalling, their sites
of action are indicated.
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Modulation of the MAPK/ERK signalling pathway is mediated via several
intracellular proteins including Sprouty, Sef and MKP3 which act as negative
feedback inhibitors. Positive regulation of MAPK/ERK signalling is mediated by
proteins such as XFLRT3, which has been demonstrated during Xenopus
development. The expression of these proteins is induced under the control of ETS
transcription factors activated by MAPK/ERK signalling, as part of the Fgf syn-
expression group.(Niehrs & Meinhardt. 2002). This study will seek to both up and
down regulate the MAPK/ERK signalling pathway, therefore understanding the
endogenous mechanisms controlling this pathway is important in the context of any
analysis.

Sprouty (Spry) was first identified in Drosophila melanogaster as a protein which is
involved in Fgf mediated lung growth; mutations in Spry led to ectopic lung growth
due to an excess of Fgf signalling (Hacohen et al., 1998). Subsequent studies in
both zebrafish and mouse models demonstrated that Spry is a conserved protein in
vertebrate species which acts as an intracellular MAPK/Ras pathway antagonist
following activation by Fgf signalling. There are 4 identified Spry proteins which
contain a conserved 110 amino acid sequence that is thought to direct Spry proteins
to the protein complex at the plasma membrane, here activated Spry binds Grb2
thus preventing Sos activation and inhibiting the MAPK/ERK signalling pathway.
Sef, another member of the Fgf syn-expression group, is a transmembrane protein
unlike Spry's which are found in the cytoplasm and are recruited to the plasma
membrane. The mechanism by which Sef acts as a Fgf signalling antagonist is not
fully understood, However, it has been demonstrated that Sef misexpression inhibits
the phosphorylation of FRS2a/B thus inhibiting MAPK/ERK signalling. Sef is
believed to act directly at the level of the FGFR, requiring its intracellular domain to
do so, as it also down regulates the other two pathways also activated by Fgf
signalling; the PLCy and PI3K signalling pathways respectively. The activity of these
negative feedback loops ensures that Fgf signalling can be very tightly regulated

during development in a cell autonomous manner.
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1.7.2 Fibroblast Growth Factors in development

Fibroblast Growth Factors mediate a vast array of diverse functions during neural
development; from early neural induction and patterning to neuronal proliferation,
axonal guidance and synaptogenesis to name just a few. How one family of
secreted extracellular proteins is able to perform a role in such a divergent
repertoire of cell behaviours has been the topic of extensive study since the
isolation of the first Fgf proteins in 1974 (Reviewed in Guillemot & Zimmer, 2011,
Mason, 2007).

Fgfs have been established as a classic morphogen; a term first described by
Turing (1952), during embryonic development and organogenesis. Lewis Wolpert
proposed the 'French Flag Model' of morphogen action whereby positional
information and polarity is imparted upon cells in a field by exposure to different
concentrations of a morphogen. High concentrations of a morphogen induce
expression of certain genes (Blue), lower concentration exposure instructs the
expression of a different molecular identity (White), whilst low concentrations are
insufficient to induce certain gene expression and these cells retain a default state
(red) (Figure 1.19) (Wolpert, 1969).

*Image removed

Figure 1.19: Diagram to illustrate the interpretation of a morphogen gradient as such to represent a
French flag. At increasing distance along the a-axis the concentration of a morphogen induces
differential responses from a population of cells. Blue (B) at high concentration, White (W) at an
intermediate concentration and Red (R) at low concentration. Figure from Wolpert, 1969.

How exactly these morphogen gradients are established has been a topic of some
debate, however, in the case of Fgfs it appears that the gradient is established via a
source sink mechanism. First proposed by Crick (1970), a stable gradient of a

molecule can be established where one point in a field acts a source secreting a
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morphogen into the extracellular region, another point in the field actively removes
the molecule from the extracellular region, acting as a sink. The movement of the
molecule is dictated by Brownian motion, the random thermal movement of
molecules (Crick, 1970). Yu et al (2009) took up this theory and demonstrated;
using a GFP tagged Fgf8 protein in zebrafish embryos, that the establishment of a
stable Fgf8 extracellular gradient was dependent upon target cell endocytosis. They
showed that the spread of Fgf8-GFP in vivo was comparable to that in water, thus
ruling out passage of the morphogen through neighbouring cells, and that the
distance over which Fgf8-GFP could spread was increased by blocking endocytosis
(Yu et al., 2009; Schier & Needleman, 2009).

In neural development Fgfs are known to act as morphogens, being expressed
repetitively at different time points and from transient signalling centres throughout
embryogenesis. Beginning with neural induction, the first source of Fgf is the
hypoblast in the chick embryo which provides a source of Fgf8 which transiently
induces the expression of Sox3 and ERNI (Early response to neural induction) in
the overlying epiblast, driving cells into a 'pre-neural' state (Alberzerchi & Stern,
2007). Fgf signalling at this point also acts to inhibit BMP signalling; BMP signalling
acts to drive cells in to an epidermal, non-neural fate. Following gastrulation and
establishment of the neural plate, Hensen's node provides a source of Fgfs which is
thought to be intimately involved in re-enforcing neural induction and the A-P
patterning of the developing neural tube. Hensen's node has long been established
as a signalling centre in chick neural development, and transplanting the node or an
Fgf4 coated bead to ectopic positions of the epiblast is sufficient to induce the
expression of posterior neural markers (Storey et al., 1998; Wilson et al., 2000; also
reviewed in, Wittler & Kessler, 2004).

Further to this a study by Liu et al., 2001 demonstrated that graded Fgf8 signalling
is important in the positional-dependent profile of Hox-c expression. Fgf8 expression
at Hensen's node was found to coincide with the expression of certain Hox-c
proteins in spinal MNs. Importantly Fgfs act in vitro in a graded manner whereby
higher concentrations of Fgf induce a more caudal neural Hox-c expression profile,
equally in vivo activation of the FGFR led to a rostral to caudal shift in gene
expression profile. The establishment of the Hox gene expression profile is crucial
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for specifying motor column identity along the rostro caudal axis, as in the hindbrain,
where rhombomere specific expression of Hox gene repertoire drives neuronal
subtype differentiation. For example Hox 9, induced by exposure to high Fgf8
concentrations, and is found at the lumbar region of the developing spinal cord.
Cross repression by Hox6, whose expression is governed by combined Fgf and RA
signalling at more rostral regions delineates the boundary between these two
regions. Hox 9 expression directs the downstream expression of BMP5 and
reinforces Column of Terni autonomic MN specification, whilst Hox 6 directs the
expression of RALDH2, which is involved in the specification of LMC MN fate. In this
manner the expression gradient of Fgf8 secreted from Hensen's node, in
combination with other factors expressed in the paraxial mesoderm, acts to pattern
the spinal cord by directing the molecular identity of neuronal subtypes at different
positions from the source (Dasen et al., 2003; Liu et al., 2001).

As neural development proceeds discrete regions of Fgf expression are found along
the length of the neural tube, as well as in the periphery. One such example of
restricted Fgf expression forming a signalling centre is the Isthmic organiser or
midbrain-hindbrain boundary (MHB). The MHB abuts the posterior midbrain and the
first rnombomere (rl) of the hindbrain; these neurons express Wnt-1 and at least
three members of the Fgf super family; Fgf8, Fgfl7 and Fgf18 (Reviewed in Liu &
Joyner, 2001). The MHB has been shown to act as an organiser in this region;
grafting of the MHB to posterior hindbrain induces cerebellum development, whilst
grafting anterior midbrain induces a posterior midbrain phenotype. These effects
can be mimicked using the ectopic implantation of Fgf8 coated beads, indicating
that Fgf8 is a crucial morphogen mediating organisation of the MHB region
(Echevarria et al., 2003; Zervas et al., 2005).

One crucial role for Fgf signalling at the MHB is the control of cellular proliferation
and differentiation. Fgf signalling mediated in this region by FGFR1, 2 and 3 is
required for the maintenance of a slowly proliferative neuron pool in the ventricular
zone. This slowly proliferating pool is maintained by downstream signalling through
the MAPK/ERK pathway which induces the expression of Hes1. Knockdown of Fgf
signalling results in the loss of Hesl and increased expression of p57 (which is

normally repressed by Hesl) increasing the rate of cell cycle exit, thus increasing
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the rate of neurogenesis (Georgia et al., 2006) . In mice models exhibiting a
compound knockdown of all FGFRs in this region there is a resultant increase in
terminal neuronal differentiation and a concomitant loss of the proliferative
progenitor pool. This results in a reduction in the number of Dopaminergic neurons
found in the midbrain, as well as alterations in gene expression and patterning
defects. The MHB is delineated by the expression of Otx2 in the midbrain and Gbx2
in rl; following FGFR1 knockdown the boundary of this expression is disrupted.
Importantly the loss of Fgf signalling also leads to a loss of cadherin 13 expression
in rl, indicating potential defects in cell adhesion which may act to segregate the
lineage restriction boundary between the midbrain and rl (Trokovic et al., 2003;
Jukkola et al., 2006; Lahti et al., 2010; Saarimaki-Vire et al., 2007).

So Fgf signalling is important for regional specification and patterning in the early
development of the neural tube, but it is also closely associated with other important
processes such as axonal guidance in cell circuit formation. It has been shown, for
example that motor axons from the MMCm extend their axons towards Fgf8 which
is expressed in the dermomyotome. Knockdown of FGFR expression in mMMC
neurons in vivo results in axonal guidance defects, whilst neurons driven towards
mMMC identity using the LIM transcription factor Lhx3 show an increased
preference for axonal outgrowth towards Fgf8 in vitro. Downstream Fgf signalling
via the MAPK/ERK pathway drives this axonal guidance; transplantation of mMMC
neurons in which MAPK/ERK pathway is up regulated results in axonal pathfinding
defects in vivo, whereas alterations in other Fgf-mediated signalling pathways do
not (although this has only been tested in vitro) (Soundararajan et al., 2010;
Shirasaki et al., 2006).

Similarly, Irving et al., (2002) demonstrated that Fgf8 expressed at the MHB acts as
a chemo attractive signal for axons of the trochlear cranial motor nerve. The MNs of
the trochlear or 1Vth cranial nerve differentiate in the rostral region of r1, within the
MHB. In combination with repulsive signals such as Netrin at the midline and
semaphorin 3F which are expressed in the midline and dorsal r1 respectively, Fgf8
acts as a guidance cue, driving trochlear MNs towards a rostral ventral exit point
from rl. Alterations in the Fgf8 signalling source, via implantation of Fgf8 coated

beads in vivo, or knockdown using the pharmacological FGFR inhibitor, SU5402, in
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cultured explants, leads to defects in axonal trajectory and pathfinding (Irving et al.,
2002).

One further example of the varied roles that Fgfs can perform is that of the
Fibroblast Growth Factor Homologous Factors (FHFs). As mentioned previously this
subfamily of the Fgfs is non secreted and is unable to functionally stimulate the
FGFR in vitro (Olsen et al., 2003). There are four different FHF variants found in the
developing chick embryo and their expression is maintained throughout
development and continues to adulthood (Munoz-Sajan et al., 1999). Each FHF has
two splice variants, dependant upon the presence or absence of a 60 amino region
at the N-terminus, whilst both retain a common Fgf residue which contains a 3 trefoil
loop. It had been previously suggested that this 60 amino acid sequence dictated
the sub cellular location of each FHF (Wang et al., 2000), with ‘a’ isoforms localised
to the nucleus, whilst ‘b’ isoforms are found in the cytoplasm. However,, more
recent studies into the roles of FHFs and sodium channel interactions, suggest that
both isoforms can be located in the cytoplasm as the ‘@’ isoforms of each FHF are
known to interact with the C terminus region of these ion channels (Schoorlemmer &
Goldfarb, 2002; Goldfarb, 2011).

The role of the FHFs in neurons appears to be that of regulating ion channel
excitability by mediating long term inactivation; the B trefoil region of the FHF’s bind
to the C-terminus membrane proximal region of sodium channels acting to raise the
voltage dependence of channel fast inactivation, thus slowing the rate of inactivation
at specific voltages (Dover et al., 2010; Goldfarb, 2011). Similarly previous studies
have demonstrated the FHF2b when misexpressed in vitro localizes with Navl.6
channels mediates a two fold increase in the whole cell maximum sodium channel
current and positively shifts the voltage dependant inactivation of sodium channels
(Wittmack et al., 2004). This facilitates the requirement for greater input driving
sodium channel activation, allowing repetitive action potential firing by neurons at
specific voltage thresholds. Recording from mice cerebellar slices, Golfarb et al.,
(2007) demonstrated that mice lacking FHF2 and FHF4 gene expression were
unable to mantain repetitive action potential firing; they inactivated at a more
negative membrane potential, inactivated more rapidly and were slower to recover

from the inactive state compared with WT (Golfarb et al., 2007).
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1.8 Summary

Both cranial motor and sensory nuclei occupy specific stereotyped positions within
the hindbrain. The factors which drive nucleogenesis in this region are not currently
understood. Two candidate molecules which could potentially play a role in this
process are the cadherins and Fgfs respectively. Cadherins are known to drive
motor neuron pool formation in the spinal cord, under the control of ETS
transcription factors induced by exogenous signals from the paraxial mesoderm.
Fgfs have been extensively characterised as secreted morphogens which play
multiple roles in neural development, including specifying neuronal molecular
identity, regulating neuronal proliferation and differentiation and acting as axonal
guidance cues. Significantly cadherin 11 has been shown to be expressed in cranial
motor neurons previously, suggesting that cadherin function could be important in
their development. Whilst Fgf8 is expressed at multiple stage throughout
embryogenesis in the hindbrain, as well as being expressed in the otic vesicle
directly adjacent to r5; providing a potential exogenous source of Fgf8 which may
influence regional patterning. The role of FHF’s in modulating neuronal excitability is
also intriguing and the specific expression of these molecules in hindbrain nuclei
has not previously been investigated. FHF expression in either motor or sensory

nuclei could be critical to the overall function of the circuits to which they belong.

This study seeks to identify potential mechanisms which may contribute to cranial
nucleogenesis in the developing chick embryonic hindbrain by targeted
manipulation of the Fgf signalling pathway and cadherin expression.
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2. Materials and Methods

2.1 Materials Used
Laboratory reagents used during this study are as follows:

Anhydrous di-sodium hydrogen phosphate (Na,HPO,), sodium di-hydrogen
phosphate 1-hydrate (NaH,PO4H,O), Sodium Chloride (NaCl), Sucrose, Triton-X
detergent, Tween detergent and Trizma ™ Base, Hydrochloric acid (HCI), Acetic
Anhydride (CH3CO),0, and Triethanolomine, agar, LB broth, ampicillin, kanamycin

and 50X Denhardts solution were all purchased from Sigma Aldrich, UK.

Sodium citrate, magnesium chloride (MgCl,), potassium chloride (KCI),
paraformaldehyde, chloroform and agarose were purchased from Fisher Scientific,
UK.

Sodium hydroxide (NaOH) and phenol were purchased from Fluka Chemie,

Switzerland.

Formamide, baker’'s yeast tRNA, salmon sperm DNA and DIG labelled nucleotides

were purchased from Roche, UK.
Molecular biology grade water was purchased from Eppendorf, UK.
Glycerol mounting medium was purchased from Dako, UK.

Vectorshield mounting medium and vectorshield mounting medium with DAPI was

purchased from Vector laboratories, USA.
2.2 Solutions used

Solutions used for this study are detailed, where applicable, in the text of the

methods.
2.3 Experimental Animals

White Leghorn Chicken eggs (Henry Stewart & Co., UK and Winter egg farm, UK)
were incubated at 38°C in a forced draught incubator (LYON Technologies Inc.,

USA). Embryos were allowed to develop until required and staged according to
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Hamburger and Hamilton 1951. Prior to incubation egg shells were sterilised with
70% ethanol.

2.4 In ovo electroporation
2.4.1 Plasmid Preparation
DNA plasmids used for in ovo electroporation were prepared as follows:

1ug of required plasmid was mixed with 100ul of XL-10 Gold® Ultracompetent cells
(Stratagene, USA) and incubated on ice for 30 minutes. The cells were heat
shocked for 40 seconds at 42°C in a water bath (Grant Sub, Grant Instruments, UK)
then immediately placed on ice for 2 minutes. This mixture was then placed in a
shaker (C25 incubator shaker, New Brunswick Scientific Co. Inc., USA) at 37°C with
0.5ml LB broth for 45 minutes. Following incubation 100ul of the mixture was plated
on to Agar plates containing 100ug/ml of ampicillin or 50ug/ml kanamycin,
dependent upon the plasmid, and incubated overnight at 37°C.

An individual colony was selected and incubated in a shaker at 37°C for 2-3 hours in
10ml of LB broth containing 100ug/ml of the specified antibiotic. This culture was

then added to 150mls of LB broth containing 500ug/ml of the specified antibiotic.

DNA was harvested using the Qiafilter™ Plasmid Maxi Kit (25) (Qiagen, UK) as per
manufacturer’s instructions. DNA was dissolved in 300yl of MB water and the
concentration determined using a spectrophotometer (ND-1000, Nanodrop

technologies, Thermo Scientific, UK).
2.4.2 Ethanol Precipitation

DNA for use in electroporation was precipitated, either individually or in combination
dependent upon the experiment and construct used, to a total final concentration of
10pg/ul using ethanol precipitation. A complete list of plasmids used can be found in

section 2.4.4.

A total of 50ug of plasmid DNA was mixed with 2 % volumes of absolute ethanol
and 1/10™ volume of 5M NaCl, and then spun at 13,000rpm at 4°C in a centrifuge
for 30 minutes (Eppendorf 5810R, Eppendorf, UK). The supernatant was decanted,
replaced with 0.5ml 70% ethanol, and spun at 13,000rpm at 4°C for a further 15
minutes. Following centrifugation the 70% ethanol was removed and the DNA pellet

dissolved in 5ul of MB water.
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2.4.3 Electroporation

A sterile syringe was used to penetrate the shell and remove 5ml of albumin.
Subsequently a small window is cut in the top of the shell, exposing the embryo.
Embryos were staged as defined by Hamburger and Hamilton 1951 (HH stage). All

experiments were performed at HH stage 17-19.

To enable visualisation of the solution during micro injections, 0.5pl of 1% fast green
diluted in water was added. DNA plasmid was injected into the rostral hindbrain
immediately adjacent to the otic vesicle, which is visible at this stage, using a drawn

glass micropipette (Harvard Apparatus, UK).

Electroporation was performed using an Electro Square Porator (BTX, USA).
Electrodes were carefully positioned on either side of the hindbrain and a series of
5, 30 volt pulses delivered for 50ms at 1s intervals.

In order to reduce the risk of infection a 0.2ml dose of Penicillin Streptomycin (5000
units’ mI™) was administered to each embryo using a sterile pipette. The eggs were
sealed using Parafiim® (Pechiney Plastic Packaging Company, USA) and replaced

in the incubator.
2.4.4 Plasmids used for in ovo electroporation

Plasmids used for electroporation consisted of a cDNA coding sequence inserted
into a plasmid vector. The Fgf8 misexpression plasmid contains a full murine Fgf8
cDNA sequence inserted into a pBluescript Il SK(-) backbone (developed by
Stratagene) as described by Mahmood et al. 1995. Cadherin 20, cadherin 6b, dn-
cadherin 20, N-cadherin and NA390 constructs were generated by S.R. Price, by
cloning full length cDNA into a pCAGGS vector. The dominant negative cadherin 20
construct contains a truncated cDNA sequence missing aa 684-798, as described in
Price et al. 2002. NA390 contains a cDNA encoding a truncated, non-binding N-
cadherin (Kawakami et al. 2004). The sFGFR3 plasmid consist of a truncated
FGFR3 cDNA, lacking the D3 and transmembrane domains inserted into a pEFX
vector, it was developed by T.Fukuchi (2001). RafER is a fusion protein containing
an oncogenic form of human Rafl fused to the hormone binding domain of human
estrogen receptor (Samuels & McMahon, 1994). The dnFGFRL1 is a truncated
FGFR1 sequence which lacks its intracellular tyrosine kinase domain (Amaya et al.
1991).
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2.5 Tissue Preparation

All procedures were performed in accordance with the Animals (Scientific
Procedures) Act 1986.

2.5.1 Dissection and Fixation

Each embryo was allowed to develop until the specified H&H stage required for
analysis. Embryos were removed from their eggs and decapitated immediately in
iced PBS. The hindbrain was dissected, by removal of the eyes and facial tissue,
and placed in fixative (4% Paraformaldehyde (PFA), 0.1M PB) for 1 hour on ice.

2.5.2 Cryoprotection and Sectioning

Following fixation hindbrain tissue was washed 3 times in PBS (3 X 15 minutes
each) at room temperature (RT) and then cryoprotected overnight in 30% sucrose,
0.1% PB at 4°C. Tissue was mounted in O.C.T™ compound on dry ice until

completely frozen and stored at -80°C.

Sections were taken in the transverse plane on a cryosta at 15um intervals.
Sections were collected in series using positively charged slides (Superfrost® plus,
VWR International, UK) and stored until required at -80°C.

2.6 Immunohistochemistry

Slides were washed in 2 ml PBS for 5 minutes to remove excess O.C.T™
compound, then incubated for 30 minutes in 1ml of blocking solution (1% BSA or
FCS, 0.1% Triton X in PBS) at RT. Slides were then incubated overnight at 4°C with

each primary antibody diluted in 0.5ml of blocking solution in a humidified chamber.

Primary antibody was removed and the slides washed 3 times with 2 ml PBS (3 X 5
minutes each) at RT. Following washing each slide was incubated with the required
secondary antibody diluted in 0.5ml of blocking solution for 30 minutes at RT in a
darkened humidified chamber. To remove the secondary antibody slides were again
washed 3 times with 2ml PBS (3 X 5 minutes each). Excess PBS was removed from
each slide by gently tapping on to tissue paper and then each slide mounted with
cover slips. To maintain fluorescence and stability of the tissue, two drops of
Vectashield (Vector Laboratories Inc., USA) were used under each cover slip.

Slides were stored away from light at 4°C.
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2.6.1 Antibodies Used

Primary Antibody Dilution Manufacturer

Rabbit anti Green Fluorescent | 1:1000 Invitrogen, UK

Protein (GFP)

Mouse anti islet 1 (4D5) 1:50 Developmental Studies
Hybridoma Bank (DSHB),
USA

Mouse anti hb9 (5¢10) 1:100 DSHB, USA

Chicken anti B-Galactosidase 1:1000 Abcam, USA

Secondary Antibody

AlexaFluor ®488 Goat anti Rabbit | 1:1000 Invitrogen, UK

AlexaFluor ®594 Donkey anti | 1:1000 Invitrogen, UK

Mouse

Cy-3 Donkey anti Mouse IgG, | 1:1000 Jackson Immuno Research

subclass 1 specific laboratories Inc., USA

Cy-5 Donkey anti Mouse IgG, | 1:500 Jackson Immuno Research

subclass 2b specific laboratories Inc., USA

FITC conjugated Donkey anti | 1:250 Jackson Immuno Research

Chicken laboratories Inc., USA

AlexaFluor ®488 Donkey anti | 1:1000 Invitrogen, UK

Goat
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Table 2.1: Primary and secondary antibodies used, indicating working concentrations and

origin.

2.7 Preparation of Dioxygenin labelled antisense cRNA probes for in situ
hybridisation

Dioxygenin (DIG) labelled antisense cRNA probes were used to detect mRNA
expression relating to the target protein. Probes were transcribed from DNA
plasmids which contain short sequences of cDNA or expressed sequence tags
(EST) which represent portions of expressed gene mRNA sequences. A complete
list of MRNA gene targets, restriction enzymes, RNA polymerases and buffers used

to produce antisense probes is provided in table 2.2.

Target mMRNA Restriction Enzyme / Buffer | RNA polymerase
used.

Fgf8 BamH1 (Promega, UK) | T7 (Roche, UK)
Buffer ‘E’.

N-cadherin Not 1 (NEB, UK), Buffer ‘3". | T7 (Roche, UK)

Cadherin 6b Nco 1 (NEB, UK), Buffer ‘4’. | T7 (Roche, UK)

Cadherin 8 Hind 1l (NEB, UK), Buffer | T3 (Roche, UK)
‘2.

Cadherin 11 Hind 1l (NEB, UK), Buffer | T7 (Roche, UK)
‘2.

Cadherin 13 Hind 1l (NEB, UK), Buffer | T7 (Roche, UK)
‘2.

Cadherin 20 Hind Il (NEB, UK), Buffer | T7 (Roche, UK)
‘2"

Cadherin 22 Hind Il (NEB, UK), Buffer | T7 (Roche, UK)
‘2"
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Islet 1 EcoR | (Promega, UK), | T7 (Roche, UK)
Buffer ‘H’.
y-catenin Not 1 (NEB, UK), Buffer ‘3’. | T7 (Roche, UK)
Navl.6 Not 1 (NEB, UK), Buffer ‘3’. | T3 (Roche, UK)
FGFR1 Not 1 (NEB, UK), Buffer ‘3. | T3 (Roche, UK)
FGFR2 Not 1 (NEB, UK), Buffer ‘3. | T3 (Roche, UK)
FGFR3 Not 1 (NEB, UK), Buffer ‘3’. | T3 (Roche, UK)
Spry4 Not 1 (NEB, UK), Buffer ‘3’. | T3 (Roche, UK)
Fhfla Not 1 (NEB, UK), Buffer ‘3’. | T7 (Roche, UK)
Fhflb Not 1 (NEB, UK), Buffer ‘3. | T7 (Roche, UK)
Fhf2b Not 1 (NEB, UK), Buffer ‘3. | T7 (Roche, UK)
Fhfda Not 1 (NEB, UK), Buffer ‘3’. | T7 (Roche, UK)

Table 2.2: List of gene targets, restriction enzymes and RNA polymerases used to produce

antisense cRNA probes for in situ hybridisation (see section 2.7.5 for details of plasmid

origin).

2.7.1 Linearisation of DNA plasmid

Plasmids were linearised using the necessary restriction endonuclease (see table

2.2) in the following reaction mixture, added in sequence:

10pg plasmid, in Xul of MB water.
10l appropriate buffer.

10ul of 10X BSA.

2.5l Restriction endonuclease.

77.5-Xpl MB water, to increase total volume to 97.5pl.

The reaction mixture was then incubated for 2 hours at 37°C.
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2.7.2 Gel Electrophoresis

Following incubation 5pl of each mixture was used to check the linearisation of the
plasmid via Gel electrophoresis.

2.7.3 Phenol Extraction

Following DNA plasmid linearisation a phenol extract was performed in order to
purify the cut plasmid from the reaction mixture. Using the remaining reaction
mixture, 50ul of phenol and 50pl of chloroform was added, this was then placed in a
vortex (Fisherbrand™ Whirlmixer, Nickel electro Itd, UK) for 1 minute at RT. The
sample tubes were then immediately placed in a centrifuge (MSE, Microsentaur,
Jencons PLS Ltd, UK) and spun at 13,000 RPM for 5 minutes at RT.

During centrifugation the mixture separates into two distinct layers. The top or
agueous phase, which contains the DNA plasmid, is retained in a sterile 1.5ml
eppendorf tube (Eppendorf, UK). The lower, phenol phase is discarded. DNA
plasmid was then precipitated using ethanol precipitation (see section 2.4.2) and

dissolved in 10l of MB water.
2.7.4 DIG labelled RNA probe transcription

Antisense DIG labelled cRNA probes were transcribed from the linearised DNA

plasmid template in the following reaction mixture, added in sequence.
e 2ul Transcription buffer.
e 1ug Cut DNA plasmid, in Xul of MB water.
e 15-Xul MB water, to increase total volume to 15pl.
e 2ul DIG labelled nucleotides (Roche, UK).
e 0.5pl RNAsin (Promega, UK).
e 1.5ul appropriate RNA polymerase.

The reaction mixture was incubated at 37°C for 2 hours. Following incubation 30pl
of MB water was added to the mixture. Probes were purified from this mixture using

a G-50 spin column (Amersham Biosciences, UK) as per manufacturer’s
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instructions. In order to verify the length of the probe in accordance with that
expected, 2.5ul of the sample was retained and checked using gel electrophoresis
(see section 2.7.2). The remaining solution was mixed with 150ul of Hybridisation

solution to make the probe stock solution, which is stored at -20°C until required.

2.7.5 Plasmids used for in situ hybridisation protocol

Complementary antisense RNA in situ hybridisation probes were produced using
plasmids encoding the cDNA sequence of the target gene. The Fgf8 probe,
described by Ohuchi et al. 1997, contains a 495bp fragment of the chick Fgf8 gene
inserted into a pBluescript Il SK(-) backbone. Probes for cadherin 20, cadherin 6b,
cadherin 8, cadherin 11, cadherin 13 and cadherin 22 were cloned by S.R. Price
using either full length cDNA sequences or fragments inserted into the multiple
cloning region of a pBluescript Il SK (+) backbone.

Cloned fragments of Fhfla (chick EST database identifier; 125e7), Fhflb (485i23),
Fhf2a (71F6), Fhf4a (793g10), Navl1l.6 (380), and Spry4 (742e5) were ordered
utilising the chickEST database (University of Manchester, UK) and supplied by
Source Bioscience, UK. FGFR1 (CEK1), FGFR2 (CEK3), FGFR3 (CEK2) were a
gift from C. Stern. Each fragment was inserted into a pBluescript Il KS(+) vector and
subsequently sequenced on site (UCL, UK).

2.8 In situ hybridisation histochemistry

Two in situ hybridisation protocols were used during this study; single hybridisation
(section 2.8.1) and hybridisation with immunohistochemistry (section 2.8.2). Each
protocol takes 3-4 days to complete and is performed on tissue sections which are
prepared as detailed in section 2.5.2. Each part of the protocol was performed at RT

unless otherwise stated.
2.8.1 Single in situ hybridisation
Stage I: Tissue preparation and hybridisation

Slides were fixed (4% PFA, 0.1M PB) for 10 minutes then washed 3 times in PBS (3
X 5 minutes each). Tissue was permeabalized in Proteinase K solution (Img ml™
PK, 50mM Tris-HCI pH7.5, 6mM EDTA) for 5 minutes and washed 3 times in PBS

(3 X 5 minutes each). In order to reduce the background signal associated with non
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specific cCRNA probe binding, tissue was acetylated (1.3% Triethanolamine, 0.13%
HCI, 0.19% Acetic Anhydride), for 10 minutes with constant stirring using a

magnetic stirrer.

Following acetylation slides were washed 3 times in PBS (3 X 5 minutes each) and
each then equilibrated in 0.5 ml hybridisation solution (50% Formamide, 5 X SSC, 5
X Denhardt's solution, 250ug mi™* Baker's yeast tRNA, 500ug ml™ Salmon sperm
DNA) for 1 hour.

Probes were prepared for hybridisation by diluting 20ul of the stock probe solution
into 1ml of hybridisation solution and then heating at 99°C for 5 minutes, in order to
reduce cross binding of the cRNA. Slides were covered with 130ul of the
appropriate probe and then a cover slip placed over each. Care was taken to ensure
good distribution of the probe and minimise tissue damage. Slides were incubated
overnight at 72°C in humidified chambers (50% Formamide, 5 X SSC). Each probe

was incubated separately in order to prevent cross contamination.
Stage II: Washes and Primary Antibody incubation

Following overnight hybridisation cover slips were removed from the slides carefully
in 5 X SSC which had been pre-heated to 72°C. Slides were then washed twice in
0.2 X SSC for 40 minutes, also at 72°C. In situ hybridisation dishes were immersed
in a water bath (Grant Sub, Grant Instruments, UK) at 72°C in order to maintain

temperature during washes.

Slides were washed once in 0.2 X SSC for 5 minutes, then equilibrated in B1 buffer
(0.2M Tris-HCI pH7.5, 0.15M NaCl) for 5 minutes. Subsequent to equilibration the
tissue was blocked in B1 buffer containing 10% Heat Inactivated Goat Serum
(HINGS, Invitrogen, UK) for 1 hour. Blocking solution was removed by tapping the
slides gently on tissue. Slides were then incubated in 0.5ml B1 buffer containing 1%
HINGS and sheep FAB fragments anti-DIG Alkaline Phosphatase conjugated
antibody (1:5000, Roche, UK) overnight at 4°C in a humidified chamber.

Stage IlI: In situ detection

Slides were washed 3 times in B1 buffer (3 X 5 minutes each) and then equilibrated
in B3 buffer (0.1M Tris-HCI pH9.5, 0.1M NaCl, 0.05M MgCl,) for 10 minutes.
Visualisation of bound anti-DIG antibody is achieved using the NBT/BCIP Alkaline
Phosphotase substrate kit (Vector Laboratories Inc., USA) prepared in B3 buffer
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containing 0.1% Tween, to ensure good tissue penetration, as per the
manufacturer’s instructions. Excess B3 solution was removed and replaced with
500ul of the NBT/BCIP solution. The staining is then allowed to develop in a
humidified darkened chamber for 2 to 24 hours until the desired staining intensity is
achieved. Upon achieving the desired staining intensity slides are washed in
distilled water for 10 minutes and then allowed to dry. To protect the tissue each
slide was mounted with a cover slip using two drops of heated Dako Glycerol
mounting medium (Invitrogen, UK). Once the mounting medium had solidified the
slides can be stored indefinitely.

2.8.2 Hybridisation with Immunohistochemistry
Stage I: Tissue preparation and hybridisation

Slides were fixed (4% PFA, 0.1M PB) for 10 minutes then washed 3 times in PBS (3
X 5 minutes each). In order to reduce the background signal associated with non
specific cRNA probe binding, tissue was acetylated (1.3% Triethanolamine, 0.13%
HCI, 0.19% Acetic Anhydride), for 10 minutes at RT then washed 3 times in PBS (3
X 5 minutes each). Tissue was permeabalized in 1% Triton X-100 in PBS for 30
minutes and washed 3 times in PBS (3 X 5 minutes each). Slides were then
equilibrated in 0.5 ml hybridisation solution (50% Formamide, 5 X SSC, 5 X
Denhardt’s solution, 250ug mi™* Baker's yeast tRNA, 500ug ml* Salmon sperm
DNA) for 1 hour.

Probes were prepared for hybridisation by diluting 20ul of the stock probe solution
into 1ml of hybridisation solution and then heating at 99°C for 5 minutes, in order to
reduce cross binding of the cRNA. Slides were covered with 130ul of the
appropriate probe and then a cover slip placed over each. Care was taken to ensure
good distribution of the probe and minimise tissue damage. Slides were incubated
overnight at 72°C in humidified chambers (50% Formamide, 5 X SSC). Each probe

was incubated separately in order to prevent cross reaction.
Stage II: Washes and Primary Antibody incubation

Following overnight hybridisation cover slips were removed from the slides carefully
in 5 X SSC which had been pre-heated to 72°C. Slides were then washed twice in
0.2 X SSC for 30 minutes, also at 72°C. In situ hybridisation dishes were immersed
in a water bath (Grant Sub, Grant Instruments, UK) at 72°C in order to maintain

temperature during washes.
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Slides were washed once in 0.2 X SSC for 5 minutes, then equilibrated in B1 buffer
(0.1M Tris-HCI pH7.5, 0.15M NaCl) for 5 minutes. Subsequent to equilibration the
tissue was blocked in B1 buffer containing 10% Heat Inactivated Goat Serum
(HINGS, Invitrogen, UK) for 1 hour. Blocking solution was removed by tapping the
slides gently on tissue. Slides were then incubated in 0.5ml B1 buffer containing 1%
HINGS and the required Primary antibody (Mouse anti islet 1 (4D5), 1:50 or Mouse
anti hb9 (5c¢10), 1:50, DSHB, USA) overnight at 4°C in a humidified chamber.

Stage lll: Primary antibody detection

Following overnight incubation with primary antibody slides were washed 3 times in
B1 buffer (3 X 5 minutes each). Slides were then incubated in 0.5ml of B1 buffer
containing 1% HINGS plus Donkey anti Mouse horseradish peroxidase conjugated
secondary antibody (1:500, Jackson Immuno Research laboratories Inc., USA) for

30 minutes in a humidified chamber.

Slides were washed 3 times in B1 buffer (3 X 5 minutes each) then incubated with
0.5ml of Vector ImMmPACT DAB peroxidise substrate (Vector Laboratories Inc.,
USA) for 2 to 10 minutes until the desired staining intensity was achieved. To stop

this reaction slides were washed 3 times in B1 buffer (3 X 5 minutes each).

Following washes the tissue was blocked in Bl buffer containing 10% Heat
Inactivated Goat Serum (HINGS, Invitrogen, UK) for 30 minutes. Blocking solution
was removed by tapping the slides gently on tissue. Slides were then incubated in
0.5ml B1 buffer containing 1% HINGS and sheep FAB fragments anti-DIG Alkaline
Phosphotase conjugated antibody (1:5000, Roche, UK) overnight at 4°C in a

humidified chamber.
Stage IV: In situ detection

Slides were washed 3 times in B1 buffer (3 X 5 minutes each) and then equilibrated
in B3 buffer (0.1M Tris-HCI pH9.5, 0.1M NaCl, 0.05M MgCl,) for 10 minutes.
Visualisation of bound anti-DIG antibody is achieved using the NBT/BCIP Alkaline
Phosphotase substrate kit (Vector Laboratories Inc., USA) prepared in B3 buffer
containing 0.1% Tween, to ensure good tissue penetration, as per the
manufacturer’s instructions. Excess B3 solution was removed and replaced with
500ul of the NBT/BCIP solution. The staining is then allowed to develop in a
humidified darkened chamber for 2 to 24 hours until the desired staining intensity is

achieved. Upon achieving the desired staining intensity slides are washed in
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distilled water for 10 minutes and then allowed to dry. To protect the tissue each
slide was mounted with a cover slip using two drops of heated Dako Glycerol
mounting medium (Invitrogen, UK). Once the mounting medium had solidified the

slides can be stored indefinitely.
2.9 Imaging

Processed tissue was viewed using a NIKON eclipse 80i microscope (Nikon
Instruments Inc., USA). Fluorescent images were taken using a Hamamatsu Orca-
er (Hamamatsu, Japan) and IP-Lab software (Scanalytics, USA) used to introduce
false colour to and merge multichannel fluorescent images. White light images
were taken using a NIKON digital sight camera (Nikon Instruments Inc., USA).

Where appropriate all exposure times and image enhancement remained constant.
2.10 Data Analysis

Cell counts, area analysis and signal intensity analysis were performed using
ImageJ software (National Institutes of Health, USA). Statistical analysis was
performed using Microsoft® Excell software (Microsoft ® Corporation, USA).

Figures were compiled in Corel™ Draw (Corel ™ Corporation, Canada).
2.10.1 Cell counts

Embryos were sectioned and analysed in series of 4 across sufficient numbers of
sections to encompass the entire region/neuronal nucleus of interest. Numbers of
embryos or sections analysed for each experiment are indicated on the appropriate
figure. Cell counts were performed on tissue following immunohistochemistry and in
situ hybridisation protocols. The process of in situ hybridisation results in the deposit
of a blue precipitate in the cytoplasm of cells containing target mRNA. As such
positively labelled cells appear as a light circle of the cell nucleus surrounded by a
halo of blue precipitate. In situ hybridisation with immunohistochemistry show
double labelling; Addition of ImMmPACT DAB peroxidase substrate results in the
deposit of a brown precipitate in regions which are positively labelled with POD
conjugated antibodies. The primary antibodies used in this study; Hb9 and Islet 1,
label nuclear target proteins. As such double labelled cells appear as a dark brown
circle surrounded by a halo of blue precipitate. Positively labelled cells were

considered those which were stained in at least 50% of the cytoplasm.
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Immunohistochemistry labels proteins found in both the nucleus and cytoplasm.
Double labelling of cells was determined by analysing merged images of

multichannel fluorescence.
2.10.2 Assessing levels of mMRNA expression

In order to assess the relative levels of mMRNA expression across nL the intensity of
staining was assessed using ImageJ. Positively labelled cells were selected at
equal distance at 5 points across nL and the average staining intensity measure
over the entire cell. Measurements were normalised to a cell containing no visible

staining.
2.10.3 Neuronal mixing index

A neuronal mixing index was performed as described in Price et al. 2002. Each
neuron of the AccAb was scored according to the number of FMN neurons which
surround it. These AccAb were then assigned to a distinct bin, determined by that
number; as shown in figure 2.1. The percentage of neurons in each bin was then
calculated and averaged to produce a mean figure. From the mean figure a
students’ T-test was used to establish statistical significance between control and
experimental categories. Further to this a Neuronal coalescence index was
performed, whereby an identified neuron surrounded by one or more neuron of the
same type was placed in the 21 bin; neurons which are not surrounded by any
neurons of the same type are placed in the 0 bin. Each neuron was marked to avoid
double counting using ImageJ. A distance of one cell body as judged by eye was
used to determine the proximity of such neurons. Statistical analysis was performed

as for the neuronal mixing index.

NMI NCI
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21
0

Hbo+ Islet+ @ Islet +

Figure 2.1: Schematic illustrating the neuronal mixing and neuronal coalescence indexes
used. Neurons were identified and categorised based upon their differential expression of
HbO.
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2.11 Axonal tracing

In order to assess the residual the connections to nL neurons following
electroporation and axonal tracing strategy was attempted. Embryos at HH35 were
removed from their shells and briefly decapitated in sterile L-15 medium (Sigma
Aldrich, UK). The hindbrain region was dissected and then sectioned into 300um
sections in slicing buffer using a vibratome. A cut was then made through the
midline of the hindbrain section and a small amount of rhodamine-dextran
(Invitrogen, UK) crystals inserted in the midline. Shortly after this HRP-conjugated to
alexa-488 (Invitrogen, UK) was microinjected into the region of the superior Olivary
nucleus sing a drawn glass pipette. Slices were incubated at 38°C for 4 hours in

oxygenated L-15 medium and then fixed and processed as usual.
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3. Cadherins in cranial motor nucleogenesis

Nuclei are a prominent mode of neuronal organisation within the CNS which is
evolutionarily preserved across all vertebrate species (Gilland & Baker, 2005).
Neurons coalesce into clusters which occupy specific, stereotyped positions within
the rostrocaudal, dorsoventral and mediolateral axes. Despite the prevalence of
neuronal nuclei, the molecules which drive their formation are not currently fully

understood.

Within rhombomere 5 (r5) of the embryonic chicken hindbrain there are four distinct
motor nuclei; Abducens (Ab), Accessory Abducens (AccAb) and the Facial Motor
Nucleus, which consists of dorsal (dFMN) and ventral (vFMN) divisions (Reviewed
in Guthrie 2007). The early development of the motor neurons which will constitute
these nuclei has been extensively studied; it is known that their differentiation in
spatially restricted progenitor domains is determined by hox gene expression in the
rostrocaudal and dorsoventral axes under the control of morphogens expressed at
the MHB, paraxial mesoderm and floorplate of the developing neural tube. However
the migration of these neurons in transverse sections and the molecules which

potentially drive their coalescence in to distinct nuclei has not been studied.
3.1 The time course of cranial motor nucleus development in rhombomere 5

In the first instance it was necessary to study the normal developmental time course
of nucleus development in r5. Both the Ab and AccAb nuclei consist of somatic
motor (SM) neurons; VFMN and dFMN consist of branchiomotor (BM) neurons.
These two neuronal subtypes are distinguishable by their expression of specific
transcription factors; SM neurons express Hb9 and lIslet-1 whilst BM neurons
express Islet-1 only, throughout nucleogenesis (Tanabe & Jessell 1996, Goulding
1998) (figure 3.1, D). | thus characterised the development of the AccAb, Ab and
d/VFEMN in r5 from HH20 to HH31 using immunofluorescence to visually distinguish

SM and BM neurons.

Motor neurons exit the ventricular zone close to the midline and migrate towards the

ventral hindbrain (Figure 3.1, A). At HH20 both SM and BM neurons are found in a

mixed population. SM neurons can be seen contained within the main body of BM

neurons (Figure 3.1, A). At HH26 the neurons are beginning to segregate and it is

possible to distinguish potential individual nuclei. Ab remains as a loose cluster of

cells coalescing near the medial dorsal region of the hindbrain. AccAb neurons are
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still intermingled with the Islet+ neurons of the potential FMN. The divisions of the
FMN are not yet distinguishable, but remain a large somewhat scattered population
(Figure 3.1, B).

| hb: Isl1 (Stage 20)

I Stage 20 Stage 29

E @ Branchio MN

Figure 3.1: Time course of cranial motor nucleogenesis in r5. A: SM neurons are found
mixed with BM neurons close to the midline at HH20. The red box illustrates the position
represented in each image. 4™ Ventricle is shown for orientation (4™ V) B: By HH26 the
nuclei have begun to segregate, the Abducens (Ab) population remains close to the midline
in dorsal hindbrain, SM neurons of the Accessory Abducens (AccAb) are still mixed with BM
of the Facial Motor Nucleus (FMN). C: AccAb neurons are nearly completely migrated
laterally to FMN, however a few SM neurons remain in the FMN (indicated by arrow). D: By
HH30/31 migration is complete. E-H: Summary of the migratory process. The SM neurons
of AccAb migrate through the presumptive FMN to their final position. Scale bar 100um.

At HH29 we see that the Ab has begun to coalesce. AccAb has almost completely
segregated from the FMN, although a few isolated SM neurons remain in the FMN
(Figure 3.1, C) and FMN itself begins to organise into its two distinct parts; vFMN
and dFMN. By HH31 segregation of the motor neurons is complete and the nuclei
have organised into their mature conformations. Ab is found in the dorsal hindbrain,
close to the midline. AccAb sits laterally to the two aspects of the FMN, which are

now visibly distinct (Figure 3.1, D).

This process is summarised in Figure 3.1, E-F, which illustrates the migratory
pathways of the SM and BM neurons respectively. The development of these nuclei
is highly stereotyped; SM and BM neurons are initially found in a mixed neuronal
population. SM neurons which will constitute Ab remain close to the midline and
segregate from the FMN before HH26. Those SM neurons which will constitute

AccAb migrate through the FMN to their final position by HH29-31. In summary this
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appears to be an active process of segregating different cell types from a mixed

population into specific nuclei.

3.2 Differential cadherin expression in rhombomere 5 cranial motor nuclei

Cadherins are known to drive cell sorting both in vitro (Takeichi 1988, Fredette
1993) and in vivo; where combinatorial cadherin expression drives the sorting of
motor neurons into distinct motor pools within the spinal cord (Price et al., 2002).
Equally it appears that cadherins may also play a role in development of the
auditory cranial nuclei of r5 (Chapter 5). As such they present an ideal candidate to
drive cranial motor nuclei segregation. Focusing on the known position of the motor
nuclei in r5 positive staining was assayed as neurons which in which the cytoplasm
was at least 50% positively labelled with blue precipitate. Analysis of cadherin
expression by in situ hybridisation in r5 at HH36 revealed at least 6 cadherins to be
differentially expressed in the four cranial motor nuclei; cadherin 20, 6b, 13, 22, 8
and 11 (Figure 3.2, C-H). Importantly y-catenin, which is required for cadherin
function, is also expressed in these nuclei (Figure 3.2, B). Scattered positive
staining was also seen for some of the cadherins assayed, for example cadherins
13 and 11, however this was not restricted to any specific region, and was notably
lacking immediately juxtaposed to the motor nuclei (Figure 3,2, E, H). This
demonstrates that cadherins are present and may be actively driving binding within

the r5 motor nuclei.

Each of the motor nuclei can be distinguished by their specific differential cadherin
expression profile, for example AccAb neurons express cadherin 6b, 11 and 13
whereas Ab expresses cadherin 11 and 8 only. Similarly the two division of the FMN
also exhibit differential cadherin expression profiles; dFMN expresses cadherins 6b,
11, 13 and 20 whilst vFMN expresses cadherins 6b, 8, 11 and 22 respectively. Thus
each of the r5 motor nuclei expresses a unique combination of cadherins. This data

is summarised in Figure 3.2, I.
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Figure 3.2: Cadherin and catenin expression in r5 motor nuclei. A: Islet-1 expression in
the motor nuclei of r5; AccAb, Ab, dFMN and vFMN. B: y-catenin is expressed in r5
cranial motor nuclei. C-H: Expression patterns of cadherin 20, 6b, 13, 22, 8 and 11. I

Summary showing differential cadherin expression profile in each nucleus. Scale bar
100pm.
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3.3 Cadherin function is important in r5 cranial motor nucleus development.

In order to assess whether cadherins have a functional role in motor nucleogenesis
a dominant negative N cadherin isoform (NA390) was utilised. Lacking its
extracellular domain, but still containing its intracellular catenin binding domains;
NA390 inserts into the plasma membrane and competes with endogenous cadherin
binding to y/B-catenin. Its presence in the plasma membrane reduces the amount of
available y/B-catenin in the cytoplasm. In this manner NA390 is able to knock down
cadherin-cadherin function between cells by disrupting the formation of a stable
adherins complex (Kintner, 1992). Embryos were unilaterally co-electroporated with
both NA390 and GFP plasmid constructs at HH18 and analysed at HH3O0.
Successful electroporation was confirmed by the presence of GFP. As the plasmid
construct is only inserted into one hemisphere of the hindbrain the non-
electroporated hemisphere acts as an internal control for each embryo as a basis

for comparison.

NA390 expression did not alter the number of SM or BM neurons in r5 (Figure 3.3,
E, G), however did result in desegregation of the motor nuclei (Figure 3.3). Using
the Neuronal Coalescence Index (NCI) (Methods 2.10.3) it is possible to quantitate
this phenotype in terms of cell-cell juxtaposition. Neurons were placed into one of
two bins dependent upon the number of other neurons of the same type with which
each is juxtaposed; either zero or =one. Analysis of SM neurons showed a
significant decrease in the percentage of Hb9+/Islet-1+ neurons localised to one
another, when compared with control (Figure 3.3, D), following NA390 expression.
Due to the nature of this phenotype it is not possible to distinguish motor neurons of
the Ab and AccAb as all the Hb9+ neurons are scattered and are not found in their
usual spatially discrete location. This suggests that knocking down normal cadherin
function in r5 motor neurons inhibits the interactions which bind these cells into tight
nuclei. As a result motor neurons are increasingly isolated from each other and the

nuclei appear desegregated (Figure 3.3, B).

Analysis of BM neurons which constitute the FMN revealed a similar desegregation
phenotype following NA390 expression (Figure 3.3, F). There is a significant
increase in the percentage of BM neurons which are isolated following NA390
expression compared with the control (Figure 3.3, F). Again this is indicative of
cadherins playing an active role in the coalescence of the r5 cranial motor nuclei.

Knocking down cadherin function in motor neurons appears to inhibit normal
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nucleus development and both SM and BM neurons are increasingly scattered and

isolated from one another.
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Figure 3.3: Cadherins are required for cranial motor nucleus development in r5. A: Isl1 and
Hb9 expression in control hemisphere showing AccAb (yellow) sitting lateral to the FMN. The
red box illustrates the position represented in each image. 4™ Ventricle is shown for
orientation (4th V) B: Following NA390 expression the nuclei fail to coalesce correctly.
Neurons of the AccAb are mispositioned and scattered throughout the hindbrain (indicated by
arrows). C: GFP expression indicates successful electroporations. D: NCI analysis of SM
neurons (HB9+/Isl1+). The percentage of neurons which coalesce into a coherent nucleus is
significantly lower following NA390 expression. E: There is no significant alteration in SM
neuron number following NA390 expression. F: There is a significant increase in scattering of
BM neurons in r5 following NA390 expression as assayed by the NCI. G: Total BM number in
r5 is not significantly altered following NA390 expression. Students T-test, Error bars indicate
standard error, (n=3). Scale bar 100um.
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3.4 Normalising cadherin expression profiles between motor nuclei inhibits

normal nucleus segregation

In the spinal cord combinatorial cadherin expression is known to drive motor pool
segregation (Price et al., 2002) Given that the motor nuclei of r5 exhibit differential
cadherin expression profiles and knocking down cadherin activity in those nuclei
results in desegregation it is reasonable to predict that the combinatorial cadherin
expression is crucial for normal nucleogenesis in r5. In order to investigate this
possibility it is necessary to identify cadherin targets for manipulation. Looking at
Figure 3.2 it is apparent that the dFMN expresses cadherins 6b, 11, 13 and 20,
whilst AccAb expresses cadherin 6b, 11 and 13 only. These two nuclei differ only in
the expression of cadherin 20. The prediction therefore would be that misexpression
of cadherin 20 in AccAb neurons which normalises the expression pattern between
the two nuclei will inhibit segregation.

As with previous experiments, a Cadherin 20 construct (Price et al., 2002) was co-
electroporated with GFP into one hemisphere of the hindbrain at HH18. Analysis at
HH30 indicates that as predicted the AccAb motor neurons fail to segregate
correctly from the FMN (Figure 3.4). Figure 3.4, B clearly shows Hb9+/Islet-1+
neurons of the AccAb are found mixed with Islet-1+ FMN neurons (Indicated by
arrows). Quantitation using the Neuronal Mixing Index (NMI, See methods)
demonstrates that there is a significant increase in the percentage AccAb neurons
situated close to, and therefore aberrantly mixing with, at least one FMN neuron
(Figure 3.4, D), from an average of 4.62% (£1.59) in control to 33.61% (+3.21)
(p=0.0004, Student’s T-test) following cadherin 20 misexpression. This increase in
juxtaposition between AccAb and FMN neurons is indicative of an increased
intermingling between the two populations following cadherin 20 misexpression.
There is no alteration in the number of AccAb neurons between control and
electroporated hemispheres (Figure 3.4, E) demonstrating that any phenotypic

change is not as a result of a change in motor neuron number.

Misexpression of cadherin 20 in AccAb neurons alters their expression profile to
match that of dFMN. It is apparent that AccAb neurons appear initially to migrate
correctly, through the FMN, but that segregation of those neurons now aberrantly
expressing cadherin 20 does not occur. A potential explanation for the

desegregation phenotype is that in essence AccAb neurons appear on the cell
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Figure 3.4: Normalising cadherin expression profiles between AccAb and dFMN via
cadherin 20 misexpression results in desegregation of the nuclei. A: Isll and Hb9
expression in control hemisphere showing AccAb (yellow) sitting lateral to the FMN. B:
Cadherin 20 misexpression in AccAb results in failure of AccAb neurons to segregate from
dFMN. AccAb neurons are visible mixed with FMN (indicated by arrows) C: GFP expression
indicates successful electroporations. D: NMI analysis shows a significant decrease in the
percentage of AccAb neurons which have coalesced with one another. E: There is not
significant change in the number of AccAb neurons in r5 following cadherin 20
misexpression. Paired Student’s T-test, error bars indicate standard error (n=6). Scale bar
100pm.
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surface as dFMN neurons as defined by their cadherin expression and can bind to

each other.

One other method of equalising cadherin 20 expression between these two nuclei is
to knock down cadherin 20 function in dFMN. A cytoplasm truncated version of
cadherin 20 (dnCad20) which acts as a dominant negative was used in order to
knock down cadherin 20 function in dFMN. This truncated version of cadherin 20
will insert in to the plasma membrane where its extracellular domain will bind
preferentially to cadherin 20 on the opposing cell surface, competing with
endogenous cadherin 20. However, as its cytoplasmic domain is truncated the
cadherin-cadherin complex is not able to mediate the formation of a stable junction
linked to the actin cytoskeleton, in this manner targeted disruption of cadherin 20
function is achieved. Following dnCad20 electroporation at HH18 in FMN neurons
AccAb and dFMN fail to segregate correctly by HH30 (Figure 3.5). Figure 3.5, B
illustrates this; AccAb neurons are aberrantly positioned within dFMN (indicated by
arrows). There is a significant increase in the percentage of AccAb neurons
contacting at least one FMN neuron from 7.30% (£3.76) in control to 28.17% (+3.86)
following dnCad20 expression. As assayed using the NMI the increase in AccAb
neurons contacting one or more FMN neuron is indicative of increased mixing
between the two neuronal populations following dnCad20 expression when
compared with control. If the cadherin manipulations had no effect, one would
expect the number of AccAb neurons found intermixed with FMN neurons to be
unaltered. The percentage of AccAb neurons which are isolated from FMN neurons
drops, from 91.47% (+4.04) in control to 55.32 (£5.42) (p=0.0017, Student’s T-test).
As with cadherin 20 misexpression, there is no alteration the number of AccAb

neurons following dnCad20 expression (Figure 3.5, E).

Thus, by knocking down cadherin 20 function in dFMN the functional cadherin
expression profiles of dFMN and AccAb are equalised leading to desegregation of
the nuclei. AccAb neurons become bound to neurons of the dFMN and fail to

migrate to their normal position lateral of the FMN.
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Figure 3.5: Normalising cadherin expression profiles between AccAb and dFMN using
dnCad20 also results in desegregation of the nuclei. A: Isl1 and Hb9 expression in control
hemisphere showing AccAb (yellow) sitting lateral to the FMN. B: dnCad20 expression in
FMN results in failure of AccAb neurons to segregate from dFMN. AccAb neurons are visible
mixed with FMN (indicated by arrows) C: GFP expression indicates successful
electroporations. D: NMI analysis shows a significant decrease in the percentage of AccAb
neurons which have coalesced with one another. E: There is not significant change in the
number of AccAb neurons in r5 following dnCad20 expression. Paired Student’s T-test, error

bars indicate standard error (n=7). Scale bar 100um.
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3.5 Misexpression of cadherin 6b or N cadherin has no effect on motor

nucleogenesis in r5

To control for non specific effects of cadherin misexpression in general, we
misexpressed cadherins 6b which is expressed in both FMN and AccAb and N
cadherin, which is not expressed in any of the r5 cranial motor nuclei. Thus over
expression of cadherin 6b or N-cadherin in each nucleus will have no destabilising
effect on their combinatorial cadherin expression and nucleogenesis should proceed

unperturbed.

Misexpression of Cadherin 6b at HH18 resulted in no significant alterations in
segregation of the AccAb and FMN at HH30 (Figure 3.6). Following cadherin 6b
misexpression, the AccAb and FMN segregate normally; AccAb is found lateral to
FMN as in the control hemisphere (Figure 3.6, A, B). Significantly there is no
increase in mixing between the two nuclei as assayed using the NMI (Figure 3.6, D).
A few scattered AccAb cells do remain within the FMN; however there is no
significant difference in the percentage of misplaced cells when compared with the
control. For example the percentage of AccAb neurons juxtaposed to two or more
FMN neurons is 3.99 (£ 2.89) in control compared with 4.00 (x0.99) (p=0.996,
Student’s T-test) following cadherin 6b misexpression (Figure 3.6, D).

N cadherin, a type | cadherin, is not expressed in any of the r5 motor nuclei (Figure
3.2), and presents a good target for manipulation; misexpression of N cadherin
should alter the cadherin expression profile of each nucleus identically and have no
effect on nucleogenesis if combinatorial type Il cadherin expression is driving the
process of segregation. Using a doxycycline inducible N cadherin-GFP tagged
construct embryos were unilaterally electroporated at HH18 and the construct

induced at HH20. Analysis was performed at HH30.
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Figure 3.6: Over expression of cadherin 6b does not alter r5 cranial motor nucleogenesis A:
Isll and Hb9 expression in control hemisphere showing AccAb (yellow) sitting lateral to the
FMN. B: following cad6b over expression the AccAb and FMN appear phenotypically
unaltered when compared with the control hemisphere C: GFP expression indicates
successful electroporations. D: NMI analysis shows no significant change in the percentage
of AccAb neurons which have coalesced with one another following cad6b over expression E:
There is not significant change in the number of AccAb neurons in r5 following cad6b over
expression. Paired Student’s T-test, error bars indicate standard error (n=3). Scale bar

100pm.

Misexpression of N cadherin, as with cadherin 6b, had no effect on nucleogenesis in
r5 (Figure 3.7). AccAb and FMN segregate as expected, with AccAb found lateral to
FMN (Figure 3.7, B). Analysis using the NMI shows that there is no significant
changes in the percentage of AccAb neurons which are not in contact with any
FMN; 89.88 (+0.29) in control against 84.61(+4.33) (p=0.3582, Student’s T-test)
following N cadherin misexpression (Figure 3.7, D). This indicates that the AccAb

population is spatially separated from the FMN.
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Figure 3.7: Misexpression of N cadherin does not alter r5 cranial motor nucleogenesis A: Isll1
and Hb9 expression in control hemisphere showing AccAb (yellow) sitting lateral to the FMN. B:
following NCad misexpression the AccAb and FMN appear phenotypically unaltered when
compared with the control hemisphere C: GFP expression indicates successful
electroporations. D: NMI analysis shows no significant change in the percentage of AccAb
neurons which have coalesced with one another following NCad misexpression E: There is not
significant change in the number of AccAb neurons in r5 following NCad misexpression. Paired
Student’s T-test, error bars indicate standard error (n=3). Scale bar 100pm.

Taken together this data suggests that up regulation of cadherin expression, whilst
retaining a differential expression pattern within each nucleus, has no effect on r5
cranial nucleogenesis. Given that normalising cadherin expression patterns
between AccAb and dFMN leads to desegregation of these nuclei, it is reasonable
to suggest that differential cadherin expression is driving segregation of the r5

cranial motor nuclei during nucleogenesis.
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3.6 Cadherin expression in rhombomere 8 cranial motor nuclei

As cadherins appear to drive segregation of the r5 cranial motor nuclei, and are
known to drive motor pool sorting in the spinal cord, it is possible that cadherins play
a role in nucleogenesis throughout the central nervous system. To establish
whether a cadherin driven mechanism of nucleogenesis is conserved throughout
the hindbrain an analysis of cadherin expression in rhombomere 8 was performed.
In r8, motor neurons are divided into 4 distinct motor nuclei; Glossopharyngeal (Gl),
Dorsal Vagus (DV), Ventral Hypoglossal (V Hypo) and Dorsal Hypoglossal (D
Hypo). Similarly to the r5 cranial motor nuclei, there are two different motor neuron
subtypes found in r8, SM and BM which are distinguishable by their respective
expression of the transcription factors Islet-1 and Hb9. The two Hypoglossal nuclei
consist of SM neurons, whilst the Dorsal Vagus and Glossopharyngeal nuclei are
formed from BM neurons (Reviewed in Guthrie 2007).

Analysis of the developmental time course of r8 motor nuclei reveals a similar
picture to that seen in r5. At HH24, upon exiting the ventricular zone, both SM and
BM neurons are found in a mixed population close to the midline (Figure 3.8, A).
These neurons then undergo an active process of segregation, BM neurons of the
DV and Gl nuclei migrate dorsally and laterally toward their respective final positions
(Figure 3.8, B) whilst those SM neurons which will constitute the dorsal and ventral
hypoglossal nuclei remain close to the midline. At HH27 the SM neurons are
beginning to separate into two distinct populations. By HH29 the r8 motor nuclei
have segregated and coalesced at their final positions; the ventral and dorsal
hypoglossal sit close to the midline ventricular zone. DV is found dorsal to the D
hypo, whilst the Gl is located laterally to the hypoglossal complex (Figure 3.8, C). In
summary in a similar manner to that shown in r5 (Figure 3.1) SM and BM neurons
are initially found in a mixed population and then, through a process of migration

and cell sorting, segregate to form four distinct neuronal nuclei.

Analysis by in situ hybridisation of the cadherin expression in r8 cranial motor nuclei
revealed a differential expression of cadherin 6b and 13 respectively (Figure 3.9).
This data is summarised in Figure 3.9, C; DV expresses cadherin 13 only, Gl
expresses cadherin 6b only, whilst the D Hypo expresses both. Most interesting is
the V Hypo, where cadherin 6b is expressed throughout the nucleus, but cadherin

13 is restricted to a population of cells in the ventral aspect of the nucleus only. This
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data points towards an anatomical specialisation within the nucleus which requires

the separation of two populations.

hb9:1sl1(Stage 24) : Isl1:GFP(Stage 29)

Dorsal Vagus

;.4;.5\

Dorsal Hypoglossal

Glossopharyngeal

Ventral Hyboglossal

Figure 3.8: Developmental time course of r8 cranial motor nucleus development. A: At
HH24 SM and BM motor neurons are found in a mixed population close to the midline. The
red box illustrates the position represented in each image. 4™ Ventricle is shown for
orientation (4th V) B: By HH27 SM and BM neurons have begun to segregate. Dorsal Vagus
and Glossopharyngeal neurons migrate towards their final positions (indicated by arrows). C:
At HH29 migration and segregation is complete and the nuclei occupy their final positions.
Scale bar 100um.
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Figure 3.9: Cadherin expression in r8 cranial motor nuclei. A: Cadherin 6b is expressed in
three cranial motor nuclei of r8; Dorsal Hypglossal, Glossopharyngeal and Ventral
Hypoglossal. B: Cadherin 13 is expressed in Dorsal Vagus and Dorsal Hypoglossal nuclei,
but is restricted to a ventral population of the Ventral Hypoglossal nucleus. C: Summary of
differential cadherin expression patterns in r8 cranial motor nuclei. Scale bar 100um.
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3.7 Down regulation of cadherin function inhibits nucleogenesis in

rhombomere 8

In order to assess a potential role for cadherins in nucleogenesis at r8, cadherin
function was knocked down using the dominant negative N cadherin isoform,
NA390. Embryos were unilaterally electroporated at HH18 and analysed at HH30.
As seen in r5, the motor nuclei in r8 are not tightly coalesced following NA390
expression (Figure 3.10). Neurons belonging to the Hypoglossal and Dorsal Vagus
nuclei appear mispositioned (Figure 3.10, B) and all nuclei appear to have failed to

coalesce correctly.

Assayed using the NCI, and taking each in turn, each of the nuclei is significantly
altered. Both ventral and dorsal aspects of the Hypoglossal show significant
decreases in neuronal coalescence: Decreasing from 92.59% (+0.57) to 66.83%
(x4.40) (p=0.0261) of total neurons coalesced with one or more neuron of the same
type in Ventral Hypoglossal (Figure 3.10, D). In Dorsal Hypoglossal there is a similar
phenotype following NA390 expression; the percentage of coalesced neurons drops
from 91.33% (£1.89) in control to 64.75% (+5.54) (p=0.0234) (Figure 3.10, F).
These decreases are indicative of a lack of neuronal cohesion due to cadherin

function knock down.

In the Islet+ only populations of the Dorsal Vagus and Glossopharyngeal nuclei
NA390 expression has the same effect. Cohesion of the Dorsal Vagus population is
lost, accompanied by a loss of neuronal coalescence from 80.38% (+4.78) in control
to 62.26% (+8.09) (Figure 3.10, H). Similarly the Glossopharyngeal nucleus fails to
coalesce correctly; there is a decrease from 78.41% (x1.67) in control to 56.24%
(x3.87) of total neuron number coalesced with one or more Islet+ neuron following
NA390 expression (Figure 3.10, J). There is no decrease in total cell number
following NA390 expression for any of the four neuronal populations (Figure 3.10, E,
G, |, K).

Thus knocking down cadherin function in r8 leads to defects in neuronal
development in the same manner as that seen at r5; Inhibiting cadherin function
leads to a decrease in cohesion and coalescence between MN’s and the nuclei
appear scattered. Cadherins therefore appear to play a role in motor nucleus

development throughout the hindbrain.
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Figure 3.10: Cadherins are required for motor nucleus development in r8 A: Control
hemisphere showing the positions of the four major r8 motor nuclei. B: Following NA390
expression the integrity of the nuclei is lost. Neurons appear scattered and have failed to
coalesce correctly (indicated by arrows). The red box illustrates the position represented in
each image. 4™ Ventricle is shown for orientation (4™ V)C: Successful electroporation was
confirmed by the presence of GFP. D-K: NCI analysis indicates that the nuclei fail to coalesce
following NA390 expression when compared with control hemisphere. There is no significant
alteration in cell number following NA390 expression. Paired Student’s T-test, error bars

indicate standard error, Scale bar 100um.



3.8 Cadherin expression is dynamic throughout nucleogenesis

The motor nuclei of r5 and r8 exhibit differential cadherin expression profiles (Figure
3.2, 3.8) in their mature configurations. The data suggests that cadherins are
generally involved in coalescence of the nuclei and alterations in the differential
cadherin expression can lead to desegregation of the nuclei. However prior to the
segregation of the nuclei in r5 and r8 these MN are found in large mixed
populations. Thus it is reasonable to predict that if cadherins drive, through their
differential expression, nucleogenesis theN cadherin expression must be present
throughout nucleogenesis. In order to assess this, cadherin expression was

assayed at various stages throughout development in both r5 and r8.

The misexpression of cadherin 20 in r5 leads to desegregation of the AccAb and
FMN respectively, thus this provided the obvious target for analysis of
developmental expression. In situ hybridisation analysis coupled with an antibody
stain reveals that at HH20 cadherin 20 is expressed in 80.99% (+0.60) of all Islet-1+
MN’s of r5 (Figure 3.11, A, Table 3.1) however at HH30, when the nucleogenesis is
complete, cadherin 20 expression is restricted to AccAb only (Figure 3.11, B, C,
F).Thus throughout the process of nucleogenesis in r5 cadherin 20 expression is
initially high in all MN’s; 80.99 (+0.60) at HH20, but then this expression is refined to
a subset of MN'’s which comprise the dFMN (Figure 3.11, D-E, Table 3.1). Thus the
expression of cadherin 20 in r5 is dynamic and it’s restriction to the dFMN is key for

the normal segregation of AccAb and dFMN neurons.

HH20 HH24 HH29

% Islet+/Cad20+ 80.99 +0.60 42.67 +0.38 32.77 +0.46
MN

Table 3.1: Analysis of total Cadherin 20 expression in all MN’s of r5. Cadherin20 is initially
expressed in  80.99% of all MN’s at HH20. During nucleogenesis, as cadherin 20 expression
is refined, there is a concomitant decrease in total cadherin 20 expression. Standard error is
indicated (n=2).
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Figure 3.11: Analysis of Cadherin 20 expression in r5 during nucleogenesis. A: Cadherin20
is initially expressed in  80.99% of all MN’s at HH20. B: At HH30 cadherin 20 expression is
limited to the dFMN (arrow indicates Cadherin 20 positive cells). C: Cadherin 20 is not
expressed in Ab at HH30 (arrow indicates Cadherin 20 negative cells). D-E: Cadherin 20,
initially expressed in a high proportion of r5 MN’s at HH20 is later restricted to the dFMN by
HH30. F: At HH30 cadherin 20 is not expressed in AccAb. Scale bar 100um.

In the r8 motor nuclei expression of Cadherins 6b and 13 was also assayed in the
dorsal and ventral hypoglossal nuclei throughout development. At HH24 all the
MN'’s of r8 are found in a mixed population close to the midline, analysis of Hb9 and
cadherin 6b/13 co expression shows that cadherin 6b is expressed in 16.09% of all
Hb9+ MN’s whilst cadherin 13 is not expressed (Figure 3.12, A,D, G). At HH27 as
the nuclei are beginning to segregate into their final positions it is possible to
differentiate between the two hypoglossal populations. Cadherin 13 is again absent
from both divisions of the hypoglossal, however cadherin 6b expression increases.
In the dorsal hypoglossal 69.33% of Hb9+ MN’s express cadherin 6b, whilst in the
ventral hypoglossal this percentage is lower at 21.21% (Figure 3.12, B, E, G). Thus
the percentage of Hb9+/cadherin 6b+ MN’s increases as nucleogenesis progresses,

indicating an up regulation of cadherin 6b expression.

By HH29 motor nuclei of r8 have segregated and adopted their final positions within
the hindbrain. At this stage both the ventral and dorsal hypoglossal express both
cadherins 6b and 13. Interestingly ventral hypoglossal is found to express cadherin

13 in a ventrolateral subdivision only (Figure 3.12, F); the percentage of
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Hb9+/cadherin 13+ MN’s is just 30.26% which reflects this (Figure 3.12, G).
Cadherin 13 is also expressed within 47.22% of the dorsal hypoglossal nucleus
neurons; however this is not a spatially restricted expression pattern. Cadherin 6b
expression decrease in the ventral hypoglossal to 54.23% when compared with
HH27, whilst there is a concomitant increase in cadherin 6b expression in the dorsal

hypoglossal to 52.19% of neurons compared with HH27 (Figure 3.12, C, G).

Thus within r8, as with r5, cadherin expression is dynamic within the motor neurons
throughout nucleogenesis. In r8 cadherin 6b expression appears to fluctuate as the
nuclei segregate from one distinct population from HH24-29, whilst cadherin 13 is
not expressed within the hypoglossal until a time point between HH27-29. In r5
cadherin 20 is expressed in all MN’s and is refined to be expressed only in the
dFMN, driving segregation between the FMN and the AccAb. In summary it is
possible to suggest that cadherins, through their differential and dynamic

expression, drive normal motor nucleogenesis in r5 and r8.
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Figure 3.12: Analysis of Cadherin expression in r8 during hypoglossal nucleogenesis. A:
Cadherin6b is initially expressed in a small number of Hb9+ SM neurons. B: At HH27 the two
divisions of Hypoglossal are visible; cadherin 6b is highly expressed in ventral hypoglossal.
Dorsal hypoglossal expresses cadherin 6b, but only in a small subset of neurons. C: Cadherin
6b is expressed in both Dorsal and Ventral Hypoglossal at HH29. D-E: Cadherin 13 is not
expressed in r8 cranial motor nuclei at HH24 or HH27. F: By HH29 cadherin 13 is expressed
in the Dorsal hypoglossal, but is restricted to a subset of neurons in ventral hypoglossal
(arrow). G: Quantification of cadherin 13 and 6b expression in Hb9+ SM neurons during r8
nucleogenesis. Scale bar 100um.



4. Fgf signalling in r5 cranial motor nucleogenesis

4.1 Fgf8 misexpression disrupts motor nucleogenesis in rhombomere 5

Cadherin expression in r5 and r8 motor nuclei appears to drive normal cranial motor
nucleogenesis. Each of the nuclei studied here can be differentiated by its own
differential cadherin expression profile which is established during nucleogenesis.
Expression of certain cadherins is altered during development, for example the
expression of cadherin 20 in r5 which is initially found in all MN’s but then refined to
the dFMN only. What drives these dynamic changes in cadherin expression during

nucleogenesis is currently unknown.

In the spinal cord combinatorial cadherin expression drives motor pool sorting and
this combinatorial cadherin expression is mediated by certain transcription factors,
which themselves are induced by exogenous factors. For example Haase et al.
2002 demonstrated that GDNF (Glial cell-line derived Neurotrophic Factor)
expressed in the brachial plexus surrounding the spinal nerves is crucial for the
expression of the ETS transcription factor Pea3. In the absence of GDNF spinal
motor neurons fail to differentiate correctly and are perturbed in their positioning
within the spinal cord (Haase et al. 2002). Importantly it is known that down
regulation of Pea3 leads to defects in the expression of the Type Il cadherins crucial
for motor pool segregation (Livet et al. 2002). Taken together these studies suggest
a model whereby GDNF expressed in the periphery acts to induce Pea3 expression
in a subset of motor neurons which modulates cadherin expression crucial for motor

pool sorting.

In the developing hindbrain it is possible that such an exogenous factor could
induce the dynamic changes in cadherin expression which are crucial for motor
nucleogenesis. Fgf8 presented itself as an ideal candidate molecule to drive this
dynamic cadherin expression. Firstly there are two potential sources of Fgf8 for
cranial motor neurons; the nucleus Laminaris and Magnocellularis both express
Fgf8 within r5 providing a potential central Fgf8 source, also Fgf8 is highly
expressed within the developing otic vesicle a region past which axons of the Ab,
AccAb and FMN project in close proximity (Figure 4.1); FMN axons project through
a large ventral exit point of the hindbrain passing immediately rostral to the otic

vesicle, whilst Ab and AccAb axons project from a small ventral exit point (Guthrie,
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2007). Secondly it is important to note that Fgf signalling alterations in r5 led to

disruption of nL development with concomitant alterations in cadherin expression.

rs

ro

Otic Vesicle

Midline
Figure 4.1: The otic vesicle and the auditory hindbrain nuclei provide peripheral and central
sources of Fgf8 respectively.

In order to assess the potential impact of altering Fgf signalling levels on cranial
motor nucleogenesis a murine Fgf8 (FGF8) construct was unilaterally driven into the
hindbrain at HH18 via in ovo electroporation. The construct was co-electroporated
with GFP to confirm successful tissue penetration (Figure 4.2, A, C). Analysis
performed at HH30 shows that up regulation of Fgf signalling in this manner led to
desegregation of motor nuclei in r5 only (Figure 4.2, B, D). Following mFfgf8
misexpression all MN’s in r5 appear scattered and have formed no cohesive and
distinct nuclei compared with control (Figure 4.2, B). However the motor nuclei of r8
remain intact following FGF8 misexpression, indicating that nucleogenesis has

occurred normally (Figure 4.2, D).

Significantly this demonstrates that Fgf signalling is not acting to disrupt
nucleogenesis in the hindbrain through gross morphological alterations, but is

important in cranial nucleogenesis specifically in r5.

100



Fgf8-GFP(r5) | | Islet 1(r5)

Figure 4.2: Fgf8 over expression disrupts motor nucleogenesis in r5, but not r8. A: GFP
expression indicates successful electroporation. B: Following Fgf8 over expression the
cranial motor nuclei fail to coalesce, MN’s are scattered throughout r5 (indicated by arrows).
C: Electroporation was also successful in r8. D: Development of r8 cranial motor nuclei
appears unperturbed by Fgf8 over expression, when compared with control. DV: Dorsal
Vagus. DH: Dorsal Hypoglossal. VH: Ventral Hypoglossal. Gl: Glossopharyngeal. Scale bar
100um.

4.2 Fibroblast growth factor receptors are expressed in cranial motor neurons

throughout nucleogenesis in rhrombomere 5

To investigate the potential role of Fgf signalling in r5 cranial motor nucleogenesis it
was necessary to assay the expression patterns of members of the Fgf signalling
pathway at various stages throughout development. Using in situ hybridisation the
expression of FGFRs 1, 2 and 3 as well as Sprouty 4 in r5 cranial motor nuclei was
characterised at HH35 (Figure 4.3). FGFR 4 was also assayed, but was not present
in the r5 cranial motor nuclei (data not shown). FGFRL1 is expressed in each
nucleus; Abducens (Ab), Accessory Abducens (AccAb) and both dorsal and ventral
Facial Motor Nuclei (dFMN, vFMN) (Figure 4.3, A). FGFR2 is expressed exclusively
in dFMN (Figure 4.3, B), whilst FGFR3 is found in both dFMN and vFMN (Figure
4.3, C). As with FGFR1, Spry 4 is expressed in all 4 of the r5 motor nuclei. Thus at
HH35 at least one FGFR is expressed in each nucleus and Fgf signalling appears to
be active as demonstrated by Spry 4 expression (Summarised in Figure 4.3, E).

FGFR’s were not expressed in r8 cranial motor nuclei (data not shown).
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Figure 4.3: Fgf signalling pathway members found in cranial motor nuclei at HH36. A-D:
The FGFR’s 1,2 and 3 are differentially expressed in the cranial motor nuclei of r5. The
downstream regulator of MAPK/ERK signalling Sprouty 4 (Spry4) is also expressed in all
cranial motor nuclei in r5. E: Summary detailing the expression of each FGFR in each
nucleus. Scale bar 100pum.

The segregation of Ab, AccAb, dFMN and vFMN occurs from HH26 to HH30 (Figure
3.1). If Fgf signalling is playing a role in nucleogenesis at r5 it would be predicted
that the FGFRs and Spry 4 would be expressed prior to, and throughout, this
process. As such expression of each FGFR and Spry 4 was analysed at HH25 and
HH30 (Figure 4.4). Using in situ hybridisation coupled with antibody staining for
Isletl it is possible to quantify the percentage of r5 motor neurons which are
expressing each receptor or Spry4; however it is not possible to differentiate
between SM and BM populations.

At HH25 FGFRL1 is expressed in 69.44% (+1.34) of Islet1+ MN’s decreasing to
62.31% (x 0.03) by HH30 (Figure 4.4, A, H). Thus FGFR1 is expressed in a high
proportion of MN’'s at HH25 and this expression is maintained through
nucleogenesis to HH30 (Figure 4.4, E-G). FGFR1 is expressed in all of the nuclei,
but not all MN’s possibly due to overlapping expression of other FGFRs in BM
neurons. FGFRs 2 and 3 are expressed at HH25 in a smaller percentage of MN’s
than FGFR1 (Figure 4.4, B, C, H). At HH30 FGFR2 is expressed in 53.76% (+£1.83)
of all MN’s in r5, this is predicted as FGFR2 at HH35 is restricted to dFMN only.
Similarly FGFR3 which is restricted to the dFMN and vFMN at HH35 is expressed in
a smaller percentage of Islet1+ MN'’s at HH30; 45.86% (£5.13) (Figure 4.4, H).
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Crucially Spry 4 is expressed in 62.20% (+0.37) of all r5 MN’s at HH25 rising slightly
to 67.39% (x£1.27) by HH30 (Figure 4.4, H). Spry 4 is expressed in each of the r5
motor nuclei, but as with FGFR1, not all MN’s. This may be due to the fact that Spry
4 is a negative feedback regulator of Fgf signalling and is expressed transiently in
response to Fgf signalling; as such it may not be expressed in all MN’s consistently.
Taken together this data indicates that Fgf signalling is active at HH25 prior to
nucleus segregation and is maintained throughout development until the

nucleogenesis is complete.

4.3 Up regulation of the Fgf signalling pathway leads to desegregation of
Accessory Abducens and dorsal Facial Motor Nuclei with concomitant

alterations in cadherin 20 expression.

Up regulation of Fgf signalling via FGF8 misexpression leads to motor nucleus
desegregation in r5 (Figure 4.2), however this effect is not cell autonomous. To
establish a role for Fgf signalling in cranial motor nucleogenesis the MAPK/ERK
signalling pathway was targeted directly using aconstitutively active Raf construct
(RafER). Fgf’s signal through their receptors via the MAPK/ERK signal transduction
pathway and a necessary activator in this intracellular signalling pathway is Raf. Raf
is a MAP3K which once phosphorylated can activate MEK1 (Kyriakis et al,. 1992),
leading ultimately to divergent cellular responses including gene transcription
(Reviewed in Tsang et al. 2004). Raf presents an ideal target point for manipulation
of this pathway. Using a Tamoxifen-inducible constitutively active Raf construct
(RafER) it is possible to up regulate the MAPK/ERK pathway at any time point
during development following in ovo electroporation (Samuels et al., 1994). As this
Raf is constitutively active it cannot be inhibited by negative feedback involving Spry

and thus acts to independently and consistently up regulate the pathway.

The RafER construct was driven unilaterally into the chicken embryonic hindbrain at
HH18, and activated using Tamoxifen at HH22. GFP was used to confirm
successful electroporations. At HH30 embryos were analysed using
immunohistochemistry, to visualise mixing defects between SM and BM nuclei, and
in situ hybridisation to investigate potential changes in the cadherin 20 expression

pattern.
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Quantitation using the Neuronal Mixing Index (NMI) demonstrates that there is a
significant increase in mixing between AccAb neurons and FMN neurons following
RafER expression (Figure 4.5, D). Looking at Figure 4.5, B it is possible to identify
Hb9+/Isletl+ neurons of the AccAb aberrantly positioned within the FMN (indicated
by arrows). The percentage of AccAb neurons mixing with one FMN neuron
increases from 10.81% (x2.75) in control to 26.29% (+3.82) (p=0.0125, Student’s T-
test) following RafER expression (Figure 4.5, D). Similarly there is a significant
increase in the percentage of AccAb neurons found to be associated with two or
more FMN neurons, demonstrating that the two nuclei have failed to segregate
correctly. Importantly there is no difference in the total cell number of the AccAb

between control and electroporated hemispheres (Figure 4.5, E).

hb9:Isl1(Control)

. mControl ORafER = (n=5)
D 100 P=0.0011 el 2 L E 6o 4
(Chi-Square P<0.0001) P=0.282
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S »
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Neuronal Mixing Index Control RafER

Figure 4.5: Up regulation of the MAPK/ERK signalling pathway using the RafER construct
results in desegregation of the AccAb and dFMN. A: Isl1 and Hb9 expression in control
hemisphere showing AccAb (yellow) sitting lateral to the FMN. B: RafER electroporation
results in failure of AccAb neurons to segregate from dFMN. AccAb neurons are visible
mixed with FMN (indicated by arrows) C: GFP expression indicates successful
electroporations. D: NMI analysis shows a significant decrease in the percentage of AccAb
neurons which have coalesced with one another following RafER expression. E: There is
not significant change in the number of AccAb neurons in r5 following RafER expression.
Paired Student’s T-test, error bars indicate standard error (n=5). Scale bar 100um.



The phenotype identified following RafER expression is similar to that which is seen
following both Cadherin 20 and dnCadherin 20 misexpression (Figures 3.4 and 3.5).
In each of those cases the AccAb and FMN fail to segregate as their differential
cadherin expression profiles are normalised to one another. Cadherin 20 is initially
expressed in all r5 motor neurons, this expression is then refined to the dFMN only
(Figure 3.11). In order to assess the potential impact of up regulating the
MAPK/ERK signalling pathway analysis of cadherin 20 expression following RafER
expression was performed using in situ hybridisation coupled with antibody staining
for either Hb9 or Isletl (Figure 4.5).

Following RafER expression the positioning of Hb9+ AccAb neurons is altered, as
predicted based upon the NMI analysis, AccAb neurons are positioned medially in
the location of the dFMN (Figure 4.6, G). Those Hb9+ AccAb neurons which are
mispositioned are found to aberrantly express cadherin 20 (Figure 4.6, H, indicated
by arrows). Comparing cadherin 20 expression in AccAb neurons following RafER
expression with control reveals a 105.16% (£18.38) increase in the number of
neurons expressing cadherin 20 (Figure 4.6, E). There is also a 48.16% (+7.50)
increase in the number of Ab neurons expressing cadherin 20 (Figure 4.6, E)
following RafER expression. This increase in cadherin 20 expression in SM neurons
is indicative that cadherin 20 is not being down regulated following up regulation of
the MAPK/ERK pathway in r5 MN’s. As such the cadherin expression profiles of
dFMN and AccAb are equalised and the nuclei fail to segregate normally. There is
no difference in the number of SM neurons or indeed the total number of MN’s as

indicated by positive Isletl staining (Figure 4.6, 1, J).

106



‘wrlpOT Jeq 8[eas "lous plepuels aledlpul sleq
10413 1S91-] SJuspn)S palled '|0Ju0d yum pasedwod uoissaldxs y3sey Buimoljol (£=u) suoinau +ggH JO Jaquinu 8y} Jo (|L=U) S,NIA JO Jaquinu |e}o}
3y u1 asualayip weayiubis ou si aldy] :r-| "(H ul smoue Ag paredipul) 0Z uuayped ssaidxa Afjueliage 01 punoy ale pue NINHP a8y jo uoibal ayl ul
Alleipaw pauonisod are suoinau qyody +60qH H-4 "(g=u) uoneinbal dn Buljjeubis MYIA/MAVIN Bumol|o) ‘qwday ayl ul pasealoul Apuesiiubis si puy
"|0U02 yum pasedwod SI NN [[e Ul Sasealdul uoissaldxa 0z uuaype) :3J ‘suonelodollds)d |njssadons Wwiiuod 0} pash sem 449 :q (D ul payiubew)
gy99Y 9y} Wolj Juasge si pue NIAHP 3yl 01 pajolisal si uoissaldxa Qg ulaype) "aiaydsiway |01U0d Ul 0Z ulidyped Jo uoissaldx3 :D-V "uolssaldxa
0Z uuaypeD ul asealoul ue Yim Juelwoouod si siyl ‘uonenbal dn Buijeubis YH3/MdVIN Buimojol palaje si Buiuonisod uoinau qyody 9 ainbi4

o3y |04uo) 3y |ojuo)

° °

g z

L -=

Fos © 00z 3

Z z

® ®

= S

- 00L w - 00¥ w

I 7] n

6.22°0=d
oSt —; - 009 _
(e=v) (=) _ (y3sed+) ozuLeyped:6qy _
uonejndod NI L v
SUN IV qv oY qv
L O %
3
)
@
| (]
T 0S -
o
()
Q
N
- 00L %
| z
Z
G/10°0=d 2 - 2 S . $ . S
omrm _ d49 _ (jouo)) pzuLeyped:6qy

107



4.4 Down regulation of the Fgf signalling pathway also leads to desegregation
of Accessory Abducens and dorsal Facial Motor Nuclei with concomitant
alterations in cadherin 20 expression.

Following up regulation of the MAPK/ERK signalling pathway, using the RafER
construct, motor nucleogenesis is also disrupted as the SM and BM nuclei fail to
segregate correctly. Tightly controlled Fgf signalling appears therefore to be crucial
for normal nucleogenesis to occur. As a result it is reasonable to predict that down
regulation of Fgf signalling in r5 motor neurons may also result in defects in

nucleogenesis.

Down regulation of the Fgf signalling pathway was achieved using two DNA plasmid
constructs via in ovo electroporation; a dominant negative FGFR1 (dnFGFR1) and a
secreted form of FGFR3 (sFGFR3). Lacking its intracellular domain, dnFGFR1
inserts into the plasma membrane and binds Fgf's in the extracellular matrix;
however downstream signalling is not initiated (Amaya et al., 1991). Unlike the
RafER construct, this dnFGFR1 is non inducible. The sFGFR3 lacks its
transmembrane domain and inserts into the plasma membrane, but is then secreted
into the extracellular matrix where it sequesters Fgf8 protein, thus blocking Fgf8
from initiating its signalling pathway via the endogenous FGFRs (Fukuchi, 2001). As

previously embryos were unilaterally electroporated at HH18 and analysed at HH30.

Following dnFGFR1 expression AccAb and FMN fail to segregate correctly; Hb9+
neurons of the AccAb are found to be mixed with the FMN (Figure 4.7, B). Analysis
using the NMI reveals that the percentage of AccAb neurons which are isolated
from the FMN drops to 50.44% (+£5.02) compared to 90.26% (+5.15) (p=0.0008,
Student’'s T-test) in control hemisphere following dnFGFR1 expression. The
percentage of AccAb neurons found adjacent to at least one FMN neuron increases
significantly to 26.23% (+3.08) following dnFGFR1 expression compared with 8.24%
(£3.98) (p=0.0079, Student’s T-test) in control hemisphere (Figure 4.7, D). There is
no difference in AccAb cell number between electroporated and control
hemispheres (Figure 4.7, E). It appears therefore that inhibiting the Fgf signalling
pathway using the dnFGFR1 leads to desegregation of the AccAb and FMN as seen
following up regulation of the MAPK/ERK pathway using the constitutively active
Raf.
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Figure 4.7: Down regulation of the Fgf signalling pathway using the dnFGFR1 construct
results in desegregation of the AccAb and dFMN. A: Isl1l and Hb9 expression in control
hemisphere showing AccAb (yellow) sitting lateral to the FMN. B: dnFGFR1 electroporation
results in failure of AccAb neurons to segregate from dFMN. AccAb neurons are visible
mixed with FMN (indicated by arrows) C: GFP expression indicates successful
electroporations. D: NMI analysis shows a significant decrease in the percentage of AccAb
neurons which have coalesced with one another following dnFGFR1 expression. E: There is
not significant change in the number of AccAb neurons in r5 following dnFGFR1 expression.
Paired Student’s T-test, error bars indicate standard error (n=5). Scale bar 100um.

The failure of AccAb and FMN to segregate following MAPK/ERK signalling
pathway up regulation is concomitant with increased cadherin 20 expression in
Hb9+ SM neurons (Figure 4.6). Following Fgf signalling down regulation via the
dnFGFR1, the AccAb and FMN fail to segregate correctly. It is reasonable to
predict, therefore, that cadherin 20 would be aberrantly expressed in Hb9+ SM
neuron following dnFGFR1 expression. Analysis of cadherin 20 expression following
dnFGFRL1 expression reveals that cadherin 20 is indeed highly expressed in Hb9+

AccAb neurons (Figure 4.8).
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In control hemisphere Hb9+ AccAb neurons are located in the lateral aspect of the
hindbrain, they do not express cadherin 20 highly and are spatially segregated from
the FMN (Figure 4.8, A, B, C). Following dnFGFR1 expression however Hb9+
neurons are positioned such that they are intermixed with the FMN neurons (Figure
4.8, F, G); those mispositioned Hb9+ neurons aberrantly express cadherin 20
(Figure 4.8, H, indicated by arrows). Analysis of the number neurons expressing
cadherin 20 express reveals an increase of 169.92% (+126.29) (p=0.0256,
Student’'s T-test) of cadherin 20 positive AccAb neurons following dnFGFR1
expression (Figure 4.8, E). This is concomitant with an overall expected increase in
cadherin 20 expression of 16.5% (£8.62) in all r5 MN’s (Figure 4.8, E). There is no
difference in either total MN number as indicated by Isletl+ staining or in the
number of SM neurons in r5 (Figure 4.8, |, J), demonstrating that the difference in
cadherin expression levels is true and not an artefact of an increase in cell number

following dnFGFR1 expression.

To test the integrity of this result a second down regulation of Fgf signalling was
performed using the SFGFR3 isoform. The sSFGFR3 sequesters available Fgf8 in the
extracellular matrix thus inhibiting activation of the Fgf signalling pathway via the
FGFRs. This provides a robust assay as it is non cell autonomous; it does not

require MN’s to be electroporated in order to mediate the desired effect.

Following sFGFR3 expression, consistent with the observed dnFGFR1 data, the
AccAb and FMN fail to segregate correctly (Figure 4.9). Hb9+/Isetl+ neurons of the
AccAb are visibly mixed with the dFMN and have failed to migrate to their
stereotypical position lateral of the FMN (Figure 4.9, B). Quantification of this
phenotype using the NMI assay reveals a significant increase in the percentage of
AccAb neurons juxtaposed with at least one FMN neuron from 8.87% (+2.61) in
control to 27.72% (+£5.24) (p=0.0229, Student’s T-test) following sSFGFR3 expression
(Figure 4.9, D). There is no difference in the number of AccAb neurons between

control and sFGFR3 electroporated hemispheres (Figure 4.9, E).
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Figure 4.9: Down regulation of the Fgf signalling pathway using the sFGFR3 construct
results in desegregation of the AccAb and dFMN. A: Isl1 and Hb9 expression in control
hemisphere showing AccAb (yellow) sitting lateral to the FMN. B: sFGFR3 electroporation
results in failure of AccAb neurons to segregate from dFMN. AccAb neurons are visible
mixed with FMN (indicated by arrows) C: GFP expression indicates successful
electroporations. D: NMI analysis shows a significant increase in the percentage of AccAb
neurons which have coalesced with one or more FMN neuron following sFGFR3
expression. E: There is not significant change in the number of AccAb neurons in r5
following sFGFR3 expression. Paired Student’s T-test, error bars indicate standard error
(n=4). Scale bar 100um.

Cadherin 20 expression is increased in Hb9+ SM neurons following sFGFR3
expression; resulting in the desegregation of AccAb and FMN (Figure 4.10). AccAb
neurons appear mispostioned relative to the FMN following sFGFR3 expression
(Figure 4.10, F, G) when compared to the control hemisphere (Figure 4.10, A, B).
This alteration in positioning is concomitant with a comparative increase in cadherin
20 expression in AccAb neurons of 313.90% (n=1) compared with control (Figure
4.10, E) and a 50.00% increase in cadherin 20 expression in the Ab. Thus it
appears, as following Fgf signalling alterations using either the RafER or dnFGFR1
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constructs, that cadherin 20 expression is aberrantly maintained in SM neurons

throughout nucleogenesis leading to AccAb and FMN desegregation.
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4.5 Strictly controlled Fgf signalling is required for normal motor

nucleogenesisin r5

Disruptions in normal Fgf signalling leads to desegregation of the AccAb and dFMN,
these two populations remain mixed and AccAb fails to migrate and coalesce in its
usual position lateral to the FMN. This desegregation appears to be concomitant
with an increased number of AccAb neurons expressing cadherin 20 compared with
control. This increased cadherin 20 expression normalises the differential cadherin
expression profiles between AccAb and dFMN which would otherwise drive their

segregation.

This data suggests a model for nucleogenesis in r5 whereby differential cadherin
expression profiles drive the segregation of MN'’s into their distinct nuclei. In the
case of the AccAb and dFMN this segregation is driven specifically by the down
regulation of cadherin 20 in AccAb neurons. Up or down regulation of Fgf signalling
leads to a failure of cadherin 20 down regulation in AccAb neurons and subsequent
defects in nucleogenesis. Thus a strictly controlled level of Fgf signalling appears to

be crucial for cadherin driven motor nucleogenesis in r5 (Figure 4.11).

Interestingly there is no change in development of the abducens nucleus (data not
shown), following Fgf signalling disruption. This is consistent with a model whereby
Fgf signalling specifically refines the expression of cadherins within AccAb and FMN
neurons as they migrate laterally to their final positions, as the Ab nucleus does not
normally follow this tangential migration pathway, but instead these neurons settle in
position immediately juxtaposed to their exit point from the ventricular zone (see

discussion).
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Figure 4.11: A model for nucleogenesis in r5, driven by Fgf regulated cadherin expression.
A: At HH20 Cad20+ SM neurons are mixed with a Cad20+ BM population. B: Between
HH25-29 exposure to Fgf8 results in a gradual decrease of Cad20 expression in the SM
neurons as they migrate through the BM neurons of the FMN. C: This refinement of cadherin
20 expression to the dFMN results in segregation of the AccAb. Nucleogenesis occurs as
normal if the levels of MAPK/ERK signalling are unaltered. D: Up or down regulation of the
FgfIMAPK/ERK signalling pathway leads to a failure of cadherin refinement in MN’s. SM
neurons of the AccAb continue to express cadherin 20 leading to desegregation of the
nuclei.
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5. Cadherins and Fgfs in the auditory hindbrain.

5.1 Cadherin expression in the auditory hindbrain.

The development of auditory cranial nuclei has been extensively studied however,
little is known of the molecules which drive nucleogenesis in this region. Cadherins
appear to drive cranial motor nucleogenesis in r5 (Chapter 3) and as such present
an ideal target for investigation of auditory nucleus development. A comprehensive
in situ hybridisation analysis of cadherin expression in the auditory hindbrain nuclei
was performed and at least three members of the classical cadherin subfamily were
found to be expressed here.

Cadherins 22, 13 and N-cadherin are all expressed in the nL (Figure 5.1). These
cadherins are found to be expressed throughout auditory hindbrain development
from HH29 onwards (Astick, 2007; Smith, 2011) as part of the auditory anlage.
Expression of cadherins 22 and 13 is restricted to nL upon segregation of the

neurons into distinct nuclei.

m

| Cadherin 22 (HH39) || Cadherin 13 (HH39) | N-Cadherin (HH36) |
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Figure 5.1: Cadherin expression in the auditory hindbrain. A-b: Cadherins 22 and 13
respectively are expressed in nL only (HH39). C: N Cadherin is expressed in both nL and
nM (HH36)

5.2 Fgf, Spry4 and FGFR expression in the auditory hindbrain

Given that Fgf signalling appears to be important in cranial motor nucleogenesis,
potentially acting to modulate cadherin expression, it is possible that a similar
mechanism could be utilised by the auditory hindbrain nuclei of r5. Analysis using in
situ hybridisation shows that Fgf8 is expressed within both nL and nM (Figure 5.2),
marking both as potential sources of Fgf8 within r5. Significantly Fibroblast Growth
Factor Receptors (FGFR) 1 and 2 are also expressed within this region at HH36, as

well as the downstream inhibitor of the Fgf signalling pathway, Sprouty 4 (Spry 4)
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(Figure 5.2). This suggests that Fgf signalling is active in this region throughout nL-
nM development. Taken together with the data from section 5.1, this indicates that
both Fgf signalling and cadherins could potentially be involved in nL-nM

development and as such present ideal targets for manipulation.

~
- %

s . > : P ‘:'- h.

Fgf8 (HH39) | Spry4(HH30) |

Figure 5.2: Fgf, Spry4 and FGFR expression in the auditory hindbrain A: Fgf8 is expressed
in both nL and nM. B: Spry4 is expressed in the developing nL. C-D: FGFR’s 1 and 2 are
expressed in the developing nL.

5.3 Up regulation of the Fgf signalling pathway causes defects in normal

auditory hindbrain development.

The cells which constitute nL differentiate around HH21-23 whilst the cells of nM
differentiate slightly earlier around HH17-19 (Cramer et al.,, 2000). The chicken
embryonic hindbrain around HH18-20 is readily accessible for genetic manipulation
via in ovo electroporation.

Utilising this technique a DNA plasmid construct containing the murine Fgf8
(mFGF8) cDNA protein coding region (the murine and chick Fgf8 genes retain a
high sequence homology, particularly within the protein regulatory region, Haworth
et al., 2005) was driven unilaterally in combination with a GFP plasmid constuct in to
the r5 target region at HH18. Electroporated cells secrete mFGF8 protein increasing
the amount of Fgf8 found in the extracellular matrix and subsequently up regulating
Fgf signalling (Mahmood et al., 1995).
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The expression of endogenous Fgf8, cadherin 22 and cadherin 13 in r5 was
assayed and analysed at HH34 using in situ hybridisation following electroporation
(Figure 5.3). At HH34, nL and nM are near to segregation and nL begins to develop
its characteristic linear appearance (Figure 5.3, A). The average number of cells
found to be expressing Fgf8 upon over expression of mFGF8 is significantly
reduced from 151.2 (x22.0) to 67.7 (x11.4) (p= 0.0106, Student’s T-test) per section
(Figure 5.3, G), those cells which are Fgf8 positive do not coalesce to form a
coherent structure (Figure 5.3, B). Reduction in endogenous Fgf8 expression may
be due to the negative feedback loop known to regulate Fgf8 expression; increased
MAPK/ERK pathway signalling leads to the induction of Spry 2 and 4 which act to
inhibit Fgf8 production (Hanafusa et al., 2002; Furthauser et al., 2001).

In the control hemisphere at HH34 cadherins 22 and 13 are found to be expressed
in fewer cells compared with Fgf8 (Figure 5.3, G). Given that later in development
cadherin 22 and 13 are restricted to nL only, this indicates that their expression
could be restricted to presumptive nL cells prior to nL-nM segregation. Upon over
expression of mMFGF8 the average number of cells expressing cadherin 22 rises
significantly from 93.1 (£15.6) to 144.1 (x20.4) (p=0.0087, Student’'s T-test) per
section, indicating that a greater proportion of neurons may be expressing cadherin
22; expression is not restricted to a subset. The cadherin 22 positive cells fail to
coalesce into a single nucleus, but are scattered throughout the hindbrain (Figure
5.3, D).

Interestingly the mean number of cadherin 13 positive cells per section decreases
from 68 (+9.3) to 15.3 (+4.8) (p=0.0001, Student’'s T-test) when compared with
control (Figure 5.3, F-G). Cadherin 13 positive cells are sparse within r5 following
MFGF8 over expression and do not form any cohesive groups. Using cadherin 22
and 13 as potential markers for nL neurons this data suggests that nL has failed to
develop correctly. The characteristic linear arrangement of nL as marked by Fgf8 or
cadherin expression is absent, and number of cells expressing cadherin 13 or 22
are altered. Changes in the number of Fgf8 positive cells are indicative of
endogenous Fgf8 expression inhibition, however Fgf8 itself cannot be considered a
reliable marker for nL or nM neurons in this case as its expression will be altered by

up of down regulation of the Fgf signalling pathway as part of the Fgf synexpression

group.
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As over expression of mFGF8 leads to failure of nL and nM to develop correctly, it is
reasonable to predict that up regulation at any point on the MAPK/ERK signalling
pathway should lead to similar disruptions in normal auditory hindbrain

development.

Embryos were electroporated with the RafER construct at HH18 and Tamoxifen
added at HH23, by which stage the neurons of nL and nM have differentiated. At
HH29 the auditory anlage is established as a mixed population of nL and nM
neurons. Fgf8 and cadherin 22 are highly expressed in this area (Figure 5.4, A, C)

whilst a small number of cells are also found to express cadherin 13 (Figure 5.4, E).

Following RafER misexpression the number of Fgf8 positive neurons is unilaterally
significantly decreased (p=0.0332, Student’s T-test), however there remains a small
cluster of neurons in the “correct” position within the hindbrain (Figure 5.4, B, G).
There is no difference in the number of neurons expressing cadherin 22 between
electroporated and control hemispheres (81.75 £9.0 and 81 + 14.2 respectively).
There is a clear cohesive group of cadherin 22 positive cells found in the dorso-
lateral aspect of the hindbrain (Figure 5.4, D, G). Additionally, the average number
of cells expressing cadherin 13 following RafER electroporation decreases); this

decrease is not statistically significant (Figure 5.4, F, G).

The presence of Fgf8 and cadherin 22 positive clusters of neurons in the position of
the auditory anlage suggests that early development of the auditory anlage may
have occurred, following RafER electroporation. Potentially this may suggest role
whereby Fgf signalling and cadherin expression in nL development is important
during segregation and maturation of the nuclei as opposed to early neuronal
survival and migration. However, a great deal more evidence would be required to

support this.
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In order to investigate this further, RafER was induced at HH28 immediately prior to
auditory anlage formation. Analysis of Fgf8 expression at HH34 shows that the the
number of neurons expressing Fgf8 following RafER misexpression drops from 74.4
(x12.6) to 13.5 (+6.1) per section compared with control (Figure 5.5, C). However a
small cluster of Fgf8 positive neurons remains in the dorso-lateral aspect of the
hindbrain (Figure 5.5, B). This cluster is smaller than, and does not take on the
linear appearance of, the developing nL-nM at HH34 (Figure 5.5, A). This suggests
that the nL-nM neurons have coalesced into the auditory anlage, but further
development and segregation of both nuclei has failed to occur as a result of up
regulating MAPK/ERK signalling. The timing of exposure to Fgf8 as well as the level
of Fgf driven MAPK/ERK signalling therefore appear to be significant for cadherin

refinement accompanying normal nL-nM development to occur.
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5.4 Down regulation of the Fgf signalling pathway also causes defects in
normal auditory hindbrain development.

In order to assess the effect of down regulating Fgf signalling on auditory
nucleogenesis the dominant negative FGFR1 (dnFGFR1) construct was used.

Embryos were electroporated at HH18 and analysed at HH31.

There is a significant decrease in the number of neurons expressing Fgf8 per
section following dnFGFR1 expression compared with control (p=0.0477, Student’s
T-test) (Figure 5.6, E). Furthermore, those neurons which are Fgf8 positive following
dnFGFR1 expression are scattered and do not coalesce into a distinct nucleus
(Figure 5.6, B). There is no significant change in the number of cadherin 22 positive
neurons following dnFGFR1 expression (52.4+12.64) compared with control
(31+26.1) per section (Figure 5.6, E). However as with Fgf8 positive neurons,
cadherin 22 positive neurons appear scattered following dnFGFR1 expression
(Figure 5.6, D). The apparent down regulation of endogenous Fgf expression
following dnFGFR1 expression is potentially due to two factors; either the neurons
which constitute the auditory hindbrain are missing or expression of Fgf8 is
dependant itself upon Fgf signalling from another source as part of the Fgf syn-
expression group. Lacking a reliable nL/nM marker, it is impossible to correctly

attribute this effect to one or other circumstance.

Together, both up and down regulation of Fgf signalling via the MAPK/ERK
signalling pathway results in disruption in normal nL-nM development. This data is
summarised in Figure 5.7; At HH29 neurons of the presumptive nL and nM coalesce
in a mixed population (the auditory anlage). Cadherin 22 is highly expressed in this
region whilst cadherin 13 is also expressed in a small number of cells.
Subsequently, the auditory anlage alters its shape and begins the process of
segregation into two distinct nuclei (HH29-34). This process is accompanied by
proportional decrease in relative cadherin 22 and increase in cadherin 13

expressions.

Altering the levels of Fgf signalling in r5 using mFgf8, RafER or dnFGFR1
constructs, leads to defects in nL and nM development. Cadherin 22 expression
does not decrease, whilst cadherin 13 expression levels remain low. Those
cadherin positive neurons which do remain fail to develop into the distinct linear
structure of nL, but are scattered or remain in a cluster similarly positioned to the

auditory anlage. Suggesting that normal nL development has been disrupted.
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Figure 5.7: A model for Fgf regulated cadherin expression, driving cranial auditory
nucleogenesis.

5.5 Analysing cell positioning defects in scattered nL neuronal population.

It is difficult to ascertain the nature of the developmental disruption following Fgf
signalling disruption due to the lack of a reliable marker, for nL or nM neurons. The
expression of cadherin 22 and 13 would indicate that the neurons which will make
up the cranial auditory nuclei are indeed present; however these cadherins are
expressed in other regions of the hindbrain, which makes quantification difficult in a

scattered population.

Previous studies have attempted to define a molecular marker for auditory hindbrain
neurons (Smith, 2011), however to date none has been identified which is
independent of Fgf signalling. One approach to identify nL neurons in a scattered
population is to use anatomical tracing experiments focused upon input to the nL.
nM neurons appear to project their axons across the midline to the region of the
contralateral nL following mFGF8 misexpression (Figure 5.8, A). It is reasonable to
suggest therefore that the ITD circuitry of nL-nM may remain, in part, intact. In wild
type embryos nL receives a broad synaptic inhibitory input from neurons of the

Superior Olivary Nucleus (SON) (Burger et al.,, 2005) as well as input from
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contralateral nM neurons as part of this ITD neuronal circuitry. Thus using these two
nL inputs it may be possible to identify misplaced nL populations in scattered

populations.

Micro injections of Alexa 488 conjugated cholera toxin B into the cells of the SON
provides an anterograde labelling of SON input to nL. Combined with insertion of
dextran tetramethylrhodamine crystals at the midline; which labels contralateral nM
afferents, allows visualisation of nL (Figure 5.8, B). The position of the juxtaposition
of these markers indicates the position of nL (Figure 5.8, C). This presents a
potential solution to the problem of identifying nL neuronal position following Fgf

signalling alterations.

Alternatively it is possible to identify the region of nL using a nuclear marker such as
DAPI. There appears a cell body sparse region surrounding nL which is rich with the
dentrites of nL neurons (Figure 7, D). At HH34 this region is less clear as the nuclei
have not established their mature conformations, however there is a region of the
hindbrain which appears to contain a low concentration of cell bodies (Figure 5.8,
E). Following RafER misexpression this region is absent, although a small region
which could potentially be the position of the residual AA is present (Figure 5.8, F).
Importantly this indicates that the linear structure of nL has failed to develop, ruling
out the possibility that nL remains intact but with altered cadherin and Fgf8

expression.
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Figure 5.8: Attempting to locate nL neurons in a scattered population. A: GFP expression in
nM afferent axons, following unilateral in ovo electroporation, shows the location of nL
contralaterally (indicated by the yellow dotted line). B: A novel technique to idenify the position
of nL neurons, using cholera toxin B (CT-B) microinjections to SON and Rhodamine dextran
(dextran) inserted at the midline, as anterograde axonal tracers. C: An example of the
technique demonstrates the position of the nL (yellow) at the juxtaposition of CT-B (green) and
Dextran (red) labelling. D: Dextran labelling in combination with DAPI illustrates the cell sparse
region surrounding the nL. E: In control hemisphere the cell sparse region indicates the
position of the nL. F: Following RafER expression there appears a small cell sparse region as
indicated by DAPI staining which could potentially be a remnant of the auditory anlage.
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6. FHFs and Navl.6 in nucleus Laminaris

6.1 FHF and Nav1.6 expression in nucleus Laminaris

Fibroblast Growth Factor's 11-14 are also known as Fibroblast Growth Factor
Homologous Factors 1-4 (FHFs). They are a non secreted sub family of Fgf’'s which
are FGFR independent (Review see Goldfarb 2005). FHFs 2 and 4a are reported
intracellular binding partners of Nav1.6, the sodium channel which is known to
mediate excitability of nL neurons (Wittmack et al., 2004, Lou et al., 2005).
Following the identification of Fgf expression in nL, an analysis of wild type (WT)
chicken hindbrains at HH36 by in situ hybridisation revealed that FHFs 1a and b, 2
and 4a were all expressed with nL (Figure 6.1 A-D). Nav1.6 as previously reported

(Kuba et al., 2006) was also expressed in nL (Figure 6.1, E).

Fhfla Fhf1b

nL
Fhf1a,1b

Fhf2, 4a ™,
Nav1.6

Figure 6.1: Fhf and Nav1.6 in nL. A-D: FHFs 1a, 1b, 2 and 4a are all expressed
in nL (HH36). E: Navl.6 is expressed in both nL and nM (HH39). F: Summary.



The nL is organised such that high and low frequency cells occupy distinct positions
along the rostromedial to caudolateral axis (Smith & Rubel 1979; Smith 1981).
Analysis was performed in order to investigate if a graded expression of FHF and/or
Navl.6 existed across this frequency axis. Focussing on Fhf2 and 4a, mRNA
expression levels were assayed by analysing the intensity of staining at regular
intervals throughout nL (Methods 2.10.2). Potentially an expression of Navl1.6
intracellular binding partners could have implications for nL neuronal firing across
the frequency axis. Given the roles performed by FHF’s in terms of altering the
dynamics of sodium channel inactivation (Goldfarb, 2012), it would be reasonable to
predict that a gradient or differential expression of these genes may exist across the
frequency axis.

6.2 FHF 2 and 4a are differentially expressed along the frequency axis of

nucleus Laminaris

At HH36 the nL is approaching its final conformation and extends as a sheet,
approximately 2-3 cells in diameter, along the rostrocaudal axis. Synapse formation
between nL and nM has begun (Saunders et al., 1973) and the dendritic
architecture of nL neurons is beginning to mature (Smith, 1981). Analysis of FHF
expression at HH36 shows that Fhf2 and Fhf4a exhibit different expression patterns
within the nL (Figure 6.2).

The established tonotopic organisation of the nL across the rostro medial to dorso
lateral axis results in a visible gradient of dendritic length associated with the
characteristic best frequency of each neuron across the medial to lateral gradient.
As such analysis across transverse sections should present a gradient of
expression, if one were present, relative mRNA expression levels were determined
as described in section 2.10.2, by measuring the intensity of staining of entire cells

at regular intervals across the nL.

In transverse sections of the rostral nL, Fhf2 is indeed expressed in a medial to
lateral gradient; signal intensity is highest in the medial regions (~90%) and falls
laterally (~40%) (Figure 6.2, A, C). This pattern of expression is maintained in
medial sections of nL (Figure 6.2, D) where the difference in signal intensity from
medial to lateral nL is greater (Figure 6.2, F). Fhf2 expression appears to fall in the
most caudal region of nL, but is maintained across the array (Figure 6.2, G). Taken
together this indicates an expression pattern such that Fhf2 is highly expressed in

the rostromedial nL neurons and this expression decreases in caudolateral neurons.
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Thus Fhf2 appears to be highly expressed specifically in the high frequency nL
neurons when compared with low frequency nL neurons.
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Figure 6.2: Fhf2 and Fhf4a are differentially expressed in nL: A-C: Fhf2 and 4a are
expressed in complementary gradients across the medial to lateral axis of the rostral nL.
Peak expression for both Fhf2 and 4a is indicated by arrows. D-F: The gradient of both Fhf2
and 4a expression seen in rostral nL is maintained in medial regions. Fhf2 expression is
highest medially. G-I: Fhf2 expression decreases in caudal region, conversely Fhfda
expression is highest in this region. Fhf4a is most highly expressed in caudolateral nL.

Conversely Fhf4a shows the opposite gradient of expression. In rostral nL Fhf4a
signal intensity decreases from ~40% laterally to ~10% medially (Figure 6.2, C), this
profile is maintained along the rostrocaudal axis, with Fhf4a consistently expressed
at higher levels in lateral compared with medial nL (Figure 6.2, F, 1). Whilst notably,
the peak of expression appears to be found in the most caudal regions (Figure 6.2,

H, ). This data suggests that Fhf4a expression is higher in low frequency neurons
131



of the caudolateral nL. It should be noted that both Fhf2 and Fhf4a are expressed

across the entire nL, but significantly their gradient of expression is complementary.

At HH36 nM-nL synapse formation is initiated but these synapses are not
functionally active until HH38. Analysis of nL at HH38 therefore will demonstrate if
this graded expression is maintained following synapse formation. The average
signal intensity along the rostrocaudal length of nL was analysed. As predicted,
when we analyse signal intensity, Fhf2 expression is higher in medial neurons of nL
compared with those found laterally (Figure 6.3, A, C and E). Fhf4a is found to be
expressed in a complementary gradient; its highest expression is found in the lateral
aspect of nL and decreases medially (Figure 6.3, B, D and E). This data indicates,
as with analysis at HH36, that Fhf2 is expressed at a higher level in the high and
middle frequency nL neurons. Fhf4a is expressed in the opposite gradient.
Importantly this gradient of expression is established prior to the establishment of
active synapses and maintained, suggesting a functional role across the frequency

axis.
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Figure 6.2: Sagittal sections
through nL  demonstrate
showing Fhf2 and Fhfda
expression.

A-B: Fhf2 is expressed
throughout nL in the medial to
lateral plane. Fhf2 expression
is highest, however, in medial
regions (indicated by arrow).

Fhfda expression is
complementary to Fhf2. The

 peak of Fhf4a expression is in

the lateral region of nL
(indicated by arrow). In the
medial nL, Fhf4a is absent.

E: Mean signal intensity taken
along the
rostrocaudal axis of nL in each
section. Fhf2 expression is
highest in the medial nL
sections and absent at the
extreme lateral nL. Fhfda is
expressed in lateral nL, but is
absent in the medial nL
neurons. (n=5).

Navl1l.6 is the predominant channel mediating action potential initiation in nL

neurons. Nav1.6 channels are found at the axon initial segment (AIS) but are sparse

on the soma of nL neurons (Kuba et al., 2006) Analysis at HH36 found expression

of Navl.6 mRNA to be constant across nL, with no discernable gradient of

expression in either the mediolateral or rostrocaudal axes; signal intensity of Nav1.6
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expression is consistent across the medial to lateral axis in rostral, medial and
caudal sections of nL remaining around ~50% throughout (Figure 6.4). There are no
sharp gradients as with Fhf2 or Fhf4a expression. This indicates that there is no
change in level of Navl.6 expression associated with any frequency specific sub

population of nL neurons.

Taken together this data indicates that there is constant Nav1.6 expression across
the entire nL, but that Fhf2 and Fhf4a are expressed in contrasting rostromedial to
caudolateral gradients. This is summarised in Figure 6.5. Potentially this holds

functional implications for nL and ITD analysis.
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Figure 6.4: Nav1.6 expression is constant across the entire nL. A-F: Nav1.6 is expressed at
a constant level across the lateral medial axis. It shows not large increases or decreases
associated with different best frequency neurons along the rostrocaudal axis.
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Fhf4a

Figure 6.5: Summary: There is a complementary gradient in expression of Fhf2 and Fhf4a
along the frequency axis of nL. Fhf2 (Blue) expression is highest in the rostromedial nL
which contains high frequency neurons. Fhf4a (red) expression is highest in the caudolateral
of nL, occupied by low frequency neurons.

6.3 The role of FHFs in nL

The FHFs are expressed in the chick embryo throughout embryogenesis, and
through to adulthood. The expression of the FHFs, which are a non secreted sub
family of the Fgfs, in the nL has important functional implications for auditory
information processing. FHFs are intracellular binding partners of voltage gated
sodium channels; they bind to the C-terminus of region of these channels where
they act to alter the dynamics of channel opening. It has been demonstrated that
FHFs act to raise the voltage dependence of fast channel inactivation, enabling
constant repetitive firing of Action potentials. The nL is tonotopically arranged such
that each region along the rostro caudal axis receives phase locked input at a
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specific frequency matched to the positional of stimulation at the cochlea. The role
of nL in processing of interaural time differences requires that each neuron is able to
respond to coincident input with a high degree of fidelity, that is it is crucial that
action potentials are only elicited in response to the correct stimulus. The

membrane and channel properties which mediate AP firing are therefore crucial.

The nL has many specialisations which allow it to perform this function however, the
novel discovery of FHF expression in nL neuron may illustrate another adaptation.
Fhf2 and 4a were found to be expressed in complimentary gradients along the
rostrocaudal axis. Fhf2b was highly expressed in the rostral nL where high best
frequency neurons reside. Fhf2 binds the C terminus region of Navl1.6, which is
expressed at the same level throughout the nL, where it alters channel dynamics
allowing repetitive firing of action potentials mediated by Navl.6. In mice cerebellar
slices it has been shown that Fhf2 and 4a act to decrease the recovery time of
Navl1l.6 channels from inactivation, helping to maintain repetitive action potential
firing. That it also raises the voltage dependence of channel inactivation is indicative
that Fhf2 helps to prevent action potential generation in nL neurons which do not
receive precisely time coincident input; only when a certain voltage threshold is
reached will the Navl.6 channels open, eliciting an AP. If the input to the nL neuron
is only slightly mis-timed then the raised voltage threshold cannot be reached and
Action potentials are not elicited.

The expression gradient of Fhf 4a is complimentary to that of Fhf2, indicating that
the two may have different roles in high and low frequency neurons. In the caudal
nL specialisations allow for the low input frequency of coincident input, and it would
seem that a raised voltage dependence of channel opening and inactivation here
may be a disadvantage. However, these neurons are also required to fire
repetitively and so the role of FHFs here may also be to act as a filter preventing
aberrant nL neuronal firing. The role of FHFs in sodium channel binding is a fairly
recent discovery and studies as to its exact function have not differentiated a role for
the different FHF family members. This data suggests that they may have different
roles to play dependent upon the neuron in which they are expressed. Further
electrophysiological investigation would be required to determine the exact
implications of the gradients of expression discussed here.
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7. Discussion

Cranial nucleogenesis requires that neurons are able to migrate to their correct
spatially distinct position, where they will recognise and coalesce with molecularly
identical neurons into functionally related clusters; neuronal nuclei. Analysis of the
development of the cranial motor nuclei in r5 and r8 demonstrated that Somatic and
Branchiomotor neurons exit the ventricular zone at similar time points and positions
and are found in mixed populations prior to the onset of nucleogenesis. The initial
intermixing of the two populations has not previously been reported and suggests a
requirement for controlled cellular adhesive interactions in order for nucleogenesis
to occur. In r5, for example, at HH20 both BM and SM neurons are located in a
mixed population close to the midline adjacent to the ventricular zone. These
neurons begin to segregate into distinct groups dependent upon their molecular
identity by HH26. The process of segregation and nucleogenesis is not complete
until HH30. The question asked in this study is what can drive this two part process
of segregation and coalescence of distinct neuronal subtypes?

7.1 A model for Cranial Nucleogenesis

The data presented in this thesis suggests that differential cadherin expression
under the control of Fgf signalling may play an important role in mediating the
organisation of motor neurons in to distinct nuclei. Within r5, each of the motor
nuclei expresses a unique combination of type Il cadherins; this is the first family of
molecules which has been demonstrated to define the identity of specific cranial
nuclei and significantly differentiates between different divisions of the FMN.
Notably, the Accessory Abducens and dorsal Facial Motor nuclei differ only in their
expression of cadherin 20; a mosaic misexpression of cadherin 20 in r5 MN's

resulted in defects in the normal development of AccAb and dFMN.

The time course of r5 motor nuclei development illustrates that the AccAb and FMN
are intermixed at HH26 during embryogenesis, however these two nuclei are
completely segregated by HH31. Early in development (HH20) cadherin 20 is
expressed in a high percentage of all MN's, by HH29 however, it is restricted to the
dFMN. it appears that the down regulation of cadherin 20 expression in AccAb MN's

as they migrate through and segregate from the FMN MN's between HH24-29
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prevents these AccAb neurons from interacting with and potentially aberrantly
adhering to dFMN MN's.

A potential extrinsic factor which could affect changes in the hindbrain is Fgf8; which
is known to act as a secreted morphogen and can induce differential gene
expression in a concentration dependant manner. Up or down regulation of Fgf
signalling leads to desegregation of the AccAb and dFMN, in a manner which is
phenotypically identical to alteration in cadherin 20 expression in these two nuclei.
Analysis of cadherin 20 expression in r5 MN's following changes in Fgf signalling
levels revealed that cadherin 20 is aberrantly expressed in mispositioned AccAb

neurons.

Thus a model is presented, such that the dynamic expression of cadherins under
the control of Fgf signalling facilitates the segregation of a mixed population of MNs
into spatially discrete neuronal nuclei. In the particular case of the r5 motor nuclei
this process is dependent upon a tightly controlled down regulation of cadherin 20
during the critical stages of AccAb and FMN nucleogenesis; that is the time point
when these two populations separate from one another and coalesce in their final
positions. Fgf signalling appears to be critical for the modulation of cadherin
expression in r5 as disruption in Fgf signalling leads to alterations in cadherin
expression with concomitant defects in nucleogenesis (Figure 7.1).

Stage 20 Stage 25-29 Stage 30

. Cédéo+ Sérr‘m‘atichN
¢ Cad20- Branchio MN
¢ Cad20+ Branchio MN

Figure 7.1: A model for cranial motor nucleogenesis in r5. A. Initially Somatic and Branchiomotor
neurons express cadherin 20 and are mixed in one population. B. As development proceeds cadherin
20 expression is refined, such that it is down regulated in all motor nuclei, except those that will form
the dFMN. This process is possibly dependent upon tightly controlled Fgf signalling, initiated by Fgf8
found in the extracellular matrix. C. By HH31 nucleogenesis is complete, only the dFMN expresses
cadherin 20. Ab, Abducens; AccAb, Accessory Abducens; dFMN, dorsal Facial Motor Nucleus;
VvFMN, ventral Facial Motor Nucleus.

138



7.2 Type Il cadherins mediate cell sorting in vivo

Cadherins are a family of calcium dependant adhesion molecules, which have been
shown to mediate the sorting of different cell types in vitro (Nose et al., 1988). In the
central nervous system their spatially and temporally restricted expression is
important in the organisation and patterning of neurons into distinct regions and
circuits. The morphogenetic functions of cadherins have been attributed to the
classical type | and Il cadherins (Nollet, 2000).Type | cadherins have broad
expression patterns associated with, for example, the segregation of embryonic
epithelial layers (Nishimura et al.,, 1999). Type Il cadherins appear to have
overlapping expression patterns in relatively small regions, particularly within
nervous system; it is known that combinatorial type Il cadherin expression drives the
segregation of MNs in to distinct motor pools in the spinal cord (Price et al., 2002).
The mechanisms which underpin the specificity of cadherin binding and associated
cell sorting are now beginning to be elucidated.

Each type | or Il cadherin possess 5 repeated 110 amino acid extracellular domains
(EC1-5) (Reviewed in Tanabe et al., 2004). Binding of Type | cadherins is mediated
at the EC1 domain by exchange of a B strand between two partnering EC1
domains; this exchange is anchored by the insertion of a side chain of a conserved
Trp2 residue into a complementary hydrophobic pocket. This mechanism is
believed to mediate binding of cadherins presented on the cell surface of two
opposing cells. Importantly the EC1 domain has been shown to determine the
specificity of type | cadherin binding in vitro (Nose et al., 1990).

The binding mechanism which mediates binding of type Il cadherins, however, is
significantly different. Binding between type Il cadherins is also mediated via the
EC1 domain, however it involves the exchange of two tryptophan residues (Trp2
and 4) into a larger hydrophobic pocket than that found in the type | cadherin EC1
domain (Patel et al., 2006). Thus there is a structural incompatibility between type |
and type Il cadherins which will prohibit adhesion between these two cadherin
types. In vitro aggregation assays using wild type or chimeric type I/ll cadherins,
where the EC1 domain is switched, support this (Patel et al., 2006; Katsumba et al.,
2009).

Interestingly aggregation assays involving only type Il cadherins have so far failed to

recapitulate the cell sorting effect seen using in vivo systems; cells expressing

different type 1l cadherins at the cell surface will form mixed aggregates, whereas
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under the same conditions differential expression of type | cadherins will drive
segregation of two populations (Patel et al., 2006; Nose et al., 1990; Shiyoyama et
al., 2000). Evidence presented here suggests that differential type Il cadherin
expression in cranial motor nuclei, as in spinal motor pools, is sufficient to drive the
segregation of neuronal populations in vivo. Each of the r5 motor nuclei expresses a
unique combination of type Il cadherins, normalising the expression profile between
two nuclei is sufficient to inhibit their segregation. Importantly no type | cadherins
are expressed here; misexpression of the type |, N-cadherin in this system has no
effect on nucleus development, suggesting a specificity of action imparted by type Il

cadherin interactions.

However, if type Il cadherins are unable to drive segregation in vitro in the same
manner as type | cadherins, then how are they able to drive this process in vivo?
Firstly it should be noted that in vitro assays so far have used the expression of only
one type Il cadherin in each cell; in vivo, neurons express multiple type Il cadherins.
This indicates that combinatorial type Il cadherin expression is important in cell
sorting in vivo. In addition the strength of cadherin interactions has been shown to
be variable between both type and individual cadherins. The affinity of homophilic
interactions between the type | cadherins N and E cadherin have been shown to be
slightly different, where the affinity of binding between two N cadherin dimers is
greater than that of E cadherin. These two cadherins have been demonstrated to
form heterophilic bonds in vivo (Volk et al., 1987); however the affinity of this
interaction is less than that of the homophilic N cadherin interaction (Katsamba et
al., 2009). The authors suggest that cell layer separation is still expected in the
presence of heterophilic interactions if the affinity of one type of homophilic
interaction is greater. Similarly, recent data has suggested that when the difference
in binding affinity between two cadherins is relatively low, cell sorting in vitro does
not occur. However, two-dimensional differences in binding affinity greater than 5

fold correlate with cell segregation in vitro (Tabdili et al., 2012).

The affinity of homophilic cadherin 6 (a type Il cadherin) was found to be an order of
magnitude greater than that of N-cadherin (Katsamba et al., 2009), as would be
predicted from the known larger interfacing surface area within the EC1 domain
(Patel et al.,, 2006). Whilst data for adhesive affinity between chicken type I
cadherins is not currently available the idea that each cadherin within the family has
subtly different binding affinities which may translate into strength of adhesion may
help to explain the role of type Il cadherins in vivo. For example in the hindbrain
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motor nuclei the adhesive strength of cadherin 20 may be greater than that of the
other type Il cadherins expressed. One could propose a model whereby cadherin 20
is initially expressed in all MNs as they migrate, as the dominant cadherin mediating
aggregation of a mixed population. At a certain time point cadherin 20 will be down
regulated in subsets of MNs and other cadherin interactions will predominate to

drive coalescence of discrete nuclei.

It has also been shown that the level of cadherin expression within cells is
significant in the process of cell sorting; cells expressing high levels of E- cadherin
will preferentially aggregate with those expressing a similarly high level as opposed
to cells exhibiting low level E-cadherin expression (Nagafuchi et al., 1987). Thus
there appears a mass action effect of cadherin binding is also important in the
process of cell sorting. It is difficult in vivo to assess the relative contribution of each
type 1l cadherin to the overall adhesive properties of individual neurons. However,
taken together, it is possible that the specificity and affinity of cadherin interactions
driven by their EC1 domains in combination with the level of cadherin expression at
the cell surface could have profound effects on the overall adhesion of two neuronal
populations. For example a subtle difference in binding affinity between two type II
cadherins may not be sufficient to mediate cell sorting; however increasing the level
of expression of one cadherin amplifies such a difference as a result of mass action.
It is likely that, as well as the combinatorial expression of cadherins in the r5 cranial
motor nuclei, the specificity and strength of homophilic type Il cadherin interactions

is crucial for nucleogenesis.
7.3 Cadherins in cranial nucleogenesis

Differential cadherin expression appears therefore to be important in normal cranial
nucleogenesis, so far | have discussed the potential mechanisms by which
cadherins mediate cell sorting in vivo with a particular focus on the r5 motor nuclei.
Further to this analysis of classical cadherin expression in the developing chick
embryonic hindbrain revealed that cadherins are expressed in both developing
motor nuclei of r8 and the developing auditory hindbrain nuclei. Disruptions of
cadherin function in either r5 or r8 using a dominant negative N-cadherin results in a
loss of neuronal nuclei adhesion and associated scattering of neurons. This
suggests that the coalescence of neuronal nuclei is dependent upon cadherin

mediated cell-cell adhesion. Cadherins however, have other potential roles in

141



cranial nucleogenesis and their presence in cranial motor nuclei has many

functional implications.

Cadherins are known to play active roles in the migration of neurons from their
progenitor domains. For example classical cadherins are known to regulate the
tangential migration of precerebellar neurons, which express cadherins 8, 11 and 6,
to both the external cuneate nucleus and lateral reticular nucleus of the cerebellum.
Knock down of cadherin adhesive function using a dominant negative has been
shown to slow down this migration (Taniguchi et al., 2006). Cadherins have also
been shown to be involved in the correct targeting of Purkinje cells to their
respective cerebellar compartments through early decision making events regulated
by cadherin expression (Luo et al., 2004). Similarly in the spinal cord the migration
of LMC neurons from the ventricular zone is dependent upon cadherin function; the
lateral migration of these neurons is inhibited following cadherin function
deregulation using a dominant negative catenin, and they remain juxtaposed to their
ventricular exit point (Bello et al., 2012). In the spinal cord LMC migration all MNs
initially express the same cadherins, prior to refinement later in development once

their lateral migration is almost complete (Price et al., 2002).

Early in the development of the r5 cranial motor nuclei all of the MNs are found in a
mixed population immediately juxtaposed to the ventricular zone adjacent to the
midline. Looking at the time course of nucleogenesis in this region it is apparent that
the MNs which will constitute the FMN and AccAb appear to undergo a stereotyped
lateral migration towards their final settling positions in the ventrolateral hindbrain.
Disruption in normal cadherin expression pattern causes desegregation of the FMN
and AccAb nuclei, associated with defects in cell sorting. The position of FMN
appears unaltered by disruption of this combinatorial cadherin expression, whilst the
AccAb neurons appear aberrantly intermixed with that population. Importantly the
Abducens nucleus appears unaltered following mosaic expression of cadherin 20 or
a dnCad20. If MN migration in this region, as in the spinal cord, is driven by
cadherin interactions with radial glia it would be predicted that the Ab would be
unaffected by disruption to this system as those MNs do not migrate from their
position upon exiting the ventricular zone. The phenotype ascribed to the failure of
correct neuronal FMN and AccAb nucleogenesis may also be a result of the failure
of AccAb MNs to complete migration driven by interaction with the radial glia,

coupled with the altered cadherin based cellular adhesion as discussed previously.
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A further role for cadherins in the development of cranial motor nuclei is in the
outgrowth of the cranial nerves themselves. In fact cadherin expression has been
shown to be an important regulator of axonal outgrowth and fasciculation (Marthiens
et al., 2005; Shiga et al., 1991; Fredette & Ranscht, 1994). Marthiens et al, 2005
demonstrated that cadherin 11 expression in motor axons is required for
fasciculation, knock down of cadherin 11 function blocks interaction between each
axon and rapid extension of the axonal growth cone. Similarly Barnes et al., 2010
demonstrated that cadherin 7 enhances motor neuron axon outgrowth whilst
suppressing multiple axon formation in early stages of BM motor neuron
development; subsequently down regulation of cadherin 7 is followed by an up
regulation in cadherin 6b expression. Cadherin 6b is able to promote motor axon
branching in vitro, consistent with the phenotype of mature motor neurons (Barnes
et al., 2010). However the actions of cadherins alone do not drive the behaviour of
cranial motor axons independently, but are one of several mechanisms which are

involved in cranial motor axon pathfinding.

For example it has been shown that repellent cues such as semaphorin D and
Netrin 1 secreted from the floorplate act as repulsive cues to developing BM motor
axons, which project their axons from large dorsal exit points. Abducens axons
which project their axons from small ventral exit points were unaffected by Netrin 1
expression (Varela-Echavarria et al., 1997). This differential responsiveness of
motor axons to guidance cues is significant in terms of this study, as they indicate a
requirement for different cell adhesion and repellent systems to be expressed within
developing MNs. For example in the spinal cord, selected MN pools are known to
express Sema3e whilst their appropriate proprioceptive sensory afferents express
the high affinity receptor Plexin-D1, this system is believed to be important for

correct target recognition and synapse formation ( Pecho-Vrieseling et al., 2009).

Similarly in the spinal cord the Eph receptor and ephrin ligand signalling system play
an important role in the topographic relationship between LMC axonal guidance and
motor neuron cell body positioning centrally. As mentioned LMCI| and LMCm motor
neurons map to either dorsal or ventral limb targets respectively, this action is
mediated, in part, by forward ephrin:Eph signalling (which mediates repulsion) or
reverse Eph:ephrin signalling (which mediates attraction). The distribution of
respective Eph and their ephrin binding partners in either axon or limb mesencyme
cooperate to drive the correct mapping of axons to their targets (Reviewed in Kao et
al., 2012). Significantly for the development of cranial motor nuclei Feng et al., 2000
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demonstrated that the Eph ephrin signalling pathway is important in mapping of the
spinal accessory nerve and positioning of certain motor neurons in the caudal
hindbrain. Eprhin A2 and A5 are expressed in the rostral muscle groups which are
innervated by the spinal accessory nucleus, mutant mice lacking both of these
ephrins show topographic axonal mapping defects as well as a mispostioning of the
motor neurons which innervate the acromiotrapezius muscle; motor pools were
shifted caudally and extended over a greater distance in mutant mice (Feng et al.,
2000).

Similarly in the spinal cord the signalling pathways which mediate axonal guidance
via Eph ephrin signalling can be directly linked to the positioning of LMC motor
pools. Palmersino et al., 2010, investigated the potential links between Reelin
signalling and the topographic mapping of LMC neurons to peripheral muscle
targets. They established that Reelin, expressed in the ventral spinal cord, is
necessary for the tangential migration of LMC neurons. This action is mediated
downstream of Lhx1, in LMCI neurons; acting to increase the expression of the
adaptor protein Dabl which, in turn, determines the final settling position of both
LMCI and LMCm in the ventral spinal cord. This effect is important in terms of
mapping the central topography of MNs and their peripheral targets as the
expression of Eph/ephrins in MN columns is controlled by Lhx1/FoxP1l expression
(Palmersino et al., 2010).

In terms of the cranial motor nuclei this presents a wider question for nucleogenesis.
For example in r5, following deregulation of the central positioning of the AccAb by
cadherin misexpression, will there be a defect in targeting or branching of axons to
their muscle targets? Also it would be useful to establish a topographic link between
the positioning of cranial motor nuclei in the absence of, or disruption of axonal
guidance to, muscle targets. Importantly the role of reelin signalling in the ventral
spinal cord in coupling these two processes, presents another potential role for Fgf

signalling within r5 itself.

7.4 Fgf signalling drives cranial nucleogenesis

The down regulation of cadherin 20 expression which mediates the segregation of
AccAb and dFFM nuclei is a key step in nucleogenesis in r5. Data presented in this

thesis suggests that this key step is controlled by the Fgf signalling pathway. Fgf8 is
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expressed in the auditory hindbrain nuclei of r5; nL and nM, as well as in the otic
vesicle directly adjacent to r5. Fgf8 is established as a secreted morphogen which
can induce differential gene expression in a concentration dependant manner. Up or
down regulation of Fgf signalling led to desegregation of the AccAb and dFMN, in a
manner which is phenotypically identical to mosaic misexpression of cadherin 20 in
these two nuclei. Analysis of cadherin 20 expression in r5 MN's following changes in
Fgf signalling levels revealed that cadherin 20 was aberrantly expressed in
mispositioned AccAb neurons. Thus, Fgf signalling appears to specifically alter the
cadherin expression profile of r5 cranial MNs during nucleogenesis, how is this
achieved?

The specific effect of altering Fgf signalling only effects nucleogenesis in r5; r8
cranial motor nuclei showed now defects in nucleogenesis following Fgf8
misexpression. Thus Fgfs in this region appear to be acting as a secondary
signalling centre which patterns the hindbrain at this specific axial level. Throughout
embryogenesis transient signalling centres exist which pattern the adjacent tissue,
examples include Hensens node or the midbrain hindbrain boundary; these
transient structures are sources of Fgf in the developing chicken embryo which
establish gene expression involved in A-P patterning (Liu et al., 2001; Liu & joyner,
2001).

Indeed positional specification via secreted cues in the A-P axis are critical to the
correct development of neural circuits, for example In the spinal cord the alteration
of gene expression which governs motor pool formation can be induced by extrinsic
factors; expression of GDNF in the plexus of the developing forelimb is required to
induce expression of the ETS transcription factor PEA3 (Haase et al., 2002); loss of
PEA3 expression leads to mis-positioning of spinal motor pools (Livet et al., 2002).
Equally limb ablation in chick embryos results in the loss of Er81 expression; a
transcription factor which lies upstream of cadherin 20 expression, required for the
correct segregation of motor pools. Taken together with the effects of Reelin
signalling in the ventral spinal cord, which is important in the migration and
positioning of LMC neurons, there is a combination of specification events at the

level of the limb which act in unison to coordinate the organisation of MNs.

Could Fgf expressed at r5 also be providing such a cue? Evidence presented here
suggests that the Fgf signalling pathway is involved in the downstream expression

of cadherin genes. Up or down regulation of Fgf signalling results in a failure in the
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down regulation of cadherin 20 expression. The various methods by which Fgf
signalling was manipulated during this study allows some insight as to the
mechanism by which Fgf signalling may play a role in cadherin expression
refinement. Up regulation of the Fgf signalling pathway was achieved using a
constitutively active Raf construct, which directly feeds into the MAPK/ERK
signalling pathway. Down regulation of Fgf signalling was achieved via FGFR
functional knockdown using the dnFGFR1 and a secreted FGFR3 which sequesters
Fgf8 in the extracellular matrix. Thus we were able to target Fgf signalling at three
separate points, by either blocking Fgf-FGFR binding, inhibiting downstream FGFR
signalling at the plasma membrane or by directly altering the MAPK/ERK signalling
pathway. That each of these manipulations produced essentially produced identical
phenotypes indicates that Fgf8 acting through the FGFR's in MN's may be able to
affect cadherin expression via the MAPK/ERK signalling pathway.

This result may be predicted based upon the known dynamics of Fgf signalling;
acting as a secreted morphogen the gradient of which is interpreted based upon the
French Flag model of morphogen expression (Wolpert, 1969). In fact it has been
demonstrated that the interpretation of Fgf morphogen gradient is mediated by
endocytic trafficking of the FGFR; trafficking the receptor back to the cell surface as
opposed to the lysosome for destruction, leads to an expansion of gradient
interpretation (Nowak et al., 2010). As such the extracellular Fgf gradient can be
refined via intracellular feedback mechanisms to induce a greater repertoire of
cellular responses over small distances. In r5 the motor neurons which will
constitute AccAb and FMN undergo a highly stereotyped migration, distance from
and exposure to the Fgf source may have a profound effect upon the interpretation
of Fgf signalling. Indeed the Fgf signalling pathway has been shown to induce the
expression of the ETS transcription factor Pea3 in chicken hindbrain (Weisinger et
al., 2010); Pea3 is an important regulator of motor pool positioning in the ventral
horn. Whilst knock down of FGFR1 in mutant mice results in down regulation of
cadherin 13 and 22 expression at the MHB (Trokovic et al., 2003; Saarimaki-Vire et
al., 2007;2011). Unfortunately in this study there have been no identified
downstream transcription factors which provide a direct link between Fgf signalling
and cadherin expression; investigation in to up or down regulation of known TF

targets is required to establish a direct link for Fgf regulation of cadherin expression.

Other potential interactions between cadherins and Fgf signalling appear to be
mediated directly by interaction of cadherins and FGFRs at the cell surface. For
146



example in the up regulation of N-cadherin at the cell surface is linked with an
increase in the invasive phenotype associated with cancer cell metastasis; the
mechanism of this action is believed to be a stabilisation of the FGFR via binging
with n-cadherin which mediates increased Fgf signalling duration leading to up
reglation of the secreted metaloprotease MMP9 (Suyama et al., 2002). The link
between FGFR and cadherin expression in cell motility is interesting when
presented in the context of neuronal migration. Perhaps more intriguing is the role
that cadherins and Fgfs play in axonal outgrowth. It has been demonstrated for
example that cadherin 11 interacts with FGFR1 to induce neurite outgrowth via the
downstream activation of the CAM kinase and PI3K pathways, but not the
MAPK/ERK pathway. Cadherin 11 is thought to recruit FGFR1 to the membrane
upon making contact with other axons, activating a signal cascade which will
ultimately promote axon outgrowth (Boscher & Mege, 2008). Conversely,
Soundarajaran et al., 2010 propose that axonal guidance of Lhx3 positive MMCm
spinal motor neurons is dependent upon Fgf signalling downstream of FGFR1
mediated by the MAPK/ERK signalling pathway.

The exact roles of Fgf signalling therefore remain unclear. Certainly based upon the
evidence presented here it is possible to propose that Fgf signalling via the
MAPK/ERK signalling pathway is important for nucleogenesis to occur; the
segregation of AccAb and FMN in r5 is driven by dynamic cadherin expression
which may be regulated downstream of Fgf signalling. However, the expression of
FGFRs in these MN populations, when viewed in the context of known cadherin-
FGFR interactions may suggest that Fgf signalling can play multiple roles in r5

motor nucleus patterning, migration and cranial nerve development.

7.5 Neuronal nuclei and neural circuit development

Neuronal nuclei are a predominant form of neuronal organisation within the CNS,
they are an integral part of most neural circuits and act to integrate information
before passing it on to higher centres or mediating responses in the periphery.
Prime examples of this are found in the cerebellum, where input to the spinal cord
from the cerebellar cortex is relayed via the deep cerebellar nuclei (Reviewed in
Eccles, 1973), or the nucleus Laminaris which, in birds, integrates sound
localisation information from both ears and projects this information to higher brain

centres (Reviewed in Hyson, 2006).
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Correct targeting of axons to the correct nucleus or peripheral target is therefore, of
crucial importance to the development of neural circuitry. However, neuronal nuclei
themselves are not passive in this process and the positioning and coalescence of
neurons has wide ranging implications for neural circuit formation. | have already
discussed the link between central topography of MNs in the spinal cord with
reference to axon outgrowth, however another aspect of circuit development is the
targeting of peripheral afferent input to the CNS. Recent data suggests that afferent
input to spinal motor neurons is pre-programmed, such that in mice where motor
pool settling position is scrambled, sensory afferent axons will project to a pre-
determined region and form inappropriate connections. Thus there is a breakdown
of the central and peripheral topographic mapping. Therefore the independently
correct positioning of motor neuron pools is critical for the formation of functional

spinal neuronal circuits (Surmeli et al., 2011).

This data perhaps goes against the commonly held view that recognition of cell
surface markers is the driving force behind neural circuit formation; however it is
likely that a combination of pre-programmed and contact driven behaviour act in
combination to drive circuit formation. It has been shown, for example that Sema3e
and its complementary PlexinD1 ligand are important for the fine mapping of
sensory afferent in specific motor pools ( Pecho-Vrieseling et al., 2009). Whilst
earlier studies implicate the presence of specific ETS transcription factors in
sensory-motor connections as playing an important role in spinal circuit

development (Lin et al., 1998).

Moreover there is a large body of data which supports a role for cadherin
expression driving specificity in neuronal circuits. For example it has been
demonstrated that functional cerebellar circuits and Purkinje cell domains can be
delineated by their cadherin expression profiles (Neudert & Redies, 2008). Further
to this differential cadherin expression profiles have been demonstrated to be found
in the basal ganglia and in layer specific expression patterns in the neocortex
(Hertel et al., 2008 ;Hertel & Redies 2011). Cadherins have also been shown to play
an important role in the defasciclation of sensory afferent in the spinal cord, where
N-cadherin expression provides a guidance cue for sensory axon progression in the
spinal cord via homophilic association with N-cadherin positive axons (Redies et al.,
1992). These studies may have implications for patterns of connectivity within the
hindbrain also, for example in the mapping of axonal input to the AccAb nucleus
following nucleus desegregation. Equally important could be the role of Fgf
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expressed from the nL/nM complex; expression of Fgf8 could be an important
axonal guidance cue for FMN motor axons projecting from large dorso lateral exit
points. Interestingly in this context it is important to note that GFP positive axons still

project to the region of the presumptive nL following Fgf signalling disruption.

Finally an important developmental consequence of nucleogenesis can be attributed
to the effects of electrical activity on motor axon mapping. MNs in the developing
spinal cord are connected by gap junction channels which may help to coordinate
spontaneous neuronal firing (Brenowitz et al., 1983). Spontaneous rhythmic activity
in the chick spinal cord is known to influence motor axon pathfinding decisions.
Decreases in electrical episode frequency leads to defects in dorsal ventral
pathfinding, whilst increases in frequency lead to a break down in motor pool
specific topographic projections (Hanson & Landmesser, 2006; Hanson et al.,
2008). The mechanisms which mediate these defects downstream of electrical
activity are yet to be elucidated; however it is possible that adhesion during early
development of cranial motor nuclei could play a role in the coupling of MNs which
may aid in the propagation of rhythmic electrical activity.
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