9
This electronic thesis or dissertation has been ING S

downloaded from the King’s Research Portal at CO/ / eg €
https://kclpure.kcl.ac.uk/portal/ LONDON

Studies of the hindbrain roof plate organiser in the chick embryo

Broom, Emma Ruth

Awarding institution:
King's College London

The copyright of this thesis rests with the author and no quotation from it or information derived from it
may be published without proper acknowledgement.

END USER LICENCE AGREEMENT ‘@ @ @ @ \

Unless another licence is stated on the immediately following page this work is licensed

under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
licence. https://creativecommons.org/licenses/by-nc-nd/4.0/

You are free to copy, distribute and transmit the work

Under the following conditions:

o Attribution: You must attribute the work in the manner specified by the author (but not in any
way that suggests that they endorse you or your use of the work).

° Non Commercial: You may not use this work for commercial purposes.

o No Derivative Works - You may not alter, transform, or build upon this work.

Any of these conditions can be waived if you receive permission from the author. Your fair dealings and
other rights are in no way affected by the above.

Take down policy

If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing

details, and we will remove access to the work immediately and investigate your claim.

Download date: 07. Jan. 2025



This electronic theses or dissertation has been C 0//€g€
downloaded from the King’s Research Portal at LOND ON

https://kclpure.kcl.ac.uk/portal/

Title: studies of the hindbrain roof plate organiser in the chick embryo

Author:Emma Ruth Broom

The copyright of this thesis rests with the author and no quotation from it or information
derived from it may be published without proper acknowledgement.

END USER LICENSE AGREEMENT

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 3.0
Unported License. http://creativecommons.org/licenses/by-nc-nd/3.0/

You are free to:
e Share: to copy, distribute and transmit the work

Under the following conditions:
e Attribution: You must attribute the work in the manner specified by the author (but not in
any way that suggests that they endorse you or your use of the work).
e Non Commercial: You may not use this work for commercial purposes.
e No Derivative Works - You may not alter, transform, or build upon this work.

Any of these conditions can be waived if you receive permission from the author. Your fair dealings
and other rights are in no way affected by the above.

Take down policy

If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk

providing details, and we will remove access to the work immediately and investigate your claim.



Studies of the hindbrain roof plate

organiser in the chick embryo

Emma Ruth Broom

MRC Centre for Developmental Neurobiology,

King’s College, London

Thesis submitted for the degree of Doctor of Ploidg/ (PhD)

September 2011



Abstract

Organisers are specialised groups of cells thataubonomously pattern adjacent cell
populations. The dorsal midline, or roof platetted developing CNS is one such organiser
and is required for the specification of specifibtypes of dorsal neurons. Organisers often
comprise boundaries between molecularly distingab&hcompartments, however the roof
plate does not fit with this model; for the mosttpaconstitutes a narrow strip of cells that
separate two molecularly indistinguishable compartts (the two halves of the neural tube),
but at certain anteroposterior locations, sucthasindbrain, it is expanded to form a thin
epithelium that tents over a ventricle. Using chégkbryos, | have investigated a hypothesis
that reconciles the roof plate with this emergeatiel, in which the organiser properties of
the roof plate are invested in its boundaries. gsirvitro co-culture, | show that thedf7-
positive roof plate boundary and its signallinggedies can be regenerated in roof plate-
derived tissue at the interface between hindbi@of plate epithelium and neuroepithelium.
Further, thiggdf7-positive boundary is required for the expressiboathl, which marks the
dorsal-most pool of neural progenitors in the hnagith Many organisers require Notch
signalling and downstream Hairy/ Enhancer of gplis) transcription factors for their
formation or maintenance. Using electroporatiothefhindbrain roof plate epithelium —
neuroepithelium boundary, | find that Delta-Notanslling is sufficient to convert cells
from a roof plate epithelial to a roof plate bourydfate. Further, correct levels of expression
of chairy2 (aheslhomologue) are required for the maintenance ofdbéplate boundary.
Finally, | show that the roof plate boundary isi@difectional signalling centre that not only
patterns adjacent neuroepithelium, but is alsoireduor the differentiation of choroid

plexus epithelium from roof plate epithelium.
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Chapter 1 Introduction

A general principle of embryogenesis is that cetlsimunicate in order for the process of
regulative development to occur (reviewed in Gurdd®92). This is the process by which
an embryo develops normally even if cells are remdoor re-arranged at an early stage
(reviewed in Wolpert et al., 2002). Specialisedup®of cells, known as organisers, that
direct the development of an adjacent field ofsceié the process known as induction are
central to this process. The first of these to é&cdbed is known as Spemann’s organiser
after its discovery by Hans Spemann and Hilde M&h{t924) through transplantation
experiments in salamander embryos. Their expersngmwed that dorsal blastopore lip
from a donor embryo is able to induce a secondatgraposterior body axis when grafted
into the ventral side of a host embryo. Most oftiksues in the secondary axis are derived
from the host and so Spemann and Mangold termedaisal blastopore lip an ‘organiser’
as it was capable of patterning surrounding tigs@enon-autonomous fashion.
Subsequently, equivalent organisers have beenifidelnih mouse, chick and zebrafish and
are referred to as the node in mouse, Hensen’sinadeck and the shield in zebrafish

(reviewed in Stern et al., 2006).

The initial ‘organiser’ region acts broadly befa@med during gastrulation to establish the
anteroposterior and dorsoventral axes of the emfzeudewed in De Robertis and Kuroda,
2004). It achieves this by secreting signalling esales that generally act as morphogens
(reviewed in Stern, 2001; De Robertis and Kuro@®43. Morphogens are proposed to
signal to cells both adjacent to and at a distérmee their source and induce different
responses in cells in a concentration-dependenhengiVolpert, 1969; reviewed in
Wolpert, 1996).

After gastrulation secondary organisers act lodallglirect growth and refine the broad
patterning of the body axes that was laid downhayititial organiser. Examples of these
secondary organisers include the apical ectoderingeg and the zone of polarising activity
that pattern growth of the vertebrate limb bud (®kus, 1948; Honig, 1981; reviewed in
Tickle, 1995), and a number of distinct organigbet reside within the neuroectoderm
(reviewed in Kiecker and Lumsden, 2005) and patterriral nervous system (CNS)

development that will be discussed in more detlibl.

The signalling molecules secreted by organisermdutevelopment fall into a remarkably
small number of classes that are used iterativetyighout development. The five main
classes involved in patterning the vertebrate Ci¢Stae bone morphogenetic proteins

(BMPs), which were originally identified for theability to inducede novocartilage



formation (Wozney et al., 1988), fibroblast grovidictors (FGFs) that are so named for their
ability to induce fibroblast proliferation (Gospadwicz, 1974), Wnts, whose name

originates as a hybrid efingless(awnt gene in Drosophila (Sharma and Chopra, 1976)) and
int (intl being a mammalian homologuewihgless originally identified in mouse as an
oncogene whose expression is activated by theratieg of mouse mammary tumour virus
(Nusse et al., 1984; van Ooyen and Nusse, 1984))géhog proteins, of which Sonic
Hedgehog is the main player during CNS developr{Raelink et al., 1995; Chiang et al.,
1996), and retinoic acid, which is not a protein dsmall molecule derived from vitamin A
(Durston et al., 1989; Duester, 2000; reviewed audih, 2002). The role of members of
these signalling families in the organisation a& theveloping CNS will be described below.

1.1 Organisers in the developing central nervous system

For the most part the developing vertebrate CN$nisegs a flat neural plate that bends to
form a neural tube via the process of primary niatinn (reviewed in Lowery and Sive,
2004) (see Figure 1-2). From neural plate to neutzd stages the developing CNS is
patterned in a Cartesian-coordinate manner, with being instructed on their
anteroposterior and dorsoventral positions by $sgderiving from the poles of both axes.
An initially global anteroposterior pattern is dgdtshed by signals emanating from ‘the
organiser’, while the dorsoventral pattern is d&thbd by tissues deriving from the axial
mesendoderm of the organiser (the notochord arahprdal plate) and the epidermal
ectoderm (reviewed in Placzek, 1995; Lee and Je49819; Kiecker and Niehrs, 2001b;
Stern, 2001). This initially global pattern is thenfined by locally-acting secondary
organisers located within the neuroepithelium, aish& described below (reviewed in
Kiecker and Lumsden, 2005).

1.1.1Anteroposterior patterning

During gastrulation the neural plate is globallytpaned in a planar fashion, along the
anteroposterior axis, by signals emanating frora tilganiser’ (reviewed in Stern, 2001).
These posteriorising signals include retinoic aigfs and Wnts, which act dose-
dependently (Kiecker and Niehrs, 2001a; reviewedaaen, 2002; Mason, 2007). At least
in the case of Wnt signals, inhibitors are expré$sethe anterior axial mesendoderm
(derived from the organiser) that protect the aotereural plate from posteriorising signals
and thus induce anterior neural fates, such abrfaire (reviewed in Kiecker and Niehrs,
2001b; Stern, 2001). The posteriorising effecthefabove morphogens can be
demonstrated by their effects on expression of gehéhehoxcluster, which are expressed
in specific, overlapping domains along the antestgrior axis in the hindbrain and spinal

cord and encode transcription factors that endawames with their anteroposterior identity
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(Carpenter et al., 1997; Bell et al., 1999; Liakt2001; Bel-Vialar et al., 2002; Dasen et
al., 2003; Nordstrom et al., 2006; In der Riedealgt2010).

This initially global anteroposterior patternindasger refined by local secondary organisers
(Figure 1-1) (reviewed in Kiecker and Lumsden, 200%he secondary organisers patterning
the anteroposterior axis of the CNS that have sbdan identified include: the anterior
neural boundary, which lies at the anterior borfeghe neural plate and later forms the
commissural plate, both of which pattern the foa@bwria signals such as fibroblast growth
factor 8 (Fgf8) (Shimamura and Rubenstein, 1994évieet al., 1998; Fukuchi-Shimogori
and Grove, 2001; Garel et al., 2003; Walshe antbiaz003; Toyoda et al., 2010), the zona
limitans intrathalamica (ZLI), which patterns th#jacent thalamus and pre-thalamus via
sonic hedgeho@shh (Kiecker and Lumsden, 2004; Vieira et al., 2086holpp et al., 2006;
Vue et al., 2009) and the midbrain-hindbrain boupdahich patterns the adjacent midbrain
and hindbrain primarily via Fgf8 (Crossley et 4B96; Lee et al., 1997; Martinez et al.,
1999; Irving and Mason, 2000).

In general, these organisers are highly conservedriebrates. However, for at least one set
of boundaries, a role for signalling may be retdddo certain taxa of the vertebrate
phylogeny. In the embryonic hindbrain, neuroectoder divided into a series of lineage
restriction compartments known as rhombomeres éfretsal., 1990). Experiments in
zebrafish have alluded to a role of rhrombomere Hatias in patterning adjacent
rhombomeres (Riley et al., 2004; Amoyel et al.,0&®@hombomere boundaries express a
number ofwnt signalling molecules includingntl,and upon morpholino knockdown of
wntlor a downstream component of the canonical Wmtadligmg pathway, boundary
markers expand while neurogenesis adjacent todhedaries is inhibited (Riley et al.,

2004; Amoyel et al., 2005). The neurogenesis thaiis inwntl/ wnt10b/wnt3a/wnt8b-
deficient embryos is extremely disorganised, botlhrain segmentation is maintained, as
assessed by the expression of segmentally exprgesed (Riley et al., 2004). However a
recent study suggests that these effects may betaedy non-specific toxicity of thentl
morpholino and other morpholinos used in the alstudies (Gerety and Wilkinson, 2011).
However the loss of rhombomere boundaries in zedrafiutants that disrupt boundary
formation and maintenance coincides with disorgahiseurogenesis, with a loss of neurons
produced adjacent to boundaries but a compensatmgase in heurons produced at
rhombomere centres (Riley et al., 2004). It is ethythat this disruption of organised
neurogenesis reflects a patterning role of the hwmere boundaries, rather than excessive

cell mixing between rhombomeres as expressiongrhsatally expressed genes are still
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Figure 1-1 Schematic diagram showing secondary orgéers in the developing CNS

Modified from (Kiecker and Lumsden, 2005). Diagraithsstrate lateral views of a
Hamburger—Hamilton stage 13 (st13) (A) and a stf2dkcembryos (B) with anterior to

the left and dorsal oriented upwards. Anteropostesecondary organisers include the
pCP (prospective commissural plate), the ZLI (zZiim#&ans intrathalamica), the MHB
(midbrain-hindbrain boundary) and the rhombomenenidlaries (solid blue lines between
rhombomeres r1- r7). prZLl, prospective ZLI; Talencephalon; Hth, hypothalamus; Pth,

pre-thalamus; Th, thalamus; Ptec, pre-tectum.
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maintained in their proper spatial domains (Rilegle 2004). Overexpressionwhtlin

these mutants could partially rescue the orgawisaif neurogenesis. Thus it is likely that
rhombomere boundaries do have roles as organiseebrafish, but whether this is via Wnt
signals is currently unclear. Whether rhombomergdaries function as organisers in other

vertebrates remains to be determined.

1.1.2Dorsoventral patterning

After neural induction is complete, the mediolalteras of the neural plate (which converts
into the dorsoventral axis upon neurulation) iiatliy patterned by two non-neuronal
tissues: the mesodermal notochord (or the prechplai® at presumptive forebrain levels)

and the epidermal ectoderm (reviewed in Lee ansklle4999).

1.1.2.1Ventralising signals

Elegant surgical grafting studies in chick showwat the notochord is necessary and
sufficient to induce the formation of ventral dgibes, such as the floor plate and motor
neurons, but represses the formation of dorsatygedis in the spinal cord (Placzek et al.,
1990; Placzek et al., 1991; Yamada et al., 199itsén et al., 1992; Goulding et al., 1993;
reviewed in Patten and Placzek, 2000) (Figure T2¢.floor plate is itself an organiser of
the ventral neuroepithelium as it can also ectdiyicaduce ventral cell types in

neuroepithelium (Yamada et al., 1991; Placzek.efil8P3; reviewed in Placzek, 1995).

The signalling molecule responsible for this inékeprocess was shown to be Sonic
Hedgehog (Shh). Shh is expressed by both the nmtd@nd the floor plate and can induce
the ectopic formation of floor plate or motor nenson mouse, zebrafish, chick and frog
neuroepithelium (Echelard et al., 1993; Krausd.el893; Roelink et al., 1994; Marti et al.,
1995a; Marti et al., 1995b; Tanabe et al., 199%)cBHng of Shh activity inhibits the
inductive effects of the notochord on chick negiate explants and in mice carrying a
mutant form ofshh the floor plate fails to form and ventral celpgs are lacking, with a
compensatory expansion of more dorsal markers (Miaal., 1995a; Chiang et al., 1996;
Ericson et al., 1996). Shh is known to act as ssatamorphogen in the ventral neural tube,
inducing different cell types at different exposthieesholds (Roelink et al., 1995; Ericson et
al., 1996; Ericson et al., 1997; Briscoe et alQ@MDessaud et al., 2007).

Recently it has also been demonstrated by the ssipreof a fluorescently labelled Shh
protein (Shh-GFP) in mouse that a dynamic ventddrsal gradient of Shh protein exists in
the ventral neural tube, but that the profile a$ gradient can be altered by the response of
target-field cells (Chamberlain et al., 2008). Signalling has been shown to regulate the
expression of various basic helix-loop-helix (bHL&)d homeodomain-containing
transcription factors in the ventral neural tubet tthefine different progenitor domains
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BMPs

C

Figure 1-2 Initial patterning of the mediolateral/ dorsoventral axis of the neural

primordium

Adapted from Lee and Jessell (1999). (A) The spioadl is derived from the neural plate
epithelial sheet overlying the notochord and sanmmitesoderm and flanked by epidermal
ectoderm. Initial mediolateral patterning of theira plate is imposed by ventralising
signals (SHH) (open arrows) from notochord celld darsalising signals (BMPs) (solid
arrows) from epidermal ectoderm. Pax3 and Paxtiérally expressed at all mediolateral
positions in the neural plate, but are repressetiatte (ventrally) by SHH signalling. (B) /
the neural fold stage, BMP signalling promotes resiance of Pax3/Pax7 expression and
induces expression of Slug in premigratory NC c€{ly During and after neural tube
closure, neural crest cells (NC) emigrate fromdbesal neural tube and roof plate is
generated at the dorsal midline. Roof plate ceisaasource of molecules such as BMP that
control the differentiation of dorsal interneurdirg). N, notochord; S, somitic mesoderm;
E, epidermal ectoderm; SHH, Sonic Hedgehog; BMRegbnorphogenetic protein; NC,

neural crest; R, roof plate; Int, dorsal internes.o
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(Figure 1-3 A) (Briscoe et al., 2000; Dessaud ¢t2407). Shh acts to repress one set of
transcription factors (those belonging to classHich includegpaxg pax7, irx3, dbxland
dbx2 while activating another set of transcriptiontéas (those belonging to class 2, which
includesfoxa2 nkx2.2 olig2 andnkx6.1).Additionally, different levels of Shh signallingea
required for the repression or activation of thpression of individual class 1 and 2 genes,
resulting in their nested expression patterns (Be<t al., 2000; Dessaud et al., 2007).
Cross-repression of various combinations of thesestription factors acts to refine and
maintain the progenitor domains (Briscoe et al9% Briscoe et al., 2000). A combinatorial
code of these transcription factors specifies $jgawguronal cell types (Briscoe et al.,
2000). Thus the notochord and the floor plate Sha signalling, work to pattern the ventral

neural tube, partitioning it into distinct progemidomains.

Although the induction of floor plate by notochasda well-established phenomenon, it has
been suggested that the floor plate and notochise fiom a node/ organiser-derived
midline-precursor cell population and that the flptate is inserted into the neural plate
during the regression of the node/organiser (Catiadd., 1996; reviewed in Le Douarin and
Halpern, 2000). It is suggested that the lossamfrfplate seen in notochord-ablation
experiments (Placzek et al., 1990; Yamada et @01 ) may be due to accidental removal of
the floor plate along with the notochord (Teilleaé, 1998). Therefore it may be that the
notochord is not required for specification of floer plate during neurulation as indicated
by the notochord-ablation studies in chick, but thbethe notochord is involved in the
specification of floor plate cells at an earlieagd, during gastrulation, has not yet been

determined (reviewed in Le Douarin and Halpern,00

1.1.2.2Dorsalising signals

In embryos where ventralising signals had been veah@ia the surgical removal of the
notochord, dorsal neural cell types still formeduiyada et al., 1991; Ericson et al., 1992).
Indeed a ventral expansion of normally dorsallyrieied genes such asx3andpax7was
seen in chick and mouse embryos lacking notocho&hb signalling (Yamada et al., 1991;
Goulding et al., 1993; Chiang et al., 1996; Ericebal., 1996). Two explanations exist for
this phenomenon. Either dorsal neuronal cell fateshe default but are normally repressed
by ventralising signals, or dorsal cell types regumduction by dorsalising signals that are
normally opposed by Shh (reviewed in Lee and Jed4899). Evidence supporting the latter
of these two explanations first came from obseovetithat definitively dorsal cell types,
such as neural crest cells, are still restrictetthédr dorsal locations upon removal of

ventralising signals from the notochord at neutalgstages (Liem et al., 1995).
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Figure 1-3 Dorsoventral subdivision of the spinal ard neural tube into distinct
progenitor domains

(A) Modified from (Dessaud et al., 2008). Schemafithe ventral half of the neural tube,
where the ventral gradient of Shh activity contymisition identity by regulating the
expression, in neural progenitors, of a set ofsteption factors. These include Dbx1,
Dbx2, Pax7, Pax6 and Irx3, which are repressedhysgnalling, and Nkx6.1, Olig2,
Nkx2.2 and Foxa2, which require Shh signallingtfeir expression. Thus ggenitor
domains are established that give rise to diffepestmitotic neurons. FP, floor plate; pO —
p3, progenitor domains 0 — 3 giving rise to vO «(wé@ntral interneuron subtype 0 — 3)
respectively; pMN, Motor neuron progenitor domaivirtg rise to MN (motor neurons);

pD6, progenitor domain for dorsal interneuron spbt@.

(B) Modified from (Wilson and Maden, 2005). Diagranina transverse section through the
spinal cord showing dorsoventral subdivision intogenitor domains at the ventricular
zone giving rise to various postmitotic neuronsatied in the mantle zone. Progenitor
domains are marked by various combinations of tr@pison factors as are different
neuronal cell types. dpl — dp6, dorsal progenitonains giving rise to dI1 — dI6 (dorsal
interneuron subtypes 1 — 6) respectively; vp0O — weBtral progenitor domains giving rise
to vO — v3 (ventral interneuron subtypes 0 — 3peesively; pMN, motor neuron progenitor

domain giving rise to MN (motor neurons); fp, flquate; rp, roof plate.
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The neural crest are a migratory, multipotent pefulation that arise from the lateral edges
(the dorsal-most regions) of the neural plate (Fédit2 B, C) and give rise to neurons and
glia of the peripheral nervous system, as well alnocytes and other non-neural cell types
(LaBonne and Bronner-Fraser, 1998a). Early stugliming to identify dorsalising signals
focussed on signals inducing their formation. Gmgfstudies in chick and amphibian
embryos showed that epidermal ectoderm, which fah& lateral neural plate (Figure 1-2
A), can induce neural crest cell formation wherftgthadjacent to the neural plate (Moury
and Jacobson, 1989; Moury and Jacobson, 1990cEBeltel Bronner-Fraser, 1995). Neural
crest cells arose from both prospective neurabmad prospective epidermal cells (Moury
and Jacobson, 1990; Selleck and Bronner-Fraseb)188nilarly,in vitro studies using

chick neural plate explants also show that intevastbetween epidermal ectoderm and
neural plate can promote neural crest differemtia(Dickinson et al., 1995; Liem et al.,
1995).

A number of studies in chick, amphibian and zeha@mbryos have identified multiple
signalling families that can induce the formatidmeural crest cells, such as BMPs, Wnts,
FGFs and RA, although research has mainly focussetle role of Bmps and Wnts
(reviewed in Steventon et al., 2005). The Bmp dlgrgamoleculespmp4andbmp7are
expressed by the epidermal ectoderm at neurabktalges and are sufficient to ectopically
induce the formation of neural crest cells fromdadichick neural plate explants (Liem et
al., 1995). The blockade of the Bmp signalling path using the secreted Bmp antagonists,
Noggin and Follistatin, blocked the ability of epithal ectoderm to induce neural crest cell
formation in neural plate explants (Liem et al.97p Electroporation studies in chick have
also shown that electroporation of the caudal reéube with constitutively activated Bmp
receptorsi§mprlaor bmprll) can ectopically induce neural crest marker exgioesand
emigration of neural crest from the neural tubei @t al., 2004). In zebrafish, Bmp
signalling has also been shown to be necessanefmal crest formation (Barth et al., 1999;
Nguyen et al., 2000). Thus Bmps are important &ral crest formation in both chick and

zebrafish.

A role for Wnt proteins in neural crest formatioasifirst suggested by experiments in
Xenopusn which co-expression of Wntl or Wnt3a, which lbo¢h specifically expressed at
the dorsal midline of the neural tube, in neuralisetodermal explants caused ectopic
activation of neural crest markers (Wolda et &93; Saint-Jeannet et al., 1997).
Furthermore, in whole embryos, overexpression ofMém Wnt3a caused expansion of the
neural crest population even when cell proliferaticas inhibited. Wnt$catenin signalling
can also induce neural crest markers in neuraksgwpusectodermal explants or in whole

embryos (LaBonne and Bronner-Fraser, 1998b). lck¢hnt signals were shown to be
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necessary and sufficient to induce neural cresfaehation, and Wnt6, expressed in the
epidermal ectoderm, was suggested as a good céadidaediate this process (Garcia-
Castro et al., 2002). A requirement for canonicalt\8ignalling for neural crest formation
has also been demonstrated in Xenopus (LaBonn8amher-Fraser, 1998b; Tamai et al.,
2000; Deardorff et al., 2001). Finally, wntl, wnt3adouble mutant mice, neural crest and
their derivatives are depleted (Ikeya et al., 198though the evidence points towards Wnt
signalling having an important role in neural cfiestnation, there has been some
controversy about whether it is involved in theafieation of neural crest or in the
promotion of proliferation of an initially specifigorecursor pool (Wu et al., 2003). Ikeya et
al. (1997) have argued that the lossvat1 andwnt3adoes not affect dorsoventral
patterning in the hindbrain and spinal cord asastral markers were correctly localised.
In the hindbrain, dorsal progenitor populationseverduced so lkeya et al. (1997) suggested
that this represents a specific requirement for imals in promoting the proliferation of
dorsal progenitor pools. However, in Xenopus erobmyhere cell proliferation is blocked,
neural crest are still induced in response to W(E2aent-Jeannet et al., 1997). Thus it is
likely that differences may occur between speciils megard to the role of Wnt in neural
crest induction, but also that Wnts may be involethultiple stages of the process of

neural crest formation (reviewed in Wu et al., 2003

Roof plate cells are another population of celisegated at the dorsal midline of the neural
tube (Figure 1-2). Lineage-tracing studies in maars# in chick have shown that roof plate
cells and neural crest cells are derived from #mesprecursors (Bronner-Fraser and Fraser,
1988; Echelard et al., 1994) and definitive markd#noof plate and neural crest are co-
expressed in the neural folds and neural tube titoz and Millen, 2004b; reviewed in
Chizhikov and Millen, 2004c). Although the mechamésthat segregate this precursor
population are not fully understood, it is undeostdhat roof plate is induced in the lateral
folds by epidermal ectoderm in a similar mannemnearal crest. Epidermal ectoderm induces
the formation of MafB-positive roof plate cells fnointermediate chick neural plate

explants, and this could be mimicked by applicabbBmp4 and Bmp7 (Liem et al., 1997).
Further, blockade of Bmp signalling using Noggirl &wllistatin blocked the epidermal
ectoderm-driven induction of roof plate cells. et support for an instructive role of Bmp
signalling in roof plate formation came from elegtoration studies of the caudal chick
neural plate and neural tube. Electroporationagfgininhibited roof plate formation while
overexpression dimp4 bmp7or activated bmp receptotsniprlaor bmprll greatly
expanded the roof plate, as assessed by roofrpkateers such as MafB and Lmxla
(Chizhikov and Millen, 2004b; Liu et al., 2004). Bmp signalling is necessary and

sufficient for roof plate formation.
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Several members of the Wnt family are expressegidermal ectoderm and the dorsal
midline region during roof plate development (Hdly et al., 1995; Megason and
McMahon, 2002). As described above, Wnt signalgegeired for the development of
neural crest in chick, mouse and xenopus embryyefved in Wu et al., 2003). Thus it
seems likely that Wnt signals might be involvedha induction of roof plate formation,
although no specific role for Wnt signals has yaiibfound. In disagreement with this,
inhibition of the Wnt signalling pathway by elegiarating a dominant negativentl or tcf4
(a downstream effector of canonical Wnt signallifggason and McMahon, 2002))
construct into the caudal chick neural plate ditlaiect the formation of roof plate
(Chizhikov and Millen, 2004b), although this does preclude an earlier role for Wnt

signalling in induction of roof plate specification

1.1.2.3The roof plate is an organiser

The roof plate itself expresses multiple Bmps antd/nd its organiser activity has been
shown to be required for the development of thedltorsal-most interneuron cell types of
the developing spinal cord (Hollyday et al., 19B&&m et al., 1997; Lee et al., 2000a;
Megason and McMahon, 2002). Like the ventral hathe spinal cord, the dorsal half can
also be subdivided into distinct progenitor domairesked by different sets of bHLH and
homeodomain-containing transcription factors thet gise to different types of neurons
(Figure 1-3 B). The dorsal half of the spinal cgides rise to six groups of interneurons (dI1
— dI6), with the progenitor domain of dI1 being ket bymouse atonal homolog(inathl

or cathlin chick) (Helms and Johnson, 1998), the progeitonain of dI2 being marked by
neurogenin Ingnl)(Lee et al., 2000a) and the progenitor domainl®foeing included in
themouseachaete-scute homolog 1 (magirtashlin chick)(Gowan et al., 2001)
expression domain (reviewed in Wilson and Made0520In mice where the roof plate is
ablated by the expression of diphtheria toxin Awsubdriven by theydf7locus, the
progenitors and mature neurons of the dlI1, di2di8dnterneuron groups fail to form and
there is a compensatory increase in the more \ardgtaonal types (dl4-6) and theashl

positive progenitor domain (Lee et al., 2000a; @exd in Chizhikov and Millen, 2005).

The roof plate can induce the formation of di1 3 ikerneurons in chick intermediate
neural plate explants (Liem et al., 1997). Ju®maps are the main signalling family
involved in the induction of the roof plate itsé¥finps have been shown to be the main
signalling family involved in mediating the indueti properties of the roof plate.
Application of the roof plate-expressed BMP fanitgmbers, Bmp4, Bmp5, Bmp6, Bmp7
and Gdf7 (also known as Bmp12) to chick neural &3l results in the induction of dorsal
neural cell type# vitro (Liem et al., 1997; Lee et al., 1998), while bladk of Bmp
signalling with Noggin and Follistatin inhibitedelability of the roof plate to induce dorsal
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cell types inin vitro neural cultures (Liem et al., 1997; Lee et al9&)9 Electroporation
studies in chick have further demonstrated that Bigpalling is necessary and sufficient for
dorsal interneuron formation (Timmer et al., 200Bgesnutt et al., 2004; Chizhikov and
Millen, 20044a; Liu et al., 2004). Chizhikov and Mih (2004a) also showed that the ability
of an expanded roof plate (induced by the overesgioa ofimx1b to induce dil
interneurons adjacent to it at the expense of di2«ons was mediated mostly by Bmp
signalling. Timmer et al. (2002) have shown thatuiction of different dorsal cell types
requires different thresholds of Bmp signallingthwthe highest levels of Bmp signalling
inducing the dI1 progenitors at the expense ofpdt®yenitors, but low level signalling
inducing the ventral expansion of the dI2 progerdtmmain. Thus Bmp signals may act as

classic morphogens in the induction of dorsal nealrcell types.

Genetic deletion studies in mice have not provideth evidence for specific roles of
individual Bmps in specification of dorsal neuralldypes, presumably due to redundancy
between Bmp family members (reviewed in Chizhikod Millen, 2005). Gdf7 is the
exception to this. Genetic loss@df7 results in a loss of a specific subset of dl1lrimterons
(formerly known as D1A) in mouse (Lee et al., 1998)is result raises the possibility that
individual Bmp family members are responsible faymoting the formation of different
dorsal neuronal cell types, rather than differenégholds of Bmp signalling, as proposed by
Timmer et al. (2002). The reality is likely to be@nbination of both of these scenarios. The
above examples focus on the role of the roof plateouse and chick. However in zebrafish
embryos, specific thresholds of Bmp signalling hbgen demonstrated to be necessary for
the formation of dorsal and intermediate neuroedltgpes in the spinal cord (Barth et al.,
1999; Nguyen et al., 2000). Therefore graded Brgpadling is likely to be a conserved

mechanism required for the patterning of the dansaral tube.

Evidence that Wnt signals are important in the moggnesis of the neural tube came from
a study using antisense oligonucleotides to pethebunction of Wntl and Wnt3a. Mouse
embryos treated with these oligonucleotides shdwgaplasia of the forebrain, midbrain
and hindbrain, and lateral out-pocketings in theapcord (Augustine et al., 1993). Wntl
and Wnt3a are expressed in the spinal cord roté pllad studies originally pointed towards
a purely mitogenic role for these proteins in tegelopment of the dorsal spinal cord
(Dickinson et al., 1994; Megason and McMahon, 2002¥upport of this Chesnutt et al.
(2004) showed that expression of a dominant-negatit-receptor frizzled § in the chick
spinal cord caused a general reduction in cell rarrobdI1-6 cells, rather than having a
specific effect on di1-3. Additionally, overexprassof wnt3adid not have a significant
effect on dI1-6 production angint3aoverexpression could not rescue the loss of dl§ ce

and the dorsal shift of dI2 — 6 cells caused by@xgression ohoggin Howeverwntl1-/-;
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wnt3a-/-double mutant mice show a specific reduction ir8heurons with a
compensatory increase in more ventral interneufidinsoyama et al., 2002). Furthermore,
application of Wnt3a to the medial region of theckimeural plate could induce dI1 and dI2
neuronal production, without the involvement of BNiBnalling. The discrepancies between
the results of Chesnutt et al. (2004) and Muroyatrad. (2002) with regard to the
overexpression of Wnt3a may be due to the diffexeie timing of the overexpression of
Whnt3a. Indeed, recent work by Bonner et al. (2088)g zebrafish have shown that the
effect of inhibition of the Wnf-catenin pathway is determined by its timing. Early
inhibition shows that Wnt signalling is required firoliferation, whereas later inhibition
shows that it is required for dorsoventral pattegrof the spinal cord. A recent study re-
addressing the role of Wnts in dorsoventral paiteyrof the chick spinal cord shows that co-
electroporation ofvntl andwnt3ain the chick caused a ventral expansion of dorsal
progenitor domains and dI2-4 interneuron populatiainthe expense of the more ventral di16
interneurons, ventral VO — 1 interneurons and mogurons (Alvarez-Medina et al., 2008).
Alvarez-Medina et al. (2008) also show that thévagtof Wnt1/Wnt3a is independent of
BMP signalling, but dependent on the Shh/Gli pathwiawas shown that Wnt1/Wnt3a
antagonise Shh in order to orchestrate dorsovepditedrning of the chick spinal cord. Thus
it is likely that Wnts and Bmps work in concertsjoecify dorsal neuronal cell types in the

spinal cord in chick, mouse and zebrafish embryos.

1.1.2.4The roof plate and dorsal patterning of the hindbran

At the hindbrain, like in the spinal cord, the ddsmost region of neuroepithelium adjacent
to the roof plate is marked by Math1 (Cathl in khigVang et al., 2005; Wilson and
Wingate, 2006). This Math1 expression domain iskmas the rhombic lip, a germinative
region that gives rise to excitatory neurons ofdbeebellar and pre-cerebellar systems
(Wingate and Hatten, 1999; Machold and Fishell 328Jang et al., 2005; Wilson and
Wingate, 2006; Rose et al., 2009a). The rhombitslgubdivided into the upper rhombic lip
(derived from rhombomere 1), which gives rise teebellar neurons and the lower rhombic
lip (deriving from rhombomeres 2 — 8), which givese to pre-cerebellar neurons (Figure 1-
4 B) (Machold and Fishell, 2005; Wang et al., 20R&y and Dymecki, 2009). Throughout
this thesis | will refer to the upper roof platethat dorsomedial to the upper rhombic lip and

the lower roof plate as that located dorsomediatiyn the lower rhombic lip.

Research of the role of the roof plate in dorsaamatterning of the hindbrain has focussed
on its role in patterning the cerebellar anlaggéuphombic lip level). In mouse, ablation of
the roof plate results in a specific loss of thesdbmost neural progenitor pool, which is
marked by Math1, while the more ventrolaterallyatse progenitors are still specified but

are present in smaller numbers (Chizhikov et &06). Chizhikov et al. (2006) hence
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Figure 1-4 Diagrams of brain ventricles

-23-

Development of the dorsal
telencephalon of mouse in coronal
section



Figure 1-4 Diagrams of brain ventricles

(A) Schematic diagram d lateral view of an E4 chick embryo head, shovtirgglocation
of the forebrain (fb), third (iii) and fourth (iwentricles. The head is oriented with anterior
to the left.

(B) Diagram of dorsal view of E4 chick embryo himgdin. The rhombic lip can be
separated into the upper rhombic lip (URL), derifresn rhombomere 1 (R1) of the
hindbrain, and the lower rhombic lip (LRL), derivédm rhombomeres 2 — 8 (R2 — R8) of
the hindbrain. The roof plate immediately dorsorakth the URL is referred to as the
upper roof plate (URP), whereas the roof plate@nedial to the LRL is referred to as the

lower roof plate (LRP). Anterior is oriented upwsard

(C) Diagram of (E9.5-E12.5) mouse dorsal telencigphdevelopment in coronal section.
Modified from (Chizhikov and Millen, 2005). Roofgik cells (RP, red) occupy the dorsal
midline of the developing telencephalon at E9.5d&gelopment proceeds, the roof plate
invaginates relative to the lateral neuroepithelforming the cortical hem (hem, green),
the choroid plexus epithelium (CPE, red) and tloé ptate epithelium (RPE, purple) by
E12.5. These dorsal midline structures lie adjatettie hippocampal field (HF, black),

which itself is medial to the developing neocorte&o, grey).
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proposed that the hindbrain roof plate is requfcedpecification of the rhombomere 1
Mathl-domain, but only for proliferation of the neorentral cell types in the mouse. Ectopic
roof plate was also sufficient to induce or expr@lMathl domain botim vivo andin

vitro, and Chizhikov et al. (2006) showed that this ctdun was dependent on BMP signals.
Previous studies have also demonstrated the immmertaf BMP family members in the
induction of Math1-positive cells. Gdf7, Bmp6 anthB7 can induce Mathl-positive celts
vitro and the BMP receptors, Bmprla and Bmprlb, ardnexdjin a redundant fashion for
the specification of the cerebellar granule calkrived from Math1-positive progenitors),
but not the Purkinje cells, which are derived frthra slightly more ventrolateral Ptfla -
positive progenitor pool of the cerebellar anlagielér et al., 1999; Chizhikov et al., 2006;
Qin et al., 2006; Pascual et al., 2007).

However, work in zebrafish, chick and mouse hadécated that Bmp signals (most
probably deriving from the roof plate) are alsodived in the specification of neurons
generated in the intermediate hindbrain neural;tnbarons of the locus coeruleus. These
neurons are generated at the dorsolateral aspdubrmbomere 1 and aplhox2a/bpositive
(Guo et al., 1999; Vogel-Hopker and Rohrer, 200®gel-Hopker and Rohrer (2002)
showed in chick that the formation and positiothafse neurons rely on Bmp signals.
Treatment of embryos with Noggin at Hamburger aadhHton st10 — 11 (Hamburger and
Hamilton, 1951) caused a losspfox2apositive locus coeruleus neurons in a small
percentage of cases, but in the majority of cagased the ectopic location of locus
coeruleus neurons across the dorsal midline. Ttapes expansion correlated with a loss of
the roof plate and a dorsal expansion of the ingeliede neural tube markgraxé These
results suggest a situation where graded Bmp diggas required for dorsal development in
rhombomere 1, with higher thresholds being requioeestrict the dorsal extent of
intermediate progenitors, but a low threshold ofgBsignalling being required for the
development of intermediate progenitors. Thesdrigglare consistent with those in
zebrafish where severe Bmp signalling mutants llacis coeruleus cells, but ectopic locus
coeruleus cells form in mild Bmp signalling muta(@io et al., 1999). The specific Bmp
signals required for locus coeruleus developmentikely to be Bmp5 and Bmp7 from the
roof plate as locus coeruleus neurons are missibgip5/-; bmp?#/- double knockout mice
(Tilleman et al., 2010). Further work is requiredé¢concile the findings of Chizhikov et al.
(2006), who find that only the specification of th@rsal-most Math1-positive progenitor
pool requires signals from the roof plate for thegiecification, with those of Tilleman et al.
(2010), who find that specification of the interriad-domain produced locus coeruleus
neurons depends on Bmp signals that most proba&biyedfrom the roof plate.
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Little evidence currently exists to suggest a foldVnt signals from the roof plate being
involved in specification of the dorsal progenipaols of the hindbrain. Indeed wntl;
wnt3adouble mutant mice, the hindbrain appeared toobectly patterned along the
dorsoventral axis, but there was a reduction irdttvsal-most progenitor pools, marked by
mathlandpax3(lkeya et al., 1997). This was proposed to betduwespecific dependence of
these pools on mitogenic Wnt signals. However,nefiedings show that activation of the
Whnt pathway causes tumours deriving from lower rhiantip cells but that this was not due
to increased proliferation in the lower rhombic(@ibson et al., 2010). Therefore, further
work is required to determine the role of the Waghalling pathway in the specification and
promotion of proliferation of dorsal neuronal agibes.

1.1.2.5The roof plate and dorsal patterning of the diencepalon

Msx1 is a transcription factor that is a well désed downstream effector of Bmp signalling
(Timmer et al., 2002; Liu et al., 2004)sx1lis expressed in the diencephalic roof plate and
in msx2/- mice the diencephalic roof plate is disrupfeatticularly at the pretectum (Bach
et al., 2003). This results in a downregulatiomlofsolaterally expressed genes such as
pax6/7andlimlin the diencephalon. Therefore the diencephabé ptate is required for
dorsolateral gene expression, however whetheretthgction of dorsal gene expression is at

the expense of more ventral gene expression iknatn.

1.1.2.6The roof plate and dorsal patterning of the telengghalon

The telencephalic roof plate sinks between thedortical hemispheres and gives rise to
three distinct subdomains (Shinozaki et al., 2084iewed in Chizhikov and Millen, 2005).
From most lateral to most medial these are theécabttiem, the choroid plexus epithelium
and the roof plate epithelium (Figure 1-4 C)(Shadozt al., 2004). A genetic ablation study
in mouse showed that ablation of the roof plateitsderivatives by driving the expression
of diphtheria toxin A subunit from thgdf7-locus resulted in a reduction in size of the
cerebral cortices and a reduction of their dorsartral gradethx2 expression (Monuki et
al., 2001). Monuki et al. (2001) suggested that dffect was due to a loss of Bmp patterning
signals from the roof plate as application of beswtked in Bmp4 or Bmp2 to dorsal
telencephalic explants could mimic the proposembadcif the roof plate. Immediately
adjacent to the beadbx2 expression was downregulated (corresponding tsithation in

the cortical hem and choroid plexus epithelium) rehs at a distance from the belad2
expression was upregulated (corresponding to theatle ventral graded expressioritot2

in the cortex).

The dorsal midline structures express multiple Bianpd the effects of Bmp2ia vitro on

dorsal telencephalic explants prompted the furitihestigation of Bmp signalling in
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dorsoventral patterning of the cerebral cortex (Ruet al., 1997; Monuki et al., 2001;
Shinozaki et al., 2004). However it was found tiate null for the Bmp receptdomprla,

in the telencephalon display mostly normal dorstnatpatterning of the telencephalon
(Hebert et al., 2002). The only phenotype obseimeglese mice was the specific loss of
choroid plexus, as assessed by a reduction inxression of the choroid plexus epithelial
marker.,ttr. In support of this, expression of a constituipvattive form ofomprla

throughout the ventricular zone of the brain resintthe conversion of the telencephalic alar
plate into choroid plexus, while the basal plateriaffected (Panchision et al., 2001). These
observations point towards a specific requiremenBimp signals in the development of the
choroid plexus, but do not support a dorsoventradignt of Bmp signals that orchestrate

global patterning of the telencephalon.

Multiple wnt genes are also expressed in the dorsal midlinerrggrimarily in the cortical
hem (Grove et al., 1998; Lee et al., 2000b; Shikiozigal., 2004). Cortical hem expressed
wnt3ahas been shown to be essential for the developofi¢hé hippocampus, which
develops from the domain immediately lateral frdva tortical hem (Lee et al., 2000b). A
loss of hippocampal neurons is also seen in midgamdior the downstream Wnt pathway
componentdefl andg-catenin(Galceran et al., 2000; Machon et al., 2003). Bbdidies
support a role for Wnts in both the specificatidreell types and the promotion of

proliferation within the hippocampal fields.

The boundary between the pallium and the subpal{RR8B) expresses Wnt inhibitors,
raising the possibility that a gradient of Wnt wit§i is established across the pallium
between the hem and the PSB (which has also bdled t@e ‘anti-hem’), which might

serve to pattern the neocortex (Frowein et al.22@8@8simacopoulos et al., 2003). However
there is little evidence for a patterning role ¥énts in the pallium beyond the specification
of the hippocampal fields (Chenn and Walsh, 200alb&yashi et al., 2004; Muzio et al.,
2005; Machon et al., 2007). The PSB also expressesral members of the epidermal
growth factor family, transforming growth factor and FGF7 (Assimacopoulos et al.,
2003), however the role of these signalling factordorsoventral patterning of the forebrain
has yet to be determined.

1.1.3Properties of secondary organisers

The secondary organisers described above thagsident within the neuroepithelium are
mostly found at boundaries between molecularhyirtisishable compartments of tissue, for
example the anterior neural boundary (ANB), theaziomitans intrathalamica (ZLI)

between the pre-thalamus and the thalamus, theraidbindbrain boundary (MHB) and

rhombomere boundaries (reviewed in Kiecker and ldens2005). The exceptions to this
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are the roof plate and floor plate, which are ledaat boundaries between molecularly
indistinguishable compartments (the two halvesefrieural tube). Boundary-localised
organisers display certain typical properties teflect mechanisms required for their
formation and maintenance. These properties aritled below.

1.1.3.1Lineage restriction

The identification of boundaries that compartmesgalissues was first discovered in
Drosophila. Clones of cells marked during Drosaphilng development were shown to
respect certain lineage restriction boundariesdhade the wing primordium (the wing
imaginal disc) into anterior-posterior and dorsaitral compartments (Garcia-Bellido et al.,
1973; Morata and Lawrence, 1975; Garcia-Bellidalgt1976). These boundaries were later
demonstrated to be organisers that pattern the miaginal disc and direct its growth
(reviewed in Irvine and Rauskolb, 2001). More relggrevidence for compartmentalisation
within the developing vertebrate nervous systemectiom clonal analysis within the
hindbrain, which demonstrated that rhombomere bates! restrict cell mixing between
rhombomeres (Fraser et al., 1990; Jimenez-Guti,2G10). The MHB has also been
demonstrated to be a lineage restriction boundergbrafish and mouse embryos (Zervas et
al., 2004; Langenberg and Brand, 2005), althougtieece has been presented that it is not
so in chick (Jungbluth et al., 2001). The ZLI i nomposed of a single boundary but is a
compartment in its own right, bounded anteriorlg @osteriorly by lineage restriction
boundaries (Larsen et al., 2001). Although its eden organiser has not yet been formally
demonstrated, the pallial — subpallial boundaryBP8 the telencephalon has also been
shown to be a boundary to cell movement (Fishedl.et1993). It has been proposed that the
function of lineage restriction at these boundamgalised organisers is to facilitate the
maintenance of the organiser as a sharp, stragghaish, thereby allowing consistent
patterning to occur in the adjacent compartmentsibgphogen gradients emanating from
the boundary (Irvine and Rauskolb, 2001).

1.1.3.2Specialisations of cells, their organisation and ta of proliferation

Aside from the expression of signalling moleculagny boundaries in the developing CNS
show certain specialised properties such as spsmlagxtracellular matrix and a low rate of
proliferation in comparison with cells within compaents (Baek et al., 2006). Studies have
determined that the chick rhombomere boundariegtendL| share properties such as large
extracellular spaces (Lumsden and Keynes, 1989 mdayet al., 1993; Larsen et al., 2001),
expression of the extracellular matrix componeminchioitin sulphate proteoglycan (CSPG),
the cell adhesion molecule NCAM or the radial ghiarker Vimentin (Lumsden and Keynes,
1989; Heyman et al., 1995; Larsen et al., 20019,alocalisation of S-phase nuclei apically,

rather than basally, within the ventricular zonei{{@ie et al., 1991; Larsen et al., 2001).
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Another property associated with boundaries isnalével of proliferation. This has been
demonstrated for the ZLI and the MHB in mouse (Brok et al., 2005; Baek et al., 2006)
and the spinal cord roof plate and floor plate @iredhindbrain rhombomere boundaries in
mouse and chick embryos (Guthrie et al., 1991; Katend Kalcheim, 1998; Baek et al.,
2006). Neuroepithelial organisers also displayykdeor a lack of neurogenesis (Hirata et
al., 2001; Bingham et al., 2003; Geling et al.,208 Roux et al., 2003; Geling et al., 2004;
Ninkovic et al., 2005; Baek et al., 2006).

Therefore, boundaries in chick share a numbemoifa immunohistochemical markers
such as CSPG, NCAM and Vimentin, although whethese also mark CNS boundaries in
other organisms remains to be determined. A comieatare of boundaries in many
organisms is a low level of proliferation and a&kla€ neurogenesis. These are likely to

reflect mechanisms that maintain boundaries ansges.

1.1.3.3Signalling across the boundary from adjacent compdments enables boundary
formation and maintenance

The experimental recombination of tissues from @elja compartments can induce the
formation of organisers that are normally presétiv@boundaries between those
compartments. Examples include the recombinatiqgoradpective pre-thalamus and
thalamus inducing the formation of the Zhlvitro, as assessed by the expressioshbf
(Guinazu et al., 2007and the recombination of midbrain and hindbraisugsn vitro andin
ovg, inducing the formation of the MHB, as assessethbyexpression d§f8 (Irving and
Mason, 1999). Early experiments showed that thendwmmere boundaries of the chick could
be regenerated upon juxtaposition of adjacent rtoongses (Guthrie and Lumsden, 1991;
Heyman et al., 1995), based on morphology and cteistic immunohistochemical
markers. It should be noted, however, that thekctiombomere boundaries have not yet
been demonstrated as organisers of adjacent rhoarbenThus it is clear that signalling
between juxtaposed compartment tissues can indugagdary cells at the interface between

those juxtaposed compartments.

The mechanism that was originally investigated adiating the processes of boundary
formation and maintenance (and lineage restricti@yveen compartment tissues was
differential cell affinity, which causes a sortiagt of cells of different compartmental

origin. Grafting and cell aggregation studies irmavembryos demonstrated the differential
adhesive properties of alternating (odd and evenbmwed) rhombomeres (Guthrie et al.,
1993; Wizenmann and Lumsden, 1997). Subsequentigstdemonstrated that repulsive
interactions between Ephrins and Eph receptorgiaoeldiate cell sorting in zebrafish
rhombomeres (Mellitzer et al., 1999; Xu et al., 29800ke et al., 2001). The Eph receptor,
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EphA4 has also been shown to be required for rhomebe boundary formation in zebrafish
(Xu et al., 1995; Cooke et al., 2005). Althoughirestructive role of Eph—ephrin signalling
for boundary formation has not yet been shownrelenstitution of an ephrin-Eph interface
resulted in a loss of gap junctions and cytosketesrrangements, which are indicative of
boundary formation (Xu et al., 1999; Cooke et2001; Cooke and Moens, 2002).

A signalling pathway that has been shown to haviestnuctive role in the formation of
boundary cells is the Notch signalling pathway. Nutch signalling pathway involves
activation of transmembrane Notch receptors bystraambrane ligands of the Delta/
Serrate/ Lag2 [DSL] family, which results in thefgolytic cleavage of the Notch receptor
and nuclear translocation of its intracellular dom@&lotch ICD). The Notch ICD interacts
with the DNA-binding protein CSL (named after CBSL(H) and LAG-1) and activates
transcription of Notch target genes such adtsgenes (reviewed in Bray, 2006). It has
been implicated to act in numerous developmentzasons, but usually in the context of
regulating cell fate choices, such as in the pmoés$ateral inhibition of neurogenesis
(reviewed in Lewis, 1998) or in controlling the iy fate choice of neurogenic daughter
cells in the ventral spinal cord, adopting eithesitatory or inhibitory neuronal fates (Peng
et al., 2007). However, as will be described, #ls involved in an inductive capacity in

boundary formation and maintenance.

Although the Notch signalling pathway appears segilfirst glance, there are in fact many
different post-transcriptional mechanisms that taguit (reviewed in Bray, 2006). Amongst
these is is-inhibition of Notch receptors by cell-autonomouskpressed ligands (reviewed
in del Alamo et al. 2011), which is proposed to &fpgmall differences between adjacent
cells and thus facilitate the processes of laiarabition and the formation of sharp
boundaries (Sprinzak et al., 2010). Ubiquitinatdérthe ligands by the conserved E3-
ubiquitin ligases, Neuralized and Mind bomb, whithmotes ligand endocytosis, is
required for ligand-driven Notch activation (Laiadt, 2001; Itoh et al., 2003). This
highlights another layer of complexity of regulatigia regulation of E3-ubiquitin ligase
activity. Another important regulatory mechanisngligcosylation of the Notch receptor.
The evolutionarily conserved Fringe family of pioteare glycosyl transferases that have
been shown to extend carbohydrate chains on therEfats of Notch receptors (Bruckner
et al., 2000; Moloney et al., 2000). This moduldtesability of Notch to respond to its
various ligands, for example in the developing Dp#sla wing Fringe inhibitsrans
activation of Notch by Serrate, but potentidtess-activation by Delta (Fleming et al.,
1997, Panin et al., 1997, Bruckner et al., 200Qpdtic Fringe (Lfng), a vertebrate
orthologue of Drosophila Fringe, has also been shimwnhibitcis-interactions of Notch
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with Delta or Serrate (Sakamoto et al., 2002), Wwiias been proposed to contribute to the

mechanism of Lfng promotion of lateral inhibitioNikolaou et al., 2009).

The importance of the Notch pathway in boundarynftion and maintenance was first
highlighted in the maintenance of lineage reswittat the dorsoventral compartment
boundary of the Drosophila wing imaginal disc (Mietli and Blair, 1999). Here an
activated stripe of Notch signalling maintains éxgression of the signalling molecule
Wingless, which patterns and directs the growtthefwing (Diaz-Benjumea and Cohen,
1995; Rulifson and Blair, 1995). The stripe of @ated Notch signalling is localised by the
concurrent actions of the Notch ligands, Delta 8etrate. Serrate is expressed in dorsal
compartment cells and specifically activates Nadigmalling in cells immediately ventral to
the boundary, while Delta is expressed in the atigwmpartment and activates Notch
signalling in cells immediately dorsal to the boand(Diaz-Benjumea and Cohen, 1995;
Kim et al., 1995; Doherty et al., 1996; de Celid &ray, 1997). The action of Fringe serves
to restrict Notch activation to the boundary. Feang expressed in the dorsal compartment
and inhibits signalling through Notch by Serratat, fromotes Delta-Notch signalling,
thereby restricting Notch activation by Serratéh® dorsoventral boundary (Fleming et al.,
1997; Panin et al., 1997). Fringe has been imgdtat a particularly important component
of dorsoventral boundary formation as the ectomitgposition of cells expressing and not
expressing Fringe is sufficient to re-position tleesoventral boundary (Irvine and
Wieschaus, 1994; Kim et al., 1995; Panin et aB71Rauskolb et al., 1999) (Figure 1-5).

Recently it has been shown that activation of Naignalling by Serrate is necessary and
sufficient to position the formation of the MHB @hick embryos, as assessed by the
expression of the signalling molecules)tl andfgf8 (Tossell et al., 2011)unatic fringe

(Ifng) is a vertebrate homolog of Drosophilismge (Moran et al., 1999). In striking similarity
with the role offringe at the dorsoventral boundary of the wing imagdist, Tossell et al.
(2011) found that re-positioning tlfag expression border was also sufficient to re-positi
the MHB. The Notch signalling pathway has also bieemd to be essential for the
maintenance of rhombomere boundaries in zebrafiblerig et al., 2004; Riley et al., 2004).
ThedeltagenesdIA, dIB anddID, are expressed in transverse stripes adjacent to
rhombomere boundaries and are proposed to actiatth within rhombomere boundaries
to maintain them (Cheng et al., 2004; Riley et2004). Interestingly, constitutive Notch
pathway activation is not sufficient to induce rlmmere boundary formation (Cheng et al.,
2004). Therefore in contrast with the dorsovertiaindary of the Drosophila wing imaginal
disc and the chick MHB, Notch signalling is onlyd@ived in the maintenance of zebrafish
rhombomere boundaries and not their formation.
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Figure 1-5 Schematic diagrams of signalling at thdorsoventral boundary of the

Drosophila wing imaginal disc and experimental marpulations of Notch pathway genes

(A) Notch is activated (N*) at the dorsoventral bdary of the Drosophila wing imaginal
disc by the concerted actions of Serrate (Ser)résged only in the dorsal [D] compartment)
and Delta (DI) (expressed in the ventral [V] comipent). Fringe (Fng) is only expressed in
the dorsal compartment and restricts Notch actiwaid the boundary by inhibiting activatio
of Notch by Ser but potentiating the activatioNaftch by DI. Notch activation induces
Wingless (Wg) expression. Wg patterns the wing praium. Oval indicates the region that
gives rise to the wing blade.

(B — D) summarise experiments carried out by Pahad. (1997) and Doherty et al. (1996).
fringe (B), serrate(C) ordelta(D) are overexpressed in thatchedexpression domain
(yellow) using the Gal4 — UAS overexpression systéhe ectopic expression fsingein

the ventral compartment induces Wg expressioneabtider betweefinge-negative and
fringe-positive cells (B). Ectopic expressionsadrrateinduces expression of Wg both within
and adjacent to the overexpression domain in thealecompartment (C). Overexpression
of deltacauses strong ectopic expression of Wg in theatlomnpartment and weaker

ectopic expression in the ventral compartment fDganterior; P, posterior.
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Notch signalling has also been implicated in tirenftion or maintenance of the ZLI in

chick embryos. The ZLI begins as lamg-negative wedge between tlfieg-positive

prospective thalamus and pre-thalamus, which toanmsf into a narroshhexpressinglfng-
negative domain (Zeltser et al., 2001). Ectopiaesgion olfng within or across the ZLlI
abolisheshhexpression and the lineage restriction normalgnss the borders of the ZLlI
(Zeltser et al., 2001). Thus, although the rol®&lofch signalling in the formation or
maintenance of the ZLI has not been explicitlygdsit has been implied due to the essential

role of anlfng expression border.

Thus Notch signalling across a boundary has begfidated in the formation or
maintenance of the MHB, the ZLI and the rhombontenendaries. This appears to be a
conserved function of Notch signalling, conservenaht chick to zebrafish embryos in the
developing CNS, and involved in boundary-organmamtenance and formation in

Drosophila larvae.

1.1.3.4Hes transcription factors

Hairy/ Enhancer of split (Hes) transcription fastare a family of repressor-type bHLH
transcription factors (reviewed in Kageyama et2008). They are well-known downstream
effectors of Notch signalling, being essentialha maintenance of neural stem cells and
inhibition of neurogenesis (Ohtsuka et al., 1998takeyama et al., 2004; reviewed in
Kageyama et al., 2007). However, they have alsa bhewn to play an essential role in the
maintenance of boundary-localised organisers. WWHidgl expression is oscillatory in neural
stem cells (Hirata et al., 2002; Shimojo et alQ&0 Baek et al. (2006) showed that in mice,
boundaries in the CNS including the ZLI, MHB, rhaontere boundaries and the spinal cord
roof plate and floor plate are characterised byhigh and persistent expression of Hes1. In
hes1;hes3;hesBiple-null mice, boundary-organisers such aszbk the MHB and the

spinal cord roof plate and floor plate are disrdptes assessed by their nascent signalling
moleculesshh fgf8 or wntl, and ectopic nheurogenesis occurs within the osgamiomain
(Baek et al., 2006). In this study it was not detieed whether the disruption of boundary-
localised organisers was due to disruption ofdtgiation or its maintenance, however in
hest/-; hes3/- mice the MHB forms but fails to be maintainétirata et al., 2001).
Therefore, it is likely that defects in boundargdtised organisers reported by Baek et al.
(2006) inhes1;hes3;hesBiple-null mice was due to a lack of maintenaratder than

formation.

In zebrafish, it has been shown thashomologs, théairy-relatedgenesher5andhim, are
required for the maintenance of the MHB, to pre\ambpic neurogenesis there (Geling et
al., 2003; Geling et al., 2004; Ninkovic et al.08). Thus the use of Hes transcription
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factors in the maintenance of and prevention ajgctneurogenesis within boundary-

localised organisers is conserved from zebrafighite.

Although Hes genes are well known downstream effeatf Notch signalling, Geling et al.
(2004) showed that the actiontwdr5 at the MHB was Notch-independent. Furthermore,
heslhas been shown to function in Notch-independethivpays (Wall et al., 2009;
Sanalkumar et al., 2010). Thus it has been sughés the function dfiesgenes in the
maintenance of boundary-organisers in the devefppiouse CNS might also be Notch-

independent (Kageyama et al., 2007), althoughrémsains to be demonstrated.

1.2 Choroid plexus development

The role of the roof plate in the vertebrate CN8asonly as an organiser of the dorsal
neuroepithelium. The roof plate is present alorgethtire anteroposterior axis of the CNS
(Chizhikov and Millen, 2005). For the most partdnstitutes a narrow strip of cells at the
dorsal midline, but at certain regions it exparwtm a thin epithelium that tents over a
ventricle. This occurs at the lateral ventricleshia telencephalon, the third ventricle of the
diencephalon, and the fourth ventricle situatethahindbrain (Figure 1-4 A). The
mechanisms that determine the anteroposterioritsabf ventricle formation are not
known, although studies in zebrafish have shownttteaformation of ventricles requires
apical junction- complex proteins and a sodium/psitam ion transporter (Lowery and Sive,
2005; Lowery et al., 2009). Cell division is alsmuired for ventricle formation, and hicl
andzic4morphant embryos, a lack of fourth ventricle opegris correlated with a decrease
in cell proliferation in the dorsal neuroepithelihowery and Sive, 2005; Elsen et al.,
2008).

At the ventricles the roof plate is not only expaddbut it also later transforms into the
choroid plexus epithelium (reviewed in DziegieleasX al., 2001). The choroid plexuses
are a series of interfaces that form part of tl@dlcerebrospinal fluid (CSF) barrier
(reviewed in Johansson et al., 2008). CSF is thid that bathes the brain and the spinal
cord and fills the ventricles. The choroid plexuaesresponsible for the secretion of
cerebrospinal fluid (CSF), regulating which molesuénter the CSF from the blood. The
ventricle-CSF system functions during developmeit adulthood to provide physical
protection for the brain and acts as a circulagystem, removing metabolites and
distributing CSF-borne signalling molecules andieuts (reviewed in Redzic et al., 2005).
During development, the choroid plexuses secratewsgrowth factors and signalling
molecules that stimulate the proliferation or diffietiation of neural progenitors (Yamamoto
et al., 1996; Redzic et al., 2005; Huang et all02Qehtinen et al., 2011). The telencephalic
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choroid plexus has also been implicated in seg@etiremorepulsive molecules, which
function to orient neuronal migration (Hu, 1999;uygn-Ba-Charvet et al., 2004). Thus the
choroid plexuses are important regulators of tierival environment of the brain and secrete
molecules that are involved in patterning the dewedent of the brain.

The choroid plexus is composed of two componehgschoroid plexus epithelium and the
heavily vascularised choroidal stroma. Early hizgatal studies of mammals and other
amniotes defined four stages of choroid plexus ldgveent on the basis of epithelial cell
morphology and the glycogen content of cells (Dadmmm 1970; Jacobsen et al., 1982;
Dziegielewska et al., 2001). In summary, the psstrdtfied epithelium of the roof plate
invaginates and transforms into cuboidal epithelkumwn as choroid plexus epithelium,
which undergoes complex morphological changesro fthoroidal villi (reviewed in
Dziegielewska et al., 2001). During this procesemthelial transformation both ingrowth of
blood vessels and capillaries and angiogenesisnitie choroidal stroma occurs (Strong,
1956; Dohrmann, 1970). In addition to changes imphology the differentiation of choroid
plexus epithelium can also be monitored by theesgion of theransthyretin(ttr) gene,
which encodes a thyroxine-binding protein (Thonteal.e 1988). In ratitr expression is
first detected in the fourth ventricle, followed the lateral and then the third ventricle
choroid plexus epithelium (Thomas et al., 1988}himfourth ventriclettr expression and
patches of vascularisation appear in two lateredalos that later fuse to form a highly
convoluted and vascularised structure at the nédbinthe roof plate that is symmetrical

about the midline.

Recently genetic fate mapping studies in mice tsevn that most, if not all of the fourth
ventricle choroid plexus epithelium is derived frgaf7-positive,wntl-positive progenitor
pools at the lateral edges of the roof plate epithee(the most dorsal neuroepithelium)
(Awatramani et al., 2003; Currle et al., 2005; Lsimelg et al., 2005; Hunter and Dymecki,
2007). These progenitor pools initially give riseroof plate epithelium, which later
transforms into choroid plexus epithelium. An eleiggenetic fate-mapping study by Hunter
and Dymecki (2007) described how the E11.5 rodiepdpithelium can be subdivided into
two domains, one medial and one lateral, with retsfgewhether they arose frommt1-
positive orwntlandgdf7- positive progenitors, and whether they would dbnte to the
choroid plexus (Figure 1-6). Although initially theteral progenitor domains contribute to
roof plate epithelium that then transforms intorcia plexus epithelium, from E12.5 and
throughout development, the lateral progenitor dameontribute directly to the choroid
plexus epithelium (Hunter and Dymecki, 2007; Huahgl., 2009). At these stages the
lateral progenitor pool is regulated slyhexpressed by the choroid plexus epithelium itself
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Figure 1-6 Subdivision of the roof plate epitheliumnto a medial and a lateral

domain

Schematised diagram of a dorsal view of the moudeTroof plate epithelium showing
subdivision into a medial (med) and a lateral (tatjnain. The medial domain (green) is
derived fromwntl-positive progenitors and does not contribute edhoroid plexus
epithelium (CPE), while the lateral domain (purptedlerived frongdf7-positive and
wntl-positive progenitors and does contribute to th& QRedial and lateral domains are
non-mitotic so growth occurs via proliferation abgenitors at the lateral edges of the
roof plate epithelium (grey lines). The rhombicslifped) are subdivided into the upper
rhombic lip (URL) and the lower rhombic lip (LRL).
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(Huang et al., 2009). Thus the choroid plexus efiilin stimulates its own growth at later

stages.

The diencephalic choroid plexus epithelium alseesrifrongdf7-positive progenitors,
however only the anterior portion of the telencdighzhoroid plexus epithelium receives
contributions fronmgdf7-positive progenitors (Currle et al., 2005). Instiregly, the posterior
portion of the telencephalic choroid plexus epitimalrequires non-autonomous signals from
the anterior portion for its development (Currlekt 2005). These signals are likely to be
BMPs as the BMP-responsive genesxlis downregulated in the posterior telencephalic
choroid plexus epithelium after the ablation of ¢jaér-positive progenitor-derived anterior
domain (Currle et al., 2005).

Recent time-lapse studies of zebrafish choroidydelevelopment gave detailed insights
into the process of choroid plexus epithelium défeiation and blood vessel ingrowth in
zebrafish (Bill et al., 2008; Garcia-Lecea et 2008). Garcia-Lecea et al. (2008) described
this process in three phases. In the first two @h#se tela choroidea, a monolayered
epithelial sheet, formed from the roof plate of tberth ventricle and was contributed to by
cells emerging from the rhombic lip. The third plhasnsisted of the tela choroidal cells
converging on a distinct point forming a tight, noled structure that obeyed anteroposterior
and mediolateral boundaries. A choroidal vasculauit dorsal to the choroid plexus
epithelium also formed in this third stage via linanching of the dorsal longitudinal vein.
Garcia-Lecea et al. 2008 did not observe any sprgut capillaries from the choroidal
vascular circuit into the choroid plexus epitheliurowever Bill et al. 2008 have reported
that this does occur. Whether these capillarie®dahmlogous to the fenestrated capillaries
found in amniote choroid plexuses remains to berdehed.De novoangiogenesis, as
occurs in the developing amniote choroid plexushidwnn, 1970), was not observed to
contribute to the formation of the zebrafish chdrpliexus capillary bed. Another difference
between zebrafish and mammalian fourth ventrictaaid plexus development is that the
mammalian choroid plexus differentiates from twietal domains that later fuse, whereas
the zebrafish choroid plexus epithelium differeteigaat the midline of the roof of the fourth
ventricle (Strong, 1956; Thomas et al., 1988; &lal., 2008; Garcia-Lecea et al., 2008).

1.2.1Coordination of choroid plexus development

Despite its vital function, little is known abouhat mechanisms coordinate the development
of the choroid plexus. It is known that the arefthe neural tube destined to give rise to
choroid plexus epithelium are specified as earlz&$ in mice, before the formation of
ventricles, whereas the first choroid plexus epidheells differentiate at E9.5 (Thomas and
Dziadek, 1993; Hunter and Dymecki, 2007). Experitaém avian embryos showed that

-38 -



transplantation of E2/ E3 prospective choroid pteapithelium to the body-wall resulted in
the normal differentiation of the epithelium inteoroid plexus epithelium, but also induced
the body-wall mesenchyme to give rise to fenediraspillaries, typical of the choroid
plexus (Wilting and Christ, 1989). However the cerse was not true. The transplantation
of non-choroid plexus-forming neuroepithelium optospective choroid plexus-forming
mesenchyme did not induce the differentiation afroid plexus epithelium. These studies
and the observation thgtlf7-positive progenitors give rise to all of the diepbalic and
hindbrain choroid plexus epithelium might lead emeonclude that all progeny of thdf7-
domain are pre-specified as choroid plexus epithelnd do not require inductive signals
from external tissues. However, the timing of difetiation of the choroid plexus
epithelium must still be regulated. Additionallyetabove is not sufficient to explain how the
posterior portion of the telencephalic choroid pleepithelium, which does not arise from
gdf7-positive progenitors, develops (Currle et al.,20hdeed Currle et al. (2005) have
shown that the posterior portion of the telenceptaioroid plexus epithelium requires non-
autonomous signals (probably Bmps) from the ant@aotion. It would be interesting to see
if any non-autonomous signals are required foretmty differentiation of the diencephalic

and hindbrain choroid plexus epithelium.

As stated above, the prospective choroid plexuselpim could induce the formation of
organ-typical capillaries from body-wall mesenchyimavian embryos (Wilting and Christ,
1989), however the signal responsible for this atidin has yet to be determined. It has been
shown thashhfrom the choroid plexus epithelium is required ¥ascular outgrowth in the
mouse fourth ventricle choroid plexus (Nielsen &ynecki, 2010). However organ-typical
blood vessels are still present within the chopdekus ofshhmutant mice so this signal is
not required for the original ingrowth of blood gets and the specification of organ-typical
capillaries. Thus the signals involved in the prtioroof blood vessel ingrowth and the
specification of choroid plexus capillaries haveétgebe defined.

1.3 Re-examining the organiser properties of the roof late

As detailed above most secondary organisers idekieloping CNS are boundaries between
two molecularly distinguishable compartments. Tdwef plate and the floor plate do not fit
into this model; at spinal cord levels the rooftpland floor plate are boundaries between
molecularly indistinguishable compartments (the hatves of the neural tube), and at the
brain ventricles the roof plate is expanded to fanrepithelial sheet that tents over the
ventricle. This is most obvious at the fourth vexdrwhere the roof plate forms a large
diamond shape (Figure 1-4 B). Furthermore, the ptette of the ventricles gives rise to

choroid plexus epithelium, however the consequefitiis for its organiser function has not
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been assessed. In this thesis | considered thdtiegis that the organiser properties of the
roof plate are situated at its boundaries withrieroepithelium. In order to study this |
focussed on the chick fourth ventricle roof platetse roof plate is greatly expanded at this
location and therefore provides an easily accességion for experimental manipulation of
its boundaries. Through my consideration that tigaiiser properties of the hindbrain roof
plate are located at its boundaries it was dis@ul/drat the roof plate boundaries contribute

non-autonomous signals required for choroid pleepithelium development.
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Chapter 2 A study of gene expression patterns at the

hindbrain roof plate boundary

2.1 Background

The roof plate is an organiser present at the dorgine of the neural tube along the entire
antero-posterior axis of the CNS (reviewed in Glkiav and Millen, 2005). The function of
the roof plate as an organiser has been best dtudibe spinal cord where genetic deletion
experiments led to a loss of the three dorsal-magips of neuronal cell types (dI1-3) and
their progenitor domains (marked mathlandngnl). This was accompanied by a
compensatory increase in the more ventral neutgpek (dl4-6) and theashl(mouse
achaete-scute homolog 4positive progenitor domain (Lee et al., 2000de main
candidates for the dorsalising signals emittedhigyrbof plate are BMP and Wnt proteins,

which are strongly expressed along its entire gxten

In the chick, the ability of the roof plate to irmudorsal neuronal cell types has been shown
to be mimicked by the application of roof plate-eegsed BMP family members such as
Bmp4, Bmp5, Bmp6, Bmp7 and Gdf7 (also known as Billiem et al., 1997; Lee et al.,
1998; Chizhikov and Millen, 2004a). Further apgiica of the Bmp inhibitors Noggin and
Follistatin inhibited the ability of the roof plate induce dorsal interneuromsvitro (Liem

et al., 1997; Lee et al., 1998). Electroporatiams in chick have shown that expansion of
the roof plate by overexpression of Lmx1b can irddid neurons adjacent to the expanded
roof plate, at the expense of dI2 — 6 interneurand, that this signalling capacity was
mediated by Bmp signalling (Chizhikov and Mille@a). Conversely, knockdown of
smad4 an essential downstream signal transduction caemtcof BMP signalling, resulted

in a reduction of dI1-3 interneurons and their @r@gpr domains, but an expansion of dl4-6
and their progenitor domains (Chesnutt et al., 208énetic deletion studies in mice have
not revealed much of a role for individual Bmpspecification of dorsal neural cell types,
presumably due to the redundancy between Bmp faméijmbers (Chizhikov and Millen,
2005). However, genetic loss gdif7 results in a loss of a specific subset of dl1lrimeerons
(formerly known as D1A) in mouse (Lee et al., 1998)us Bmp signals, and particularly
gdf7in mice, are necessary and sufficient for thei§ipation of dorsal interneuron cell
types in chick and mouse.

The Wnt signals, Wntl and Wnt3a are specificallyrezsed in the spinal cord roof plate
and were previously thought to play a mostly mitogeather than a patterning role in the

development of the dorsal spinal cord (Dickinsoalgt1994; Megason and McMahon,
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2002; Chesnutt et al., 2004). However, in mouseg shown that genetic knockdown of
wntlandwnt3acaused a specific reduction in dl1-3 neurons widompensatory increase
in more ventral interneurons (Muroyama et al., 2088rther, application of Wnt3a to the
medial region of the chick neural plate could ingldél and dI2 neuronal production,
without the involvement of BMP signalling. More egtly it has also been demonstrated in
chick and zebrafish embryos that Wnt signallingeguired for the dorsoventral patterning
of the spinal cord (Alvarez-Medina et al., 2008nBer et al., 2008). Alvarez-Medina et al.
(2008) showed that co-electroporationnaftl andwnt3ain the chick caused a ventral
expansion of dorsal progenitor domains and dl2tdriveuron populations at the expense of
the more ventral dI6 interneurons, ventral VO Atkineurons and motor neurons. Wnt1/
Whnt3a were shown to antagonise Shh signalling ¢bestrate the dorsoventral patterning of
the spinal cord neural tube. Thus in chick and re@mbryos Wntl and Wnt3a play

important roles in dorsoventral patterning of thaal cord.

Previous work has shown that organisers in theldpireg vertebrate CNS are generally
located at boundaries between compartments ofktidgi are molecularly distinguishable
from each other, for example the isthmus at thébmaieh-hindbrain boundary, the zona
limitans intrathalamica (ZLI) at the pre-thalamuthalamus boundary and the rhombomere
boundaries (Kiecker and Lumsden, 2005). For thet paxs, the roof plate is comprised of a
narrow strip of cells at the dorsal midline thatamtes two molecularly indistinguishable
halves of the neural tube, for example at spined co midbrain level (Chizhikov and

Millen, 2004c; Chizhikov and Millen, 2005). Howe\var certain locations such as the
hindbrain the roof plate is expanded to form a #pithelium that tents over a ventricle.
Thus the hindbrain provides a particularly amenabdgon to study whether roof plate
organiser properties are localised to its boundare hence whether the roof plate also

conforms to the model stated above.

At hindbrain level, the roof plate has been showthe mouse to be required specifically for
the specification of the dorsal-most neural progerpool of rhombomere 1, which is
marked by Math1, while it is only required to regpl proliferation of more ventral cell-
types (Chizhikov et al., 2006). Ectopic roof platas also sufficient to induce or expand the
Mathl domain, and Chizhikov et al. (2006) showed this induction was dependent on
BMP signals. Previous studies have also demondttheeimportance of BMP family
members in the induction of Math1-positive cell$zH7, Bmp6 and Bmp7 can induce
Mathl-positive cell$n vitro and the BMP receptors, Bmprla and Bmprlb, arenedjin a
redundant fashion for the specification of the betar granule cells (derived from Math1-
positive progenitors), but not the Purkinje cellbjch are derived from the slightly more
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ventrolateral Ptfla -positive progenitor pool o tthombomere 1-derived cerebellar anlage
(Alder et al., 1999; Wingate and Hatten, 1999; Gikiav et al., 2006; Qin et al., 2006).

The hindbrain roof plate is not only an organigen, it also gives rise to the hindbrain
choroid plexus epithelium later in development igexed in Dziegielewska et al., 2001).
The choroid plexuses are a series of interfacestrdribute to the ‘blood-cerebrospinal
fluid barrier’ and are essential for the secretiboerebrospinal fluid (Dziegielewska et al.,
2001; Redzic et al., 2005). Thus they are essdotidhe regulation of the internal
environment of the developing brain. Despite tivaportance, the development of the chick

choroid plexuses has not been well documented.

In this chapter, | describe in hindbrain the expi@s of mMRNA of candidate roof plate
signalling molecules, Notch signalling pathway camgnts and markers of the developing
choroid plexus. | find that the expressiorgdf7in the chick definitively marks the

hindbrain roof plate epithelium — neuroepitheliuoubdary from E3 until at least E6 (the
latest age analysed) and that this expressionrpattight be explained by the distribution of
Notch signalling pathway components and ctiiekbrthologues. The development of the
chick hindbrain choroid plexus epithelium from tloef plate epithelium was assessed by
the expression patterns trfansthyretin(ttr), a thyroxine-binding protein that represents a
well-established marker of the differentiated chdmexus epithelium (Thomas et al., 1988;
Duan et al., 1991)ytochrome P450 26Ctyp26C), which encodes a retinoic acid
metabolising enzyme that is strongly expressetierhindbrain roof plate epithelium in
chick (Reijntjes et al., 2004; Wilson et al., 20@ndorthodenticle homeobox(®tx2),

which encodes a homeodomain-containing transcrigtiotor that has been shown to be
expressed in the mouse and chick telencephaliochptexus epithelium (Shinozaki et al.,
2004; von Frowein et al., 2006). These expressaiteps showed that the chick choroid
plexus epithelium differentiates at E4 in a spegqfattern within the hindbrain roof plate, but
also thattyp26Clexpression marks sites of prospective choroidydespithelium

differentiation.
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2.2 Results

2.2.1gdf7 expression marks the boundaries between roof plagpithelium and
hindbrain neuroepithelium in chick

In the chick,gdf7is specifically expressed by the roof plate atdbesal midline of the

neural tube from E3, and is still expressed attEé latest stage examined). In the midbrain
it can be seen as a double stripe at the dorsdilhmi@Figure 2-1 A, C arrowheads), whereas
at the hindbrain it marks the boundary betweerhthdbrain neuroepithelium and the
expanded roof plate epithelium persistently fromt&B6 (the latest stage examined), at the
level of both the upper and lower rhombic lip (Fig2-1 A — H, arrows). This can be seen
more clearly by taking transverse sections threemgbryos. At the level of both the upper
and lower rhombic lip at E3 and Eglf7is expressed at the interface between the roaf plat
epithelium and the hindbrain neuroepithelium (Fegf2 A — D, G — J, arrows). More
specifically, its domain of expression lies at tloesal-most tip of the pseudostratified

epithelium.

A transverse section through the spinal cord dEarmbryo shows thgdf7 expression is
present as two stripes at the dorsal midline,ilikine midbrain (Figure 2-1 A, arrowhead,
Figure 2-2 E, F). Thregdf7-negative cells can be seen separating the two idsroégdf7
expression (Figure 2-2 F open arrow). A sectionugh the midbrain of an E4 embryo again
showsgdf7 expression at the dorsal midline, but in thisisecagdf7-negative zone at the
medial roof plate is not visible even thougiif7 also appears as two stripes in the midbrain
at E4 by whole-mourit situ hybridisation (Figure 2-1C arrowhead, Figure 2-2K This

may be due to the thickness of the section (40paimgitoo high to discern the small

number ofgdf7-negative cells.

gdf7 expression at the hindbrain roof plate-boundaignimediately adjacent to the dorsal-
most neural progenitor domain, which is markedHhgyéxpression afath1(Figure 2-2 M —
P). Cells do not co-express these markers, whichrisistent with thgdf7 andmath1(the
mouse homolog ofathl) lineage-tracing mice, which show tlgdf7-expressing progenitors
only give rise to roof plate, whereamthlexpressing progenitors only give rise to neurons
(Landsberg et al., 2005; Machold and Fishell, 2008ng et al., 2005; Hunter and Dymecki,
2007).

As gdf7 marks an inducer of theathZtpositive neural progenitor pool in mice (Alderagt
1999; Lee et al., 2000a; Chizhikov et al., 200BYpothesised that its expression must
precede that afathlin chick embryos. To investigate this | examineg éixpression ajdf7
in relation tocathlin the hindbrain of embryos from st10 (E2) (juséaneural tube
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Figure 2-1 Whole-mountgdf7 expression in E3 — E6 chick embryos

gdf7 expression as detected by whole-maorditu hybridisaion in E3 (A,B), E4 (C,D)
E5 (E,F) and E6 (G,H) chicken embryos. A,C,E,Gusdorsal views. B,D,F,H show
lateral views. Anterior is to the left. Arrowheadslicate midbrairgdf7 expression.
Arrows in A, C, E, G indicatgdf7 expression at upper rhombic lip level. Arrows in B

D, E, H indicategdf7 expression at lower rhombic lip level.
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Figure 2-2gdf7 expression in chicken hindbrains sectioned in thegansverse plane

A — F show sections through an E3 embryo. G — Rvsextions through E4 embryos.
A — M and O shovgdf7 expression as detected ibysitu hybridisation. N and P show
gdf7 andcathlexpression as detected by doublsitu hybridisation. A — L are
vibrotome sections of embryos processed by wholantia situ hybridisation. M — P
are serial cryostat sections that were processdd &itu hybridisation. Dorsal is
oriented upwards. Arrows indicagelf7 expression at the hindbrain roof plate
epithelium — neuroepithelium interface. Open armoslicatesgdf7-negative domain in
spinal cord roof plate. URL: upper rhombic lip, LRbwer rhombic lip, SpC: Spinal
Cord, Mb: midbrain.

Scale bars: A, C, G, |, K: 100um, B, D —F, H..J P: 50um.
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closure) to st17 (E3pdf7 andcathlare not expressed at st10 (Figure 2-3gdlf7 begins to
be expressed in the midbrain by st13 (E2) (FigBrarrow), whereas it anchthlexpression
are still absent from the hindbrain at this stdgjigyre 2-3 B)gdf7 expression begins in the
hindbrain at st14 (E3) at the level of the upp&mmbic lip (Figure 2-3 C arrow) baathl
expression is still absent at this stage. By si&geath1begins to be expressed in the
hindbrain andydf7 expression is clearly visible in the hindbrain anidbrain (Figure 2-3 D
arrow, hindbrain; arrowhead, midbrain). By stagéaihgdf7 andcathlare expressed
strongly in the hindbrain argtf7 expression is also visible in the diencephalogyfé 2-3

E arrow, diencephalon).

2.2.2Expression ofbomp4, bmp7 and wntlat the hindbrain roof plate epithelium

— neuroepithelium boundary

gdf7 expression was compared to thabofp4 bmp7andwntlin the chick hindbrain and
midbrain roof plate first by whole-mouit situ hybridisationbmp4is not expressed in the
midbrain or hindbrain roof plate at E4 or E5 bupession is detectable in the pharyngeal
arches (Figure 2-4 A — D, arrows, pharyngeal aic{i€sebitz et al., 2009)bmp7is
expressed by the midbrain roof plate at E4 andlbis not distinguishable by whole-
mountin situ hybridisation in the hindbrain roof plate epitlueti or roof plate boundary
(Figure 2-4 E — G, arrowhead, midbrain roof plat&éje bmp4 bmp7expression is present
in the pharyngeal arches (Figure 2-4 F arrawjtlis clearly expressed by both the
midbrain roof plate and the hindbrain roof plateibdary at E4 and E5 (Figure 2-4 | — L,
arrowheads: midbrain expression, arrows: hindm@ar plate boundary expression),
although there is an antero-posterior gradienkpfession along the rhombomere 1 roof

plate boundary at E4 (Figure 2-4 |, open arrow).

Sincewntlwas expressed at the hindbrain roof plate bounidesynpared its expression
with that ofgdf7 by performingn situ hybridisation on serial transverse cryostat sestio
from an E4 embryowntlis highly expressed in thggf7 expression domain at the level of
both the upper and lower rhombic lip (Figure 2-FEBarrows). However, it is also
expressed at a lower level in the adjacent doealaepithelium at the level of the lower
rhombic lip (Figure 2-5 E arrowhead), which is #ane as in the mouse (Landsberg et al.,
2005).

Sincebmp7was clearly expressed in the midbrain roof platedaand E5 but its expression
could not be easily distinguished in the hindbraiof plate | performeéh situ hybridisation
on serial transverse cryostat sections of an E4ymtb compare the expressionbwhp7in
the hindbrain roof plate with that gtif7. bmp7was expressed in the roof plate epithelium

andgdf7-domain at both upper and lower rhombic lip le€ligure 2-5 C, F, arrows). At the
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Figure 2-3 Early gdf7 and cath1 expression

gdf7 andcathlexpression (as labelled) as detected by whole-trinigitu hybridisation
at st10 (A), st13 (B), st14 (C), st16 (D), st17.(&)} C show dorsal views with anterior
to the left. D, E show lateral views with anteriorthe right. B, arrow, midbraigdf7
expression. C, arrow, upper rhombic djgf7 expression. D, arrows indicate hindbrain
gdf7 or cathlexpression as indicated; arrowhead, midbgalfT expression. E, arrow,

diencephaligdf7 expression.
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Figure 2-4 Whole-mount expression obmp4, bmp7 and wntl in E4 and E5 embryos

A - D showbmp4expression, E — H sholamp7expression and | — L shomnt1expression
as detected by whole-mountsitu hybridisation. A, C, E, G, I, K show dorsal vievi&s.D,
F, H, J, L show lateral views. A, B, E, F, |, J®hB4 embryos. C, D, G, H, K, L show E5
embryos. B, D, arrows, pharyngeal albrthp4expression. F, arrow, pharyngeal abchp7
expression. E, G, arrowheads, midbfainp7expression. |, K, arrowheads, midbraintl
expression; | — L, arrows, hindbrain roof plate hdary expression afintl I, open arrow,

anteroposterior gradient wint1expression along rhombomere 1.
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Figure 2-5 Expression domains oivntl and bmp7 in comparison with that of gdf7

Expression ofydf7 (A, D), wnt1 (B, E) andomp7(C, F) as detected by situ
hybridisation performed on transverse, serial dgtosections through the upper
rhombic lip (A — C) or lower rhombic lip (D — F) eh E4 embryo. B, E, arrowsntl
expression at the roof plate boundary. C, F, arroaaf platebmp7expression. E,
arrowhead, dorsal neuroepitheliuvmntl expressionF, arrowhead, dorsal
neuroepitheliunbmp7expression, open arrow, epiderrbimp7expression. URL: upper
rhombic lip, LRL: lower rhombic lip.
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lower rhombic lip it was also expressed in the nepithelium and was detected in the

epidermis (Figure 2-5 F, arrowhead, neuroepitheliopen arrow, epidermis).

Thus of the morphogenetic proteimsp4 bmp7 wntlandgdf7, gdf7 was the most specific
marker of the hindbrain roof plate epithelium —m@pithelium boundary in chick, although
wntlalso exhibited a very similar expression patteiith the exceptions of its antero-
posterior graded expression at upper rhombic liplland the low level expression domain

in the adjacent neuroepithelium at lower rhomipddivel.

2.2.3The chick heslorthologues,chairyl and chairy2 are persistently expressed
at high levels at the roof plate epithelium — hindkain neuroepithelium

boundary

In mice Hairy/ Enhancer of split 1 (Hes1), whichaisepressor-type bHLH transcription
factor, is highly and persistently expressed anauy-localised signalling centres in the
developing central nervous system (Baek et al.6p@bairyl andchairy2 are the chick
orthologues ohes1Jouve et al., 2000) so their expression at theplade epithelium —
hindbrain neuroepithelium boundary was examineskwif this boundary was also marked

by characterised markers of boundary-localisedadiigig centres.

At stage 11 (E2), a diamond of highairyl expression is visible in the prospective
hindbrain (Figure 2-6 B arrow) as well as in thst & the neuroepithelium, the presomitic
mesoderm and Hensen'’s node (Figure 2-6 A, arroveherdiroepithelium, open arrowhead:
presomitic mesoderm, open arrow: Hensen’'s nodedtaige 11chairy2is expressed fairly
ubiquitously throughout the neural tube, but likairylit is also expressed in the
presomitic mesoderm and Hensen'’s node (Figure 2, @rrowheads: neural tube, open

arrowhead: presomitic mesoderm, open arrow: Hesserde).

By stage 18 (E3¢hairylexpression clearly marks the roof plate epitheliuhindbrain
neuroepithelium boundary as well as the floor p{&tgure 2-6 E, F, arrows: roof plate
epithelium — hindbrain neuroepithelium boundaryoahead: floor plate)chairylis also
expressed in two uneven stripes along the antestepor axis in the hindbrain
neuroepithelium (Figure 2-6 E, open arrowheads}hststagechairy2is expressed
throughout the neuroepithelium and an elevated l&fvexpression at the roof plate
epithelium — hindbrain neuroepithelium boundargas yet apparent (Figure 2-6 H). A lack
of expression at the dorsal midline of the midbiaid in the floor plate is apparent, as are
two stripes of elevatechairy2 expression in the hindbrain neuroepithelium, simib those
of chairyl (Figure 2-6 G open arrow: midbrain roof plateparnead: floor plate, open

arrowheads: stripes of elevatglthiry2 expression).
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Figure 2-6 Whole-mount expression othairyl and chairy2 from st11 (E2) to E6

chairyl(A, B, E, F, 1,3, M, N, Q) andhairy2(C, D, G, H, K, L, O, P, R) expression as
detected by whole-mouim situ hybridisation in st11 (E2)(A — D), st 18 (E3)(E ), IE4 (I

- L), E5 (M- P) and E6 (Q, R) chick embryos. A-E,I(X, M, O, Q, R show dorsal
views. F, H, J, L, N, P show lateral views. Anteii®oriented to the left in all images. A —
D, arrowheads, neuroepithelium; open arrow, Hersseatle; open arrowhead, presomitic
mesoderm. B, arrow, diamond of expression overlytregprospective hindbrain. E — R,
arrows, hindbrain roof plate epithelium - neurdeglium boundary; open arrowheads,
longitudinal hindbrain stripes; arrowheads, flotate. G, open arrow, midbrain roof plate.
J, open arrow, rhombomere 1 longitudinal hindbstiipe. J, L, red arrows, lack of

expression in the roof plate epithelium.
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At E4 chairyl expression still marks the roof plate epitheliutmirdbrain neuroepithelium
boundary and the floor plate (Figure 2-6 I, J arrovef plate epithelium — hindbrain
neuroepithelium boundary, arrowhead: floor plaEpression in the longitudinal hindbrain
stripes has become more even along the anterormosigis and extends into rhombomere
one by this stage (Figure 2-6 |, J, open arrowhdadgitudinal hindbrain stripes, open
arrow: longitudinal hindbrain stripe in rhombomée There is clearly no expression of

chairylin the roof plate epithelium (Figure 2-6 J recbar).

By E4,chairy2is expressed throughout the hindbrain neuroeuttmebut now shows
elevated expression at the boundaries of the fitade and at the roof plate epithelium —
hindbrain neuroepithelium boundary (Figure 2-6 Katrowhead: floor plate boundary,
arrow: roof plate epithelium — hindbrain neuroegitlhm boundary). The domain of elevated
chairy2 expression is broader than the expression doniahairyl at the roof plate
epithelium — hindbrain neuroepithelium boundankedgdhairyl, chairy2also shows two
longitudinal stripes of elevated expression inhhelbrain neuroepithelium (Figure 2-6 K
open arrowheadsghairy2is not expressed in the roof plate epithelium (Fég2-6 L red

arrow).

E5 chairylexpression is very similar to E4 expressidmairylis expressed in the roof plate
epithelium — hindbrain neuroepithelium boundary amthe floor plate, as well as the
longitudinal hindbrain stripes (Figure 2-6 M, Nraw: roof plate epithelium — hindbrain
neuroepithelium boundary, arrowhead: floor plafgeroarrowheads: longitudinal hindbrain
stripes). EXchiary2 expression is also very similar to E4 expresdiotoo still shows
upregulated expression at the roof plate epitheliummdbrain neuroepithelium boundary
and in the hindbrain longitudinal stripes (Figuré ©, P, arrow: roof plate epithelium —
hindbrain neuroepithelium boundary, open arrowhelagitudinal hindbrain stripes),
although the elevated expression at the floor flatendaries is less apparent at this stage
(Figure 2-6 O).

By E6, similar expression patterns fdrairyl andchairy2 still exist.chairylis expressed
highly at the roof plate epithelium — hindbrain reepithelium boundary, the floor plate and
the two longitudinal hindbrain stripes (Figure 26arrows: roof plate epithelium —
hindbrain neuroepithelium boundary, arrowhead:fldate, open arrowheads: longitudinal
hindbrain stripes)chairy2is expressed highly at the roof plate epitheliuhindbrain
neuroepithelium boundary (Figure 2-6 R arrowsis Ktill expressed throughout the
hindbrain neuroepithelium but slightly elevateddisvof expression at the longitudinal
hindbrain stripes and at the floor plate boundarégasbe seen (Figure 2-6 R, arrowhead:

floor plate boundaries, open arrows: longitudiriatbrain stripes).
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In order to determine more clearly the expressimmains ofchairyl andchairy2, | looked

at their expression in transverse sections thrétsfgbmbryos. Elevated expression of
chairyl andchairy2 at the roof plate epithelium — hindbrain neurdegium boundary can
be seen at both upper and lower rhombic lip lewelsbrotome sections (Figure 2-7 A — F,
arrows).chairylis also expressed in the floor plate and in aitodgal hindbrain stripe
(Figure 2-7 B, arrowhead: floor plate, open arroachdongitudinal hindbrain stripe).
chairy2 expression in the floor plate boundaries can ba,send sections through the lower
rhombic lip show that the longitudinal hindbrainse of chairy2 expression is broader than
that ofchairyl (Figure 2-7 E, arrowhead: floor plate boundarygroprrowhead: longitudinal
hindbrain stripe).

Despitechairyl andchairy2being clearly expressed at high levels at the ptete
epithelium — hindbrain neuroepithelium boundaryydts not clear how their expression
patterns related to thlyggf7-positive domain. In order to assess this, | toarkas cryostat
sections through the upper and lower rhombic lig@noE4 embryo and detected the
expression othairyl, chairy2 andgdf7 usingin situ hybridisation on the serial sections.
Sections through the upper rhombic lip clearly shupregulated expression dfairyland
chairy2within thegdf7-domain in comparison with expression in the adjace
neuroepithelium (Figure 2-7 G, arrows). At loweomtbic lip level,chairylis clearly
expressed in thgdf7-domain, howevechairy2is expressed more ubiquitously in the
hindbrain neuroepithelium with only a slight uprkgion at thegdf7-domain in these

sections (Figure 2-7 H, arrows).

In order to more closely assess the expressichaify2in relation togdf7, | carried out
doublein situ hybridisation forchairy2 andgdf7 on cryostat sections through the E4 upper
and lower rhombic lips. This shows more clearlyt tfairy2is upregulated within thgdf7-
positive domain at both upper and lower rhombiddigels. (Figure 2-7 | — L, brackets:
domain of upregulatechairy2 expression within thgdf7-domain).

These results show thethairyl marks thegdf7 — domain in the E4 hindbrain, as well as the
floor plate. It is also expressed in two longitwaistripes in the hindbrain neuroepithelium.
chairy2is expressed at a low level throughout the hindtmauroepithelium at E4 but
shows upregulated expression atgdé/-domain, the floor plate boundaries and two

longitudinal stripes in the hindbrain neuroepithsii
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Figure 2-7 Expression othairyl and chairy2 in sections through the E4 upper and

lower rhombic lips

A — F show transverse vibrotome sections througletiiegk embryos where the
expression othairyl (A — C) orchairy2 (D — F) had been detected by whole-mdant
situ hybridisation. A and D show sections through thpar rhombic lip. B, C, E, F
show sections through the lower rhombic lip. G Bishow serial transverse cryostat
sections through the upper (G) or lower rhombidHp of an E4 chick embryo. The
expression ofidf7, chairyl or chairy2 (as labelled) was detected inysitu hybridisatior
on sections. | — L show transverse cryostat sestilbrough the upper (1, J) and lower
rhombic lips (K, L) of an E4 embryo. The expressidichairy2 andgdf7 are detected
by doublein situ hybridisation on sections. | and K show the expogssf both genes,
whereas J and L show the immune-fluorescence dmteaftchairy2 expression alone.
Dorsal is oriented upwards in all images. Arrowngdbrain roof plate epithelium —
neuroepithelium boundary. B, arrowhead, floor pkatpression. E, arrowhead, floor

plate boundary expression. B, E, open arrowheadgitlidinal hindbrain stripes.

Scale bars: A, B, D, E: 100um, C, F — L: 50um.
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2.2.4Expression of Notch receptors, ligands and downsteen targets at the roof
plate boundary

heslis a well-known downstream target of Notch sigmagjjialthough it has also been shown
to be activated by Notch-independent pathways (@datet al., 1999; Kageyama et al.,
2007; Wall et al., 2009; Sanalkumar et al., 20T@us, upregulated expression of the chick
heslorthologues at the roof plate epithelium — hindbreeuroepithelium boundary
suggested that Notch signalling might be activaitetthe roof plate epithelium — hindbrain
neuroepithelium boundary. To investigate this,gRpression of various Notch ligands,
receptors and modulators was examined at the tat# ppithelium — hindbrain

neuroepithelium boundary.

Figure 2-8 A shows the expression of the Notchp®ws,notchlandnotch2in transverse,
serial cryostat sections through the upper rhoribiat E5.notchlis expressed in the
ventricular zone of the hindbrain neuroepithelium is downregulated in thgdf7-positive
domain (Figure 2-8 A arrowhead). In contramitch2is highly expressed in thgaf7-
positive domain (Figure 2-8 A arrow) and is alspressed in the more medial roof plate
epithelium (Figure 2-8 A open arrow), whereasgchlis not expressed in the roof plate
epithelium.

Figure 2-8 B shows the expression of the Notchlilgadeltalandserratelin comparison
with the expression @jdf7. deltalis expressed in a salt and pepper fashion ineh&icular
zone of the hindbrain neuroepithelium in a doméaiaténg thegdf7-domain. There is an
enrichment of expression in a border directly agljito thegdf7-domain (Figure 2-8 B
arrow).serratelis expressed highly within thgglf7-domain (Figure 2-8 B open arrow) but
also in a domain adjacent to theéf7-domain within the neuroepithelium (Figure 2-8

arrowhead).

Figure 2-8 C shows the expressiorifo§ in comparison with that @jdf7. Ifng is expressed
in a similar domain taleltal, although it is expressed in a continuous fashidhe
ventricular zone, rather than a salt and peppéidasit is also expressed adjacent to the

gdf7-domain and not within it.

The expression patterns of the Notch ligands, tecg@ndfng at the level of the lower
rhombic lip at E5 are very similar to those at upfp@mbic lip level (Figure 2-8 D, E).
notchlis again downregulated within tlgdf7~domain (Figure 2-8 D arrowhead), but
expressed throughout the ventricular zone of thdbrain neuroepitheliunmotch2is again
expressed at a high level within thef7-domain (Figure 2-8 D arrow) and is expressed in

the roof plate epithelium (Figure 2-8 D open arrow)
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Figure 2-8 Expression of Notch pathway ligands, reptors and modulators at the

roof plate boundary

In situhybridisation on transverse serial cryostat sestfoom E5 embryos through the
upper rhombic lip (A — C) and the lower rhombic(ip - F) to compare the expression
domain ofgdf7 with that of the Notch receptomsotchlandnotch 2(A, D and F as
labelled), that of the Notch ligandigltalandserratel(B, E and F as labelled), or that of
thelfng (C, E and F as labelled). Dorsal is oriented upaaf, D, arrowheads,
downregulatedhotchlexpression in thgdf7-domain; arrows, upregulateetch2
expression in thgdf7-domain; open arrows, roof plate epithelingtch2expression. B. [
arrows, border ofleltalexpression; open arronsgrratelexpression in thgdf7-domain;
arrowheadsserratelexpression in the neuroepithelium. E, open arraghkack ofifng
expression in thgdf7-domain. F, arrow, floor plateotch2expression; arrowheads, lack
floor platedeltalandserratelexpression; open arrows, coincidental sitededfaland

serratelexpression; open arrowhead, floor plkitg) expression.

Scale bars: A - E, 50um; F, 250.
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deltalis expressed in a salt and pepper pattern inghtrigular zone of the hindbrain
neuroepithelium in a domain abutting tdf 7-expression domain. It shows a sharp
boundary of expression adjacent to ¢ju7-expression domain (Figure 2-8 E arrow).
serratelshows elevated expression in the ventricular odriee hindbrain in a domain
adjacent to thgdf7-expression domain (Figure 2-8 E arrowhead), aowstdownregulated
expression within thgdf7-domain itself (Figure 2-8 E open arroufng is highly expressed
throughout the ventricular zone of the hindbraiaormepithelium up until thgdf7-domain. It

is not expressed within tlgglf~domain (Figure 2-8 E open arrowhead).

Sections at lower rhombic lip level also show thatichlandnotch2are expressed along the
entire dorsoventral axis of the neuroepitheliunthig ventricular zone, bubtchl

expression is excluded from the floor plate, whitdch2expression is upregulated within

the floor plate (Figure 2-8 F, arrowgeltalandserratelshow mostly complementary
expression within the ventricular zone of the nepithelium, except for expression adjacent
to the floor plate and the roof plate (Figure 2;®pen arrows). Note that neithdzltalnor
serratelare expressed within the floor plate (Figure 2#8pwheads)lfng is expressed in a
very similar manner tdeltalexcept that it is expressed slightly in the flptate (Figure 2-8

F, open arrowhead).

2.2.5The expression of hindbrain roof plate epithelium ad choroid plexus
epithelium markers from E3 — E7

The hindbrain roof plate epithelium is distinguisteafrom E3 in chickttr is expressed in

the extraembryonic membranes and the liver at ERI(E 2-9 A arrow, liver). Expression in
the hindbrain roof plate does not begin until B2@, when patches difr-expressing cells
appear in two lateral domains of the hindbrain q@ate, mostly in the lower roof plate
(Figure 2-9 B, arrow). Mordr-expressing cells appear as development procesulsytn E4,
with morettr-expressing cells appearing in the upper roof [{ligure 2-9 B — E
arrowhead). This suggests that the anterior hindlztzoroid plexus epithelium differentiates
later than the posterior domain, which is in lingwiindings in mouse embryos (Hunter and
Dymecki, 2007)ttr expression begins in a few scattered cells irdibecephalic choroid
plexus epithelium at E4 (st23) (Figure 2-9 F, Ftoa). Two solid lateral domains ¢if
expression are apparent by E5 in the hindbrain ptaié (st26) (Figure 2-9 G). By E5, the
diencephalidtr expression marks the choroid plexus epitheliumaddmain around the
developing pineal gland (Figure 2-9 H, arrow, clidgdexus epithelium; arrowhead, pineal
gland). By EG6 (st28) cells of the medial upper rplate have differentiated and expréss
leaving a medial circuldtr-negative domain (Figure 2-9 |, arrow, medial aiotetr

expression). The expression domairttoait E7 (st30) is very similar to that at E6, witle t
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Figure 2-9 Expression otransthyretin (ttr) from st19 (E3) to st30 (E7) in whole-
mount chick embryos

Ttr expression in st19 (E3) (A), st20 (E4) (B), stE#) (C), st22 (E4) (D), st23 (E4) (E,
F), st26 (E5) (G, H), st28 (E6) (I), st30 (E7) ¢B)ck embryos as detected by whole-
mountin situ hybridisation. A is a lateral view. B — E, G, latk dorsal views of the
hindbrain. F and H are frontal views of the diert@@pn and telencephalic vesicles. F’
x2.5 magnification of diencephalit expression in F indicated by an arrow. Anterior is
oriented to the left in all images. A, arrow, live;, arrow, lower roof platdr expression.
E, upper roof platér expression. F — H arrows, diencephétieexpression. H,
arrowheaditr expression around the developing pineal glaratrgw, medial upper roof
platettr expression. J, open arrowhead, folds in the radépepithelium along the

mediolateral axis.

Scale bars represent 400.
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distinct mediattr-negative domain still present (Figure 2-9 J). @Gitleat the images G, |

and J in Figure 2-9 are all at the same magniboatihettr-negative domain decreases in
size over time between E5 and E7 whiletthgositive domains increase in size. Three
explanations for this exist. Either the cells argly residing in the mediatr-negative

domain at E5 later differentiate to add to therktr-expression domains, the roof plate
epithelium folds within thétr-negative domain giving the expression that itdesreased in
size, or there is selective cell death within tredral ttr-negative domain. Although selective
cell death cannot be excluded as an explanatioth&decrease in size of the medieal
negative domain, the cause of its decrease insizdikely to be due to folding within this
domain, as folding of the roof plate epithelium nigiseems to occur along the mediolateral

axis at these stages (Figure 2-9 J, open arrowhead)

cyp26Clexpression begins earlier than thattofn the hindbrain roof plate. It begins to be
expressed in an upper roof plate domain and a lovgdplate domain at E3 (st15) (Figure
2-10 A, arrows, upper roof plate domain; arrowhéader roof plate domain). By st18,
hindbrain roof plateyp26C1lexpression is still visible as separate antemak gosterior
domains (Figure 2-10 B). By this stage there ase 8l/o small domains of expression
visible at the dorsal midline of the diencephalod &he telencephalon, possibly demarcating
future choroid plexus epithelium domains (Figurg®€ arrowhead, diencephalon; arrow,
telencephalon). By E4 (st22), two separate uppéid@mer hindbrain roof plate domains of
expression are no longer visibtyp26Clexpression marks most of the roof plate
epithelium, including the lateral roof plate bounds, but likettr its expression is excluded
from a medial domain (Figure 2-10 D, E, arrayp26C21negative domain; arrowhead, roof
plate boundary). At E4, the expressiorcgp26Clis also visible in the developing pineal
gland, and in two domains of the telencephalic alarsdline (Figure 2-10 F, arrowhead,
pineal gland; arrow, telencephalic dorsal midlirg).E5 (st26) theyp26Cinegative
domain has decreased in size as images G and iQureFare at the same magnification, so
cyp26Clexpression has spread medially (Figure 2-10 GAHbhis stagecyp26C1
expression is discernible in the developing pirggahd and in a domain posterior to the
pineal gland (Figure 2-10 I, arrowhead, pineal d)JaBy E6 (st29) the hindbrain roof plate
epitheliumcyp26C1negative domain has further decreased in sizei{€ig-10 J, K). By E7
(st30),cyp26Clexpression marks the choroid plexus epitheliumufE@-10 L, M, by
comparison with Figure J), but its expressionagibning to be downregulated there. Its

expression no longer marks the roof plate bounsl@fmgure 2-10 M, arrows).
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Figure 2-10cyp26C1 expression in whole-mount st15 (E3) — st30 (E7) ick embryos

Expression otyp26C1las detected by whole-mouintsitu hybridisation in st15 (E3) (A), st
18 (E3) (B, C), st22 (E4) (D — F), st26 (E5) (Ost29 (E6) (J, K) st30 (E7) (L, M) chick
embryos. A, B show lateral views of the head. Q,dhow frontal views of the
diencephalon and telencephalon. D, G, J, L showalatews of the hindbrain. E, H, K, M
show views of the ventricular surface of flat-madhhindbrain roof plates. All images are
oriented with anterior to the left apart fraby which shows anterior oriented downwards
arrow, upper roof plate; arrowhead, lower roof @l&, arrowhead, diencephalon; arrow,
telencephalon. E, arrowyp26Cnegative domain; arrowhead, roof plate boundary. F
arrowhead, pineal gland; arrow, telencephalomnrévenead, pineal gland. M, arrows, roof

plate boundaries.

Scale bar represents 400.
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In order to further analyse the onsettofexpression in relation twyp26Clexpressionin

situ hybridisation with riboprobes developed with casting colours were performed for
these genes on E4 (st21 — 23) embryos. This dauisieu hybridisation shows thatr
expression marks a subsettgh26Clexpressing cells, in medial regions of the twerait
cyp26CHomains of the hindbrain roof plate (Figure A -afpws), with expression tiir

first appearing in the lower roof plate epitheliuand then appearing in the upper roof plate
epithelium by st23 (Figure E, F, arrowhead). Thpemrance afyp26Clexpression also
proceeds in a posterior — anterior fashion withreggion in the most upper roof plate

epithelium being absent at st21 (Figure B, opeovdread).

otx2is highly expressed in the midbrain and diencephaind is expressed in the
telencephalic vesicles at E4 (st22) (Figure AaBowhead, midbrain; open arrow,
diencephalon; open arrowhead, telencephalon)t mitiso expressed highly at the lateral
hindbrain roof plate boundaries and is faintly egsed in the roof plate epithelium, in a
similar domain tayp26CI1(Figure A, arrow). At E5 (st2@)tx2is still expressed at the
hindbrain roof plate epithelium boundaries, butystiows very faint expression in the roof
plate epithelium (Figure C, arrows, roof plate hdaries; arrowhead, roof plate epithelium).
In the forebrain at E5 (st2&)tx2 has become downregulated in most of the telené@pha
and diencephalon, but is still highly expressethendeveloping pineal gland (Figure D,
open arrow). At E6otx2is expressed very highly at the hindbrain roofel@oundaries, but
faint expression is also visible in the choroidxpke epithelium (Figure E, arrows, roof plate
boundaries; arrowhead, roof plate epithelium; campéth Figure 1). By E7 (st30),
expression obtx2 has become downregulated in the hindbrain chgigixius epithelium but

still persists in the anterior and anterior-latecalf plate boundaries (Figure F, arrows).
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st21

st22

st23

Figure 2-11ttr expression marks a subset afyp26C1-expressing cells

Whole-mount doubl@ situ hybridisation to show expression ©fp26C1(red) andtr
(blue) in E4 chick embryos. A and B show st21 embryC and D show st22 embryos i

E and F show st23 embryos. A, C, E show dorsal vigfhindbrains. B, D, F show views
of the ventricular surface of flat-mounted hindbredof plates. In all images, anterior is
oriented to the left. B, D, arrowsr-expressing cells. B, open arrowhead, absence of
cyp26Clexpression in the upper roof plate epitheliumarfFowhead, upper roof plate

expression oftr.
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Figure 2-12 Expression obtx2 in the hindbrain choroid plexus epithelium

Expression obtx2 as detected by whole-mountsitu hybridisation in E4 (st22) (A, B),
E5 (st26) (C, D), E6 (st28) (E) and E7 (st30) (Rck embryos. A, C, E, F show dorsal
views of the hindbrain. B shows a lateral viewlw# head. D shows a frontal view of the
telencephalic vesicles and the diencephalon. Amté&iorierted to the left in all images.
— B, arrowheads, midbrain; open arrow, diencephadpen arrowhead, telencephalon;
arrow, roof plate boundary. C — F, arrows, rootelaoundaries; arrowheads, roof plate

epithelium; open arrow, pineal gland.
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2.3 Discussion

2.3.1Choroid plexus epithelium development in chick

Other than being an organiser, the hindbrain rtetkemlso has another role in development.
The roof plate epithelium differentiates into thewid plexus epithelium, which constitutes
part of the blood-brain barrier and produces cesglinal fluid (CSF) (Dziegielewska et al.,
2001; Redzic et al., 2005). Despite its importaitsegntogenesis has not been well
described in chick embryos. In this chapter thégpatof differentiation of the hindbrain
choroid plexus epithelium was analysed by the amea ofttr expression, the best
described marker of differentiated choroid plexpishelium (Thomas et al., 1988; Duan et
al., 1991)ttr begins to be expressed in patches in two laterabdts in the lower roof plate
epithelium at E4 (st20), but its expression prosegtteriorly so that it is expressed in the
upper roof plate epithelium by st23 (E4) (Figur@,2-11). This is homologous to the
situation in the mouse where the expressiottron roof plate epithelium derived from
rhombomeres 2 — 8 appears by E11.5, whereas ekpresgstr only appears in rhombomere
1-derived roof plate epithelium by E13.5 (Hunted @ymecki, 2007). The expressionttf
also seems to spread medially as the mewlialegative domain decreases in size between
E5 (st26) and E7 (st30), although this could betdwelective cell death of the medial
domain. The pattern of differentiation of the chatioroid plexus epithelium differs from the
pattern of differentiation reported for the zebshfiUsing a GFP-tagged enhancer trap
transgenic line (Gateways), Garcia-Lecea et aD§28howed that the choroid plexus
primordium appears at the dorsal midline of thef mddhe fourth ventricle at 36 hours post
fertilisation (hpf) and that GFP-positive cellsthaalesce between 72hpf and 144hpf to
form a single circular domain that is the fourtimtriele choroid plexus. Thus, while the
zebrafish choroid plexus epithelium differentiaaéshe dorsal midline, the chick choroid
plexus epithelium differentiates in two lateral dans of the hindbrain roof plate epithelium
that later fuse to form a highly convoluted andcudarised region at the midline of the roof
plate (Thomas et al., 1988).

cyp26CIlwas known to be expressed in the roof plate ejpitineat E4 and E5 (Reijntjes et
al., 2004; Wilson et al., 2007) so its expressi@s @nalysed in order to relate it to choroid
plexus epithelium development. The expression dombtyp26Clencompasses that tf

in the hindbrain roof plate epithelium from E4 (5t2 E6 (st29) and doubie situ
hybridisation analysis of E4 embryos confirms tittaexpression appears in a medial subset
of cyp26C1lexpressing cells, with the roof plate boundaries$ @mimmediately adjacent

roof plate epithelial domain being devoidtofexpression (Figure 2-9, 2-10, 2-11).
However, by E7¢cyp26Clexpression is only detected in the choroid plespithelium, but
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is downregulated in comparison with expression@ffgure 2-10). It would be interesting

to see wheryp26Clexpression stops being detected in the chorokuplepithelium.

Thus the above analyses reveal that the chick @hptexus differentiates in a very specific
pattern within the roof plate epithelium, maturinga posterior to anterior manner. Further,
the above analyses revealed that the E4 chickplaté epithelium can but subdivided into
three distinct domains: a med®@lp26C1negative andtr-negative domain, a more lateral
cyp26C1positive andtr-positive domain, and an even more lateygd26C1positive,ttr-
negative domain (illustrated in Figure 2-13). TBignals, either endogenous or exogenous
to the roof plate epithelium must operate to suld@ivhe roof plate epithelium and regulate
the pattern of differentiation of the choroid plexepithelium. Hunter and Dymecki (2007)
have shown in mouse that the progengdif7-expressing precursors populate the lateral
domains of the roof plate epithelium but not thellaedomain (see Figure 1-5) and that
most, if not all, of the choroid plexus epitheliusrderived fromgdf7-expressing
progenitors. This provides a potential autonomoashanism for the differentiation of the
lateral roof plate epithelial domains from the naédiomain in the chick roof plate
epithelium; however the mechanism behind the sjpatién of the most lateralyp26C1
positive,ttr-negative domain (margin), or the mechanism bethiegosterior to anterior

maturation of the choroid plexus epithelium hagasaot been discovered.

cyp26Clexpression precedes thattofin the hindbrain roof plate epithelium, being
expressed from E3 (st15) (Figure 2-10 A). Additibnats expression precedes thattwfat

the diencephalic and telencephalic dorsal midlingt detectable expression at st18 (Figure
2-10 C). However, diencephaligp26Clexpression does not encomptsgxpression at

E5 (st26) as its expression is restricted to theadigland and an area posterior to the pineal
gland, wherea#r is expressed around the pineal gland and anteritye pineal gland. Thus
cyp26Clmay not be a marker of diencephalic choroid plespithelium. The choroid plexus
epithelium in mouse has been shown to derive fitoemvhtl-positive,gdf7-positive roof

plate boundary (Awatramani et al., 2003; Landslatrg., 2005; Hunter and Dymecki,
2007).cyp26Clis expressed at the boundary in chick, eypR6C1lis expressed earlier than
ttr in the hindbrain roof plate epithelium, diencephahd telencephalic dorsal midlines,
thereforecyp26C1lmay mark cells that are destined to become chqilexls epithelial

cells. A temporally regulated genetic fate-mappapgroach is required to investigate

whether this is the case.
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gdf7 +
cyp26C1 +
roof plate boundary
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cyp26C1 +
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Figure 2-13 Schematic diagram of the subdivision of the E4 atk hindbrain roof plate
epithelium into three domains

Diagram of the dorsal view of an E4 chick hindbraihe roof plate epithelium can be
subdivided into three domains: a latdtelnegative cyp26C1positive margin (blue), the
differentiated choroid plexus epithelium (CPE; gaypwhich isttr-positive,cyp26Ct
positive, and a medi#r-negative cyp26C1negative domain (yellow). The lateral roof
plate boundaries (red) agef7-positive anccyp26C21positive butitr-negative.
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otx2is known to be expressed by the chick and mousedephalic choroid plexus
epithelium (Shinozaki et al., 2004; von Froweirakt 2006), however only faint expression
in the chick hindbrain choroid plexus epitheliunuktbbe detected at E6 (st28), and no
expression at E7 (st30) by whole-moumsitu hybridisation (Figure 2-12htx2 was,
however, expressed highly at the roof plate epithel hindbrain neuroepithelium
boundary from E4 (st22) to E7 (st30), so ldygp26C1 highotx2 expression might mark

hindbrain choroid plexus epithelium cell progerstor

2.3.2The presence of Notch ligands, receptors and dowmeam targets at the

roof plate boundary suggests a role for Notch sighiing across this boundary
Notch signalling has been shown to be responsiisléhe maintenance of boundary-
localised organisers in developmental situatiormh s the dorsoventral boundary of the
wing imaginal disc of Drosophila embryos or theragish rhombomere boundaries
(Rulifson and Blair, 1995; Rauskolb et al., 1999jHe and Rauskolb, 2001; Cheng et al.,
2004; Riley et al., 2004). It is also well knowrathHes transcription factors are downstream
targets of Notch signalling (Ohtsuka et al., 1998geyama et al., 2008), although Notch-
independent pathways of activationhafs1lhave also been shown (Wall et al., 2009;
Sanalkumar et al., 2010).

The chickhesDbrthologueshairyl andchairy2 both show high levels of mMRNA expression
at the roof plate epithelium — hindbrain neuroegitm boundary from E4 — E6 (the latest
stage examined) (Figure 2-6, 2-7), witiairyl andchairy2 expression specifically
upregulated within thgdf7domain, at least at E4hairylalso shows specific expression at
the roof plate epithelium — hindbrain neuroepitineliboundary from E3 (st18), and may
even mark the prospective roof plate epitheliunindlrain neuroepithelium boundary from
E2 (st11) (Figure 2-6, A, B, E, F). These resultligate that Notch signalling might be

specifically activated at the roof plate epitheligrhindbrain neuroepithelium boundary.

Analysis of the expression patterns of Notch remepand ligands at E5 show that Notch
signalling is a good candidate to be upstream®kthvated expression cfiairyl and
chairy2 at the roof plate epithelium — hindbrain neurdeglium boundary at this stage
(Figure 2-8). Althougmotchlis downregulated within thgdf7-domain and absent from the
roof plate epitheliumnotch2is expressed highly within thgelf7— domain so is a good
candidate to mediate signalling there. The Notgarndsdeltalandserratelare also well
placed to mediate activation of Notch signallingheg roof plate boundary as they are
expressed within thgdf7 domain or adjacent to it in the hindbrain neurtregium.deltal

shows a particularly striking boundary of expressadjacent to thgdf7 domain.
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Fringe (fng)encodes a glycosyltransferase that modulates Natitvation by Delta and
Serrate and is required to maintain the dorsovebinandary of the wing imaginal disc of
Drosophila larvae (Irvine and Wieschaus, 1994; iahal., 1997; Rauskolb et al., 1999).
This boundary is located at the interface betweiegé-expressing and non-expressing cells
and the ectopic expressionfog in the ventral compartment can re-position thenlauy
(Irvine and Wieschaus, 1994) unatic fringe (Ifng)andradical fringe (rfng)are vertebrate
homologues of Drosophifag, and boundaries betwelng-expressing and non-expressing
cells and betweering-expressing and non-expressing cells have beenrstmoregulate the
formation of the ZLI of the chick and the apicatatermal ridge of the chick limb bud,
respectively (Laufer et al., 1997; Rodriguez-Estebiaal., 1997; Zeltser et al., 2001).
Additionally, Ifng, along withserratelhas recently been shown to be important in regat
the formation of the midbrain-hindbrain boundarychick embryos (Tossell et al., 2011).
Thus in various developmental systefng,and its homologues play an important role in
establishing boundaries at the interface betwWeeg®xpressing and non-expressing cells.
The chick roof plate epithelium — hindbrain neuitegium boundary also lies at the
interface betweeling-expressing neuroepithelial cells and non-exprgssiof plate

epithelial cells (Figure 2-8), which hints towar/tslfng-mediated mechanism of roof plate
boundary maintenance. In the examples alfiogexpression is generally associated with
serrateexpression and in Drosophifag acts by decreasing the efficiency of Serrate-Notch
signalling but potentiating Delta-Notch signalli(fjeming et al., 1997; Panin et al., 1997).
At the chick roof plate epithelium — hindbrain negpithelium boundaryfng is expressed

in the neuroepithelium with botteltalandserratel(Figure 2-8), so it will be interesting to
establish howfng is acting in this context. In a mouse cell co-ardtsystem, Hicks et al.
(2000) have shown that while Lfng inhibits Jaggéinouse Serrate homologue) -mediated
signalling and potentiates Deltal-mediated signglthrough Notchl, it potentiates both
Jaggedl- and Deltal-mediated signalling via Not&i2cenotch2is expressed at the roof
plate epithelium — hindbrain neuroepithelium boumda chick, this could be the
mechanism that mediates Notch activation at théplade epithelium — hindbrain

neuroepithelium boundary.

Alternatively, the pattern of expressionlioig may simply reflect its role in the maintenance
of neural stem cell pools within the neural tub&diou et al. (2009) have shown tifaly

is required cell-autonomously to maintain neuralgenitors and prevent ectopic
neurogenesis in the zebrafish hindbrain. This fionabdf Ifng appears to be conserved from
zebrafish to mouse #ng is necessary and sufficient for the maintenanceeafal stem cell
pools in the developing mouse cerebral cortex (Katal., 2010), while the overexpression

of manic fringe(mfng causes a dorsoventral domain-specific inhibitioneirogenesis in
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the chick spinal cord (only within thaeltal-positive progenitor domains but not within the
serratelpositive progenitor domains) (Marklund et al., @DIThuslfng has an important
role within the developing neural tube that is resated to boundary formation or
maintenance.

Baek et al. (2006) showed that persistently higeleof expression of Hes1 marked
organisers such as the MHB, ZLI, rhombomere bouasgaspinal cord roof plate and floor
plate in the mouse. As stated above, the chakbrthologueshairyl andchairy2 both
show high levels of mMRNA expression at the rootfgkpithelium — hindbrain
neuroepithelium boundary from E4 — E6 (the latesges examined) (Figure 2-6, 2-7).
Further, expression @hairylis excluded from the roof plate epithelium from &®&i
chairy2 expression is excluded from E4 indicating that binaih roof plate organiser
properties are localised to the roof plate epitml hindbrain neuroepithelium boundary

from these stages.

Baek et al. (2006) and others have also showrtsgenes are required to maintain
boundary-localised organisers in mice and in zékdrafo prevent their ectopic neurogenesis
(Geling et al., 2003; Geling et al., 2004; Ninkogical., 2005), so it is likely thahairyl and
chairy2 also play roles in maintaining the a roof plateaary — localised organiser in
chick.

2.3.39df7 is a specific marker of the roof plate epithelium- hindbrain
neuroepithelium boundary in developing chick embrys

The expression patterns of Notch pathway geneshaiddownstream targets indicate that
Notch signalling is activated at the boundary betweoof plate epithelium and hindbrain
neuroepithelium. Since activated Notch signallimgrnown to mark many boundary-
localised organisers (reviewed in Irvine and Rallske001; Cheng et al., 2004; Riley et al.,
2004; Tossell et al., 2011), this indicates thatdhganiser properties of the hindbrain roof
plate are localised to its boundaries. Indeedhiokcl found thatydf7 (an organising
molecule expressed by the roof plate) is speclfi@tpressed at the boundaries between the
hindbrain roof plate epithelium and neuroepithelimom E3 (st14) — E6 (st28) (the latest
stage examined) (Figure 2-1, 2-2, 2)airyl andchairy2 are also both specifically
upregulated within thgdf7-domain at E4 (Figure 1-8). The organiser propgmiethe spinal
cord roof plate might also be localised to its baames as twgdf7-positive domains are
separated by a medigdif7-negative domain there (Figure 2-2 E, F). The ssitoation may
also apply to the midbrain roof plate@gdf7 expression there is visible as two stripes in
whole-mount, although two separate domains of esgioa are not visible in vibrotome

sections of whole-mount embryos (Figure 2-1, 2-2 X, This may be due to the thickness
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of the section being too high to discern a smathber ofgdf7-negative cells there. Thus
the hindbrain roof plate epithelium and gaf7-negative domain in the spinal cord roof
plate should be thought of as separate compartmétissue from the neuroepithelium, and
the organiser properties of the roof plate restdbeboundaries between the medial roof

plate compartment and the neuroepithelium compartme

The expression ajdf7in chick differs from that in mouse embryos at tir@dbrain roof

plate. In micegdf7is expressed highly at the roof plate epitheliumnebrain
neuroepithelium boundary but is also expressed@atver mMRNA level within the roof plate
epithelium (Chizhikov et al., 2006; Mishima et &009), whereagdf7 expression is absent
from the chick hindbrain roof plate epithelium (&ig 2-1, 2-2). Nonetheless, the hindbrain
roof plate of the mouse could still be divided itwm domains; the roof plate epithelium and
the roof plate boundaries, the latter equivalenbégdf7-positive domain in chick. In

mouse, the roof plate boundaries can be distingdisly their expression of high levels of
wntl, gdf7 andimxlamRNA expression at both upper and lower rhomipiddiels
(Landsberg et al., 2005; Chizhikov et al., 2006).

Of other genes known to play a role in dorsovergedderning that were analysdatr(p4
bmp7andwntl),only bmp7andwntl were expressed in the dorsal hindbrain at E4 &d E
(Figure 2-4). Althouglbmp7andwntlare both expressed at the roof plate epithelium —
hindbrain neuroepithelium boundary, within gpdf7-domain, they are also expressed in
other neural tube domains such as in the dorsabepithelium bmp7andwntl) and in the

roof plate epitheliumkimp? at E4 (Figure 2-5). Furthemntldid not mark the most anterior
roof plate boundary, adjacent to the isthmus, affigure 2-4). Thugdf7 was the most
specifically expressed at the hindbrain roof platehick, and was hence used as a marker of
an intact roof plate epithelium — hindbrain neuithegium boundary for the rest of my

analyses and experiments.
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Chapter 3 Tissue interactions and the maintenance of the
gdf7 — positive organiser

3.1 Background

Organisers within the developing central nervousdesy (CNS) are often found at
boundaries between molecularly distinguishable @nnpents (Kiecker and Lumsden,
2005). Experiments involving the recombination empartment tissues have provided
examples of boundary-localised organisers thabearegenerated at the interface between
juxtaposed tissues. For example, the midbrain-haidbhoundary can be regenerated by the
juxtaposition of midbrain and rhombomere 1 tissassassessed by the expressiofgid, in
the chick (Irving and Mason, 1999). Likewise, Gunat al. (2007) showed that the zona
limitans intrathalamica (ZLI) in chick can be regesied at the interface between juxtaposed
prospective pre-thalamus and the prospective thedaas assessed by the expressiahnbf
(Guinazu et al., 2007)-urther, although the hindbrain rhombomere bouaddrave not yet
been shown to be organisers in chick, their rolerganisers has been alluded to by studies
in zebrafish (Riley et al., 2004), and experimératgse shown that rhombomere boundaries
(as assessed by morphology and immunohistochenfisstrgolecular boundary markers
such as Chondroitin Sulphate Proteoglycan (CSP&) e regenerated by the juxtaposition
of adjacent rhombomeres, but generally not by ¢sembination of rhombomeres of the
same type (even or odd numbered) (Guthrie and Lamsib91; Heyman et al., 1995).

The studies detailed above indicated that sigrgallicross boundaries served to either
establish or maintain the boundary-localised orggnim vivo. Indeed repulsive Eph-ephrin
signalling has been shown to drive cell sortingveein adjacent rhombomeres, a mechanism
that could underlie the initial formation of rhonthere boundaries (Mellitzer et al., 1999;

Xu et al., 1999; Cooke et al., 2001; Cooke and Mp2002). For the midbrain-hindbrain
boundary and the ZLI, Notch signalling and the Matignalling modulatodunatic fringe

(Ifng), have been shown to be important, with Notchaligrg being necessary and

sufficient for the positioning of midbrain-hindbnaboundary formation (Tossell et al.,

2011), andfng being important in the formation or maintenancéhefZLI (Zeltser et al.,
2001).

The boundary between hindbrain roof plate epitimeland neuroepithelium shows high and
persistent expression of the chioéstorthologueschairyl andchairy2 (Figure 2-6, 2-7)
(Jouve et al., 2000). Such expression of Heslasadheristic of boundary-localised

organisers (Baek et al., 2006). In Chapter 2 it dexsonstrated thadf7 specifically marks
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the roof plate epithelium — hindbrain neuroepitineliboundary in chick from E3 — E6
(Figure 2-1, 2-2). Therefore in this chapter | istigated whether thgdf7-positive boundary
is also be maintained by signals across the boyndaother characteristic property of
boundary-localised organisers. This was investijate¢he same manner as detailed for the
above studies; by the experimental juxtapositioadjcent compartment tissues (in this

case the hindbrain roof plate epithelium and theoepithelium).

3.1.1Experimental approach

Previous studies using chick embryos have usedibafitro co-culture of adjacent
compartment tissues amdvivo grafting of tissues to demonstrate regeneration of
boundaries and boundary-localised organisers (@&udmd Lumsden, 1991; Irving and
Mason, 1999; Guinazu et al., 2007). The same approan therefore be used to determine
whethergdf7 expression could be induced at the interface betweef plate epithelium and
hindbrain neuroepithelium. Recent development gifen fluorescent protein (GFP)-
transgenic chicken line (Helen Sang, Roslin Inwijt&Edinburgh) further allows the tissue
origin of cells in co-cultures to be traced withanty complications that might occur in
cross-species experiments using chick-quail gtaftsng and Mason, 1999; Guinazu et al.,
2007), such as differences in cell affinities timaght occur between tissues from different

species.

gdf7begins to be expressed at the chick roof platéelpim — hindbrain neuroepithelium
boundary at E2.5 (st14) and is strongly expredsecetby E3 (st16) (Figure 2-3, C, D).
Therefore E3 was initially chosen as a suitabletagevestigate whethedf7 can be
induced at an experimental roof plate epitheliurhembic lip neuroepithelium boundary,
by tissue grafting experiments. Heterochronic grgfexperiment of E4-derived rhombic lip
tissue into the E3 roof plate epithelium was caroat because of difficulty in the accurate
dissection and isolation of rhombic lip tissue fr&® embryos. Subsequentvitro
experiments co-culturing roof plate epithelium dumdbrain neuroepithelium were
orthochronic but focussed on E4 to E6 chick hinotisras E3 hindbrains were too difficult
to accurately dissect and isolate sufficient rdafeepithelium to be used in co-culture

experiments.

While gdf7 expression might give a read-out of the integritg cecapitulated boundary,
organiser activity can only be assessed by exaginhether tissue adjacent to a “new”
boundary can be patterned in a predictable mafioeasses thigathlexpression was also
examined usingn situ hybridisation. Previous studies in mouse have shihwat the

hindbrain roof plate is sufficient to ectopicaltyduce Math1 expression in early neural
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tissue (Chizhikov et al., 2006), therefore | assésshetherathlwas induced in the

neuroepithelium adjacent to an induggtf7-positive domain.

3.2Results

3.2.1gdf7 is induced at a roof plate epithelium — rhombic b neuroepithelium

boundary in vivo

Heterotopic/ heterochronic grafts were carriedtoutetermine whetheydf7is induced at an
interface between roof plate epithelium and rhonfipiceuroepithelium. Pieces of rhombic
lip were isolated from E4 (st22) GFP-transgenickiimbryos and transplanted into the
roof plate epithelium of E3 (st16) wild-type chickst embryos, as illustrated in Figure 3-1-
1. Hosts were then incubated for 24 hours priamitection.gdf7was induced at the
interface between grafted rhombic lip neuroepitimland host roof plate epithelium, but
was not induced when roof plate epithelium wastgdhinto roof plate epithelium (Figure 3-
1-2 A, B, arrow; n=3/9 RLNe to RPE grafts; n=0/38® RPE grafts). Howevegdf7
induction was not seen in grafts of roof plate leglitm into upper rhombic lip, or in control
rhombic lip neuroepithelium into upper rhombic (Figure 3-1-2 C, D, n=0/3 RPE to RLNe;
n=0/3 RLNe to RLNe). Ectopicathlexpression in the hindbrain neuroepithelium was no
induced by the roof plate epithelium graft (Fig@r&-2 C, n=0/3)cathlexpression was
maintained in the rhombic lip neuroepithelium gtedinsplanted into the upper rhombic lip
(Figure 3-1-2 D, arrows, n=3/3). In contrast, whieambic lip neuroepithelium was
transplanted into the midbrain the expressiooatifilin the graft was downregulated or
even absent after 24 hours (Figure 3-1-2 E, Fwarmo=2/2), implying that signals from the
roof plate or surrounding upper rhombic lip tisswe required to maintaizathlexpression

in the transplanted rhombic lip neuroepithelium.

3.2.29gdf7 and cathl are induced at a roof plate epithelium — hindbrain
neuroepithelium interface in co-culture

Althoughgdf7was induced at the interface between roof plaithejum and rhombic lip
neuroepitheliumn vivo, the frequency of induction was rather low (Fig8f&-2 A, n=3/9).
Therefore a different experimental paradigm wasldsenvestigate the induction gtif7 at
the interface between roof plate epithelium andilbiain neuroepithelium. Roof plate
epithelium and hindbrain neuroepithelium were iadtgixtaposed in ain vitro co-culture
system, as illustrated in Figure 3-2. HindbraimsrfrE4, E5 and E6 chicken embryos were
flat-mounted and the roof plate epitheliugaf7-andcathl-domains were removed from
both sides of the flat-mounted hindbrains. Remao¥ahe roof plate epithelium generally

completely removes thgdf7-domain, as verified bin situ hybridisation analysis of
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e
and gdf7 domain

Graft RPE into RPE Graft RLNe into RPE

GFP donor ¥ i
asin (B
embryo in.(8) asin (A)

WT host embryo WT host embryo

Figure 3-1-1 Diagram illustrating the procedure ofgrafting RPE or RLNe into host

hindbrains

A hindbrain from an E4 GFP transgenic donor emlsyftat-mounted by cutting along the
dorsal midline. RPE is dissected from flat-mourtiedtibrains and grafted into the RPE of
hindbrains of E3 WT host embryos, for RPE to RP&tgr(as in Figure 3-1-2 B). Host

embryos are then re-incubated for 24 hours prigotiection.

For RLNe to RPE grafts (as in Figure 3-1-2 A), RfeE andydf7-positive domain are
removed from flat-mounted GFP transgenic hindbrams pieces afathl-positive rhombic
lip are isolated. Pieces of GFP-positive rhomlpcalie grafted into the RPE of E3 WT host
embryos. Host embryos are then re-incubated fdra24s prior to collection.

RPE, roof plate epithelium; FP, floor plate; RLMeombic lip neuroepithelium; GFP, green

fluorescent protein; WT, wild-type.
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Figure 3-1-2in vivo induction of gdf7 occurs in RLNe to RPE grafts

Pieces of RLNe (A) or RPE (B) from st22 GFP-tramsgehick embryos were grafted into
the RPE of st16 wild-type host chick embryos, whigre then incubated for 24 hours and
collected at st20 for processing for whole-momrgitu hybridisation gdf7 (red) was

induced at the interface between RINe and RPEW@rbat not at the interface between

RPE and RPE. Images show flat-mounted roof plates.

Pieces of RPE (C) or RLNe (D) from st22 GFP-tranggehick embryos were grafted into
the right-hand side upper rhombic lip of st16 wiyge host chick embryogdf7 (red) was
not induced at the boundaries of either of theaéigrEctopicathlwas not induced by the
RPE graft in (C), but was maintained in the RLNafgin D (arrows). Images show flat-

mounted hindbrains

Pieces of RLNe from st22 GFP-transgenic chick emmbryere grafted into the Mb of st16
wild-type host embryos (E, Fydf7 (red) was not induced amdth1(blue) expression was

downregulated or not present in the grafted RIN®des show whole-mount embryos.

Anterior is oriented to the left. RLNe, rhombic heuroepithelium; RPE, roof plate

epithelium; Mb, midbrain.

Scale bars: 100pum
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ventral midline cut

RPE

A

RPE

Incubate co-cultures
for 48 hours

Figure 3-2 Diagram of the procedure used to co-culte roof plate epithelium and

hindbrain neuroepithelium

Hindbrains from E4, E5 and E6 chicken embryos vilatemounted by cutting along the
dorsal midline. The RPEdf7-andcathl-domains were removed from both sides of the
flat-mounted hindbrain. Other hindbrains were ffatunted by cutting along the ventral
midline. Large pieces of RPE, attachedjtti7 domain and rhombic lip were then isola
The pieces of RPE were cultured adjacent to flatimed hindbrain neuroepithelium as
illustrated above. These co-cultures were thealiated for 48 hours at 37°C prior to
fixation and processing for whole-moduntsitu hybridisation. RPE, roof plate epithelium;

FP, floor plate.
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hindbrains immediately after roof plate epithelitemoval (Figure 3-10, 3-11). Data from
Chapter 1 provided an estimate of the size ot#ikl-domain. To be certain of its complete
removal, the dorsal third of the neuroepitheliunswemoved. Pieces of roof plate
epithelium were dissected from other hindbrainthexmanner illustrated in Figure 3-2 and
cultured adjacent to one side of the flat-mountedlirain neuroepithelium. The side of the
hindbrain that was not cultured adjacent to thé ptate epithelium served as the control for
complete removal of thgdf7 andcathldomains. Either the hindbrain neuroepithelium or
the roof plate epithelium was derived from a GRPaRsgenic chick embryo, while the other
component of the co-culture was derived from a syfok chick embryo. These co-cultures
were then incubated for 48 hours at 37°C at aticpird interface with the pial surface of the
hindbrain facing upwards, on Qua culture plate inserts (Millicell - CM, Milliporehat had
been placed in 3mlis of sterile slice media, prdiixation and processing for whole-mount

in situ hybridisation.

In explants from E4, E5 and E6 brains, culturedd®hoursgdf7 was induced at the
interface between recombined hindbrain neuroepitireand roof plate epithelium (Figure
3-3, 3-4, 3-5, arrows; Table 1). The expressioocatfilwas also induced adjacent to induced
gdf7in explants derived from all ages (Figure 3-3, 3% arrowheads), but at a lower
frequency thaigdf7induction (Table 1). In explants derived from Bl &6 brains¢athlis
also bilaterally expressed in post-mitotic neurohthe trigeminal and facial paramotor
nuclei (Figure 3-4, D, E; 3-5, E — J, open arro{@)se et al., 2009b). In support of the
findings of Thoby-Brisson et al. (2009), the exjgies ofcathlin paramotor nuclei is
autonomous of the removal of rhombic lip at thegesasuggesting that these nuclei are not
derivatives of E4-6 rhombic lip. The anterior donsofcathlexpression in Figure 3-4 (E)
and Figure 3-5 (H) indicated by open arrowhead< lmevequivalent in mice and it is so far

unclear as to what cell types derive from thesealogn(Wingate, unpublished).

The percentage of explants that sheathlinduction adjacent to inducemif7 decreases
between E4 and E6, while the percentage showgitfiginduction alone increases (Figure 3-
6). cathlinduction was never seen without an adjacent dowfaimducedgdf7, therefore it

is likely that the signals that inducathlderive from thegdf7-domain and the competence

of non-rhombic lip hindbrain tissue to respondhese signals decreases between E4 and E6.
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Figure 3-1gdf7 and cathl are induced at the interface between RPE and HbNa co-

cultures from E4 brains

Eight examples of co-cultures derived from E4 chickins that were incubated for 48
hours whergydf7 andcath1(A — G) orgdf7 alone (H) are induced at the interface between
RPE and HbNegdf7is in red,cathlis in blue. Arrows, induceddf7 expression;
arrowheads, inducezhthlexpression. RPE, roof plate epithelium; HbNe, hiath

neuroepithelium.
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Figure 3-2gdf7 and cath1 are induced at the interface between RPE and HbNe
co-cultures from E5 brains

Examples of co-cultures derived from E5 chick bsatmt were incubated for 48 hours
wheregdf7andcathl(A — E) orgdf7 alone (F, G) are induced at the interface between
RPE and HbNegdf7is in blue,cathlis in red. Arrows, induceddf7 expression;
arrowheads, inducezhthlexpression; open arrows, paramotor nuclei; opewareads,
anterior domains afathlexpression. RPE, roof plate epithelium; HbNegdbiain

neuroepithelium.
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Figure 3-3gdf7 and cathl are induced at the interface between RPE and HbNe co-
cultures from E6 brains

Examples of co-cultures derived from E6 chick bsatmt were incubated for 48 hours
wheregdf7andcath1(A, B) or gdf7 alone (C — J) are induced at the interface betJRiia
and HbNegdf7is in red andctathlis in blue in Agdf7is in blue,cathlisinredin B - J.
Arrows, inducedydf7 expression; arrowheads, induaadhlexpression; open arrows,
paramotor nuclei; open arrowheads, anterior domfoathlexpression. RPE, roof plate
epithelium; HbNe, hindbrain neuroepithelium.
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Table 1 Frequency ofgdf7 and cathl induction in roof plate epithelium — hindbrain

neuroepithelium co-cultures

E4 E5 E6
gdf7andcathladjacent 7 6 2
gdf7only 1 5 8
no induction 0 4 1
Total 8 15 11
n=8 n=15 n=11
100%
90%
80%
- 70%
E 60%
% 50% ¥ no induction
3 40% W gdf7 only
30% M gdf7 and cath1 adjacent
20%
10%
0% T T
E4 E5 E6
Age

Figure 3-6 Percentage of explants showing eithgdf7 induction or the induction of

cathl adjacent togdf7 expression

-85-



3.2.39df7 is induced in roof plate epithelium- derived celland cathl is induced

in hindbrain neuroepithelium- derived cells in co-altures

Either the roof plate epithelium or the hindbraguroepithelium of a co-culture was labelled
by GFP. Thus the source of the cells expresgtigcould be determined by comparison of
in situ hybridisation label with immunohistochemistry f8FP. A confocal micrograph of a
flat-mounted E4 co-culture shows tlyalf7 expression co-localises with GFP, which in this
case marks roof plate epithelium- derived cellgFe 3-7 A — D). Sections through E6 co-
cultures as indicated in Figure 3-4 E show tidf expression co-localises with GFP —
positive roof plate epithelium-derived cells (Figu8-7 F — I, arrows). Lastly, a section
through an E4 co-culture also shows a7 is induced in roof plate epithelium-derived
cells, which in this case are GFP — negative (@47 J — M, arrows). In Figure 3-7 F — 1, it
is also possible to see thgadf7is not induced in all regions of roof plate epitlna that are
adjacent to neuroepithelium (Figure 3-7, arrowhegudt)7 is only induced where the two
tissues intermingle. This indicates a cell — celitact-mediated mechanism of induction of
gdf7, rather than a diffusion-based one. By contrast;overlappingathlexpression was
induced in hindbrain neuroepithelium-derived caligacent to the domain gtif7 induction,

as shown in Figure 3-4 K — M (arrowhead).

3.2.49df7 is not induced at the interface between roof platepithelium and roof
plate epithelium

In order to determine whethgdf7induction is specific to a particular tissue conaion,

roof plate epithelium derived from GFP- transgestick embryos was cultured adjacent to
roof plate epithelium derived from wild-type chieknbryos. Generally ngdf7is induced at
the interface between the two tissues in such ttanditions (Figure 3-8 A, B, D — F; E5
n=2/3, E6 n=3/3). The approximate location of thteiface in indicated with dotted lines on
images in Figure 3-8. Due to high levels of autmfescence it was difficult to discern the
exact location of the interface between the twagseof roof plate epithelium by whole-
mount immunohistochemistry with anti-GFP antibod@se co-culture derived from E5
brains showed a small regiongdf7 expression at the indicated interface betweeitvibe
pieces of roof plate epithelium. It is likely this represents endogen@df7 expression

from contamination with roof plate-boundary tisgk&gure 3-8 C, arrow).
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Figure 3-4gdf7 is induced in roof plate epithelium-derived celland cathl is induced

in hindbrain neuroepithelial cells

B — D show a confocal microscope slice of a flatimed E4 co-cultureydf7is expressed
in GFP — positive cells, which are RPE derivednaciated in A.

F — I show images of a cryostat section througk®@mo-culturegdf7is expressed in GFP-
positive cells (arrows), which are RPE derivednaidated in E. Arrowhead indicates a
lack of gdf7induction in roof plate epithelium that is noténningled with

neuroepithelium.

K — M show images of a cryostat section througliEdrco-culturegdf7is expressed in
GFP-negative cells (arrows), which are roof platighelial-derived as indicated incdathl
is expressed in GFP-positive cells (arrowhead)ckwire hindbrain neuroepithelial-

derived as indicated in J.
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Figure 3-59df7 expression in RPE — RPE co-cultures

Three co-cultures derived from E5 (A — C) or E6{B) chick brains where RPE is
cultured adjacent to RPE, showing the expressigufi In each co-culture, one rpe was
derived from a GFP-transgenic chick and the othHE Rias derived from a wild-type
chick. However, due to auto-fluorescence of the RFEvery difficult to tell the diference
between GFP-positive and GFP-negative RPE by wimalent immunohistochemistry.
Dotted lines indicate the interface between pie¢d3PE in a co-culture. Arrow indicates
gdf7 expression at the interface between roof plaseiéis, but is likely to represent
contamination by roof plate boundary tissue rathan induced expression. RPE, roof p

epithelium.

Scale bar: 100pum
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3.2.5gdf7 is induced at the interface between hindbrain rooplate epithelium
and spinal cord neuroepithelium

The juxtaposition of hindbrain roof plate epitheli@nd spinal cord neuroepithelium from
E5 or E6 embryos shows thadf7 expression can be induced at the interface betwexn
plate epithelium and neuroepithelium of a differaxial origin (Figure 3-9 B — D, arrows;
E5 n=1/2, E6 n=2/2). In these co-cultures, roaf@kpithelium was always GFP-positive
and was detected as such, aiftesitu hybridisation, by whole-mount

immunohistochemistry.

3.2.6The roof plate is required to maintain the expressin of cathl in the

adjacent rhombic lip

Roof plates (including thgdf7-domain) were dissected away from one side ofrflatinted
hindbrains from E4, E5 and E6 embryos. Hindbraiegewthen assessed immediately for the
expression otathlandgdf7 (0 hours incubation) or were cultured for 48hiisipio fixation
and assessment chthlandgdf7 expression. At 0 hours incubatiarathlexpression is
present in the rhombic lip on both the side ofttlrelbrain from which the roof plate was
removed, and the side where it was not removedptaats deriving from all ages (Figure 3-
10 A-C, G -1, M- 0). These explants show thaigdf7 domain and roof plate can be
accurately removed from one side of the hindbnahilst leaving the rhombic lipathl
expression domain mostly intact (Figure 3-10 corafiato C, H to I, N to O). After 48
hours of incubation;athlexpression is lost in the rhombic lip on the s3fléhe hindbrains
from which the roof plate was removed, whilst bemgintained on the side of the
hindbrains where the roof plate was intact. (Fi@g D — F, J — L, P — R, arrowsthl
expression maintained adjacent to roof plate)ommtrast to rhombic ligathlexpression,

the paramotor nucleus expressiorcathlis present on both sides of hindbrain explants
cultured for 48 hours so this domainaafthlexpression is not dependent on acute signals

from the roof plate for its maintenance (Figure®@EL, F, K, L, arrowheads).

In order to assess the time-course of the lossibil expression, the roof plate was removed
from E6 hindbrains and the hindbrain explants veeileured for varying lengths of time
between 0 and 48 hours. No change in the leveatifl expression in the rhombic lips of
hindbrain explants was seen up to 8 hours aftdrplate removal (Figure 3-11 A — E). By

16 hoursgcathlexpression begins to be down-regulated in the Hiolips, with staining
becoming much less intense, and is almost complabsent by 32 hours of incubation
(Figure 3-11 F, G). At 32 hours of incubaticaithlexpression can be seen in the rhombic
lips as small patches, but some of these patchespoéssion are associated with residual

gdf7 expression, which is due to incomplete removahefydf7-domain (Figure 3-11 |,
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Figure 3-6gdf7 is induced at the interface between hindbrain RPE&nNd spinal cord

neuroepithelium

Two co-cultures derived from E5 (A, B) or E6 (C, élick embryos where RPE is cultured
adjacent to flat-mounted spinal cord neuroepittmelitmages showdf7 expression as
detected by whole-mount situ hybridisation, and GFP expression as detected mjenvh
mount immunohistochemistry, labelling the RPE comgu of co-cultures. Arrows,

indicate induceddf7 expression. RPE, roof plate epithelium.

Scale bar: 100pm
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Figure 3-7 cathl expression is lost in hindbrain explants culturedor 48 hours when

roof plate is removed

Roof plate (RPE anddf7 domain) is removed from one side of flat-mountedibrains
from E4 (A - F), E5 (G — L) and E6 (M — R) chickleryos and either fixed immediately
(Ohrs; A—C, G -1, M= 0) or cultured for 48 hewand then fixed (48 hrs; D—-F,J-L, P
- R).cathl(red) andydf7 (blue) are detected by whole-mount douhlsitu hybridisation

B, E, H, K, N, Q show the side of hindbrains wheyef plate was removed. C, F, I, L, O,
R show the side of hindbrains where the roof phae not removed. Arrows indicate
cathlexpression maintained adjacent to intact rookplatrowheads, remaining
paramotor nucleusathlexpression. Anterior is oriented upwards.

Scale bars: 200pm, A—F, H, |, L, O, R. 400umJ@Gyi, P
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Chrs 1hrs 2hrs dhrs

Figure 3-8 cathl expression is lost in the rhombic lips between 3hd 48 hours of

culture

cathl1(red) andydf7 (blue) expression as detected by whole-mountintsibridisation in
E6 chick hindbrain explants cultured for O hrs (Ahirs (B), 2 hrs (C), 4hrs (D), 8 hrs (E),
16 hrs (F), 32 hrs (G) or 48 hrs (H). | and J stmigh magnification views of the areas
indicated in G. K shows a high magnification viefatlte area indicated in H. hrs, hours.
Arrows indicate sites of residugif7 expression; arrowheads indicatghlexpression
present in the rhombic lips not adjacent to anidtes gdf7 expression. Anterior is

oriented upwards.

Scale bars: 400um, H. 200um, J, K.
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arrows). Other patches oathlexpression present in the rhombic lips at 32 hatesot
associated with any adjacegdf7 expression (Figure 3-11 J, arrowheads). By 48sallr
cathlexpression in the rhombic lips has been lost dpamt a small domain of expression
that is associated with a patchgaff7 expression (Figure 3-11 H, K, arrow). Therefcaghl
expression is completely lost in the E6 rhombiddgiween 32 and 48 hours of culture after

the removal of the roof plate.

In order to confirm that signals from the roof plapithelium ogdf7-domain can maintain
cathlexpression in the rhombic lips of cultured hindtsaroof plate epithelium was
cultured adjacent to the rhombic liga¢hl-domain) of flat-mounted hindbrains from which
the roof plate (including thgdf7-domain) had been removed. These types of co-esltwill
be referred to henceforth as roof plate epitheliurhombic lip neuroepithelium co-cultures.
gdf7is induced at the interface between rhombic ligraepithelium and roof plate
epithelium in E5 and E6 -derived explants in th@sananner as described for when roof
plate epithelium is cultured adjacent to non-rhamipi hindbrain neuroepithelium (Figure
3-12, 3-13 A — G, arrowsgathlwas maintained in the rhombic lip adjacent to the
transplanted roof plate epithelium in explants\deg from E5 brains in 10/11 explants
wheregdf7was induced (Figure 3-12, arrowheads, Table&hlexpression was always
maintained adjacent to inducgdf7 expression. In explants deriving from E6 braiathl
was maintained in the rhombic lip adjacent to iretlgdf7, but in a lower proportion of
explants than for explants derived from E5 embifaigure 3-13 E — G, arrowheads, Figure
3-14). Correspondingly, the percentage of explahtsving onlygdf7 induction was higher
in E6 explants in comparison with explants fromegbryos. In two explants derived from
E6 embryoscathlwas expressed adjacent to the transplanted roief jplahe absence of
apparengdf7 expression (Figure 3-13 H, |, arrowheads). Oneiplesexplanation for this
could be that signals from the roof plate epithalioutside thgdf7-domain are sufficient to
maintaincathlexpression in the E6 rhombic lip. However anothgalanation is that
inducedgdf7levels were too low to detect in these cases byievimunt doublén situ
hybridisation. Therefore it seems likely that sigrthat maintaircathlexpression in the
rhombic lip derive from thgdf7-positive domain rather than from the rest of thef plate

epithelium.

Figure 3-15 shows that the proportion of explahtsagnggdf7 expression that also show
adjacentathlexpression is higher in roof plate epithelium —miac lip neuroepithelium
co-cultures than in roof plate epithelium — hindbraeuroepithelium co-cultures of the
corresponding age. Thus it is easier to maintathlexpression in the rhombic lip than it is
to induce it in non-rhombic lip tissue implying there may be differences in competence

of the hindbrain neuroepithelium to respond to nglate-derived signals, along the
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Figure 3-9cathl is maintained adjacent to inducedydf7 in E5 roof plate epithelium —
rhombic lip neuroepithelium co-cultures

Six examples of explants where roof plate epitimehuas cultured against flat-mounted
hindbrains from E5 chick embryos where the rhontipg had not been removed.
Explants were cultured for 48hrs then assessetthéoexpression ajdf7 andcathl In A
— Cgdf7is in blue andtathlis in red. In D — Fydf7is in red anctathlis in blue.gdf7is
induced at the interface between roof plate epitheknd rhombic lip neuroepithelium
(arrows).cathlwas maintained in the rhombic lips of cultureddiirains adjacent to
inducedgdf7 expression (arrowheads).

Scale bar: 200pm
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Figure 3-10cathl is maintained adjacent to roof plate in E6 RPE— Rlle co-cultures
Examples of explants where roof plate epitheliuns wmaltured adjacent to flat-mounted
hindbrain neuroepithelium from E6 chick embryos vehthe rhombic lips had not been
removed. Explants were cultured for 48 hours thesessed for the expressiorgaf7 and
cathl gdf7is in blue anatathlis in red in A, E, F, Hgdf7is in red anatathlis in blue in B

- D, G, I. A— D show explants where omglf7is induced at the interface between RPE and
HbNE (arrows). E — G show explants wheaghlis maintained adjacent to induogdf7
(arrowheads). Inducegtif7 expression is indicated by arrows. H and | shoplamts where

cathlis maintained adjacent to roof plate epitheliurhiminducedydf7is visible
(arrowheads). RPE, roof plate epithelium; RINembe lip neuroepithelium.

Scale bar: 200pum.



Table 2 Frequency ofgdf7 induction and cathl maintenance in roof plate epithelium —

rhombic lip neuroepithelium co-cultures

ES E6
gdf7only 1 5
cathlmaintained adjacent to induagtf7 10 3
cathlmaintained but not adjacentgdf7 0 2
no induction 4 4
Total 15 14

n=15 n=14

100% -

90% -

80% -
- 70% - H no induction
£ 60% -
% 50% - ® cath1 maintained not
5 a0% - adjacent to gdf7
=S 30% - lca’fhlmaintained

adjacent to gdf7
20% -
10% - W gdf7 only
0% - . 1
E5 E6
Age

Figure 3-14 Percentage of roof plate epithelium —-hombic lip neuroepithelium co-

cultures showinggdf7 induction and cath1 maintenance
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90%
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70%
60%
50%
40%
30%
20%
10%

0%

% of explants showing gdf7 induction

W gdf7 only
M cath1 adjacent to gdf7

E5 rpe-
hbne

ESrpe- E6rpe- E6rpe-
rine hbne rine

Figure 3-15 Percentage of explants showingdf7 expression that also showathl

expression adjacent taydf7 in E5 and E6 roof plate epithelium — hindbrain

neuroepithelium (rpe — hbne) and roof plate epithélm — rhombic lip neuroepithelium

(rpe — rine) co-cultures.
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dorsoventral axis.

3.2.7cathl can be induced in ventral hindbrain neuroepitheliun via an
interaction with roof plate epithelium in co-cultures derived from E4 and E5
brains, but not from E6 brains

The competence of ventral hindbrain tissue to esqm&thlin response to signals from an
inducedgdf7-positive organiser in co-culture was examined&H6 by juxtaposing roof
plate epithelium along the dorsoventral axis affieounted hindbrains as illustrated in
Figure 3-16 A. In explants derived from E4 brai/d.4 explants showed induction gdf7
andcathlat the interface between roof plate epithelium lindbrain neuroepithelium
(Table 3).gdf7was induced at the interface between the rooém@pithelium and the
hindbrain neuroepithelium along most of the dorsinad axis of the hindbrain, and even by
an interaction between the roof plate epitheliumh te floor plate (Figure 3-16 B, C,
arrowheads, arrow marks interaction with floor @Jatathlwas maintained adjacent to the
inducedgdf7in the rhombic lip (Figure 3-16 B open arrow)vaas induced in the ventral
hindbrain neuroepithelium (Figure 3-16 C, openwajr@athlwas only ever seen in the

hindbrain neuroepithelium adjacent to indugeli7 expression (Table 3).

In explants derived from E5 brairg]f7 was induced at the interface between roof plate
epithelium and hindbrain neuroepithelium in 8/18larts (Figure 3-17 A — G, arrows,Table
3). As at E4gdf7 could be induced by an interaction between roatiepépithelium and the
floor plate (Figure 3-17 D, open arrowathlwas maintained adjacent to induagtf7in

the rhombic lip (Figure 3-17 B — D arrowheads, 18346r was induced in the ventral
hindbrain neuroepithelium (Figure 3-17 E — G, afmeads n=3/8). In 1/18 explardathl
expression was seen at the interface between latef gpithelium and hindbrain
neuroepithelium, but was not adjacengtti7 expression. As stated previously, this could
have been due to undetectable levelgdi¥ expression by double whole-mountsitu
hybridisation (Figure 3-17 H, arrowhead, Table ).

In explants derived from E6 brairgf7 was again induced at the interface between roof
plate epithelium and hindbrain neuroepithelium (fFe&y3-18, arrows, n= 8/19). As in E4 and
E5 explantsgdf7was induced by an interaction between the rodgemaithelium and

ventral hindbrain neuroepithelium, including thedit plate (Figure 3-18 C, open arrow).
cathlwas also maintained adjacenguf7in 1/8 explants, but was never induced in ventral

hindbrain neuroepithelium (Figure 3-18 E, arrowtsgailhis implies that there is a decrease
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A I C gdf7 cathl
RPE . .

—>4
<

{FP FP

HbNe

Figure 3-11gdf7 and cathl expression in RPE— HbNe co-cultures derived from E4

embryos where the RPE was cultured along the d-v @&of the hindbrain

(A) shows a diagram of the arrangement of RPE alioiegthe d-v axis of a flat-mounted
hindbrain. Thegdf7-domain is represented in red and ¢héhldomain is represented in

blue.

gdf7(red) is induced at the interface between RPE dmdeHn E4-derived co-cultures
(B, C, arrowheadsydf7 can be induced by an interaction between RPE daikeH
including the FP (B, arrowtath1(blue) is maintained in the rhombic lip (B, open
arrow) or induced in ventral HbNe (C, open arrd®PE, roof plate epithelium; FP, flo

plate; HbNe, hindbrain neuroepithelium; D, dorsglyentral.

Scale bar: 200pum
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Figure 3-12gdf7 and cathl expression in RPE— HbNe co-cultures derived from E5

embryos where the RPE was cultured along the d-v &xof the hindbrain

gdf7 (red) was induced at the interface between RPBHuNE in E5-derived co-cultures
where the RPE was cultured alongside the d-v &fatemounted hindbrains (A — G,
arrows).cathlwas either maintained in the rhombic lip adjat¢erinducedydf7 (B — D,
arrowheads) or induced in ventral HbNe adjacemdacedgdf7 (E — G, arrowheads). In
1/18 explantgathlwas induced in the ventral HbNe adjacent to thedplanted RPE but
not adjacent to any visibdf7 expression (H, arrowhead). Dotted lines mark #nanal
midline of flat-mounted hindbrains. RPE, roof plef@thelium; HbNe, hindbrain
neuroepithelium; d-v, dorso-ventral.

Scale bar: 200pm
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gdf7 cathi

o gdf7 cathl

Figure 3-13gdf7 and cathl expression in RPE— HbNe co-cultures derived from E6
embryos where the RPE was cultured along the d-v &of the hindbrain

gdf7 (A, B, in blue; C — E in red, arrows) was induegdhe interface between RPE and
HbNE in co-cultures where RPE was cultured adjatrettte d-v axis of flat-mounted
hindbrainsgdf7was even induced by an interaction between RPEenfloor plate (C,
open arrow)cath1(blue) was only induced adjacent to induged7in the rhombic lip in 1/
explants (E, arrowheads). Dotted lines indicatevérgral midline of flat-mounted

hindbrains. RPE, roof plate epithelium; HbNe, hiradb neuroepithelium.

Scale bar: 200pum
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Table 3 Frequency of induction ofgdf7 and cathl in roof plate epithelium — hindbrain
neuroepithelium co-cultures where roof plate epithitum was cultured along the

dorsoventral axis of the hindbrain

E4 ES E6
gdf7 only 0 1 7
gdf7 andcathldorsal 1 4 1
gdf7 andcathlventral 1 3 0
cathlnot adjacent tgdf7 0 1 0
no induction 11 9 11
Total 13 18 19
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in competence between E5 and E6 of the ventrabhaiil neuroepithelium to respond to

inductive signals from the roof plate.

3.2.8chairy2 but not chairyl is induced in the roof plate epithelium at a roof
plate epithelium — hindbrain neuroepithelium interface.

Elevated levels ofhairyl andchairy2 expression were shown to mark the roof plate
epithelium — hindbrain neuroepithelium bounderyivofrom E4 — E6 (Figure 2-6, 2-7). |
therefore investigated whether elevated expressichairyl andchairy2was induced in
roof plate epithelium — hindbrain neuroepitheliumaultures.

Elevatedchairylexpression was induced at the interface betwedrptate tissue and
hindbrain neuroepithelium in co-cultures deriveshfrE5 brains (Figure 3-19 A, B, arrows
n= 2/6). A gradient of expression dfairylin the hindbrain neuroepithelium adjacent to the
transplanted roof plate was induced in other explderiving from E5 embryos (Figure 3-19
C - F, arrowheads, n=2/6). This graded expressasamly seen on the side of the hindbrain

adjacent to the transplanted roof plate (Figur® D1F).

Examination of explants derived from E6 embryos alsowed thathairylwas induced at
the interface between the roof plate tissue andhitidbrain neuroepithelium (Figure 3-19 G,
H, I, K, M, arrows n=7/8). In a proportion of themeplantschairyl expression was also
seen to be induced in a graded manner adjacen¢ tivansplanted roof plate (Figure 3-19 | —
N, arrowheads, n=5/7).This gradient of expressias wnly present on the side of the

hindbrain adjacent to the transplanted roof platthelium.

In order to determine whether the induced expressichairylat the interface between
roof plate and neuroepithelium was present in phate epithelial cells, | took transverse
cryostat sections of explants and stained for GifPession by immunohistochemistry,
since either the roof plate epithelium componertherhindbrain neuroepithelium
component of the co-culture was derived from a GRRnsgenic chick embryo (Figure 3-
20 A, B, E, F). This revealed that elevatdhiryl expression was present in the hindbrain
neuroepithelium and in the mesenchyme overlyingdloé plate epithelium in co-cultures
derived from both E5 and E6 embryos, but was alfsemt the roof plate epithelium itself
(Figure 3-20 C, D, G, H, arrows). Due to the adtmifescent nature of the roof plate
epithelium and overlying mesenchyme, it is diffidial discern the GFP-positive hindbrain
neuroepithelium by immunohistochemistry. Howevewas easy to discern the outline of

the roof plate epithelium in these co-cultures lyrphology (Figure 3-20 C, D).
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ES

Figure 3-14chairyl expression at an RPE - HbNe boundary

In RPE - HbNe co-cultures derived from E5 (A — FE6 (G — N) chick embryos, elevated
chairylis induced at the interface between the transptardgof plate and the HbNe (A, B,
G — N, arrows). A gradient ahairylexpression was induced in the HbNe adjacent to the
transplanted roof plate (C — F, | — N, arrowheaBs)-, J, L, N are lower magnification
views of C, E, I, K, M respectively. RPE, roof @atpithelium; HbNe, hindbrain

neuroepithelium.

Scale bars: 200pum
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E6

Figure 3-15chairyl is not induced in the RPE at an RPE — HbNe interfee

RPE — HbNe co-cultures derived from E5 (A — D) &6d(E — H) were cryostat sectioned
and immunostained for GFP expression. C and Dnaagés of sections at approximately
the levels indicated in B. G and H are images efdctions at approximately the levels
indicated in F. Elevated levels of expressiorludirylis seen in the HbNe and the
mesenchyme overlying the RPE (arrows), but notiwitiie RPE itself. Dotted lines
demarcate the RPE. RPE, roof plate epithelium; Hibinelbrain neuroepithelium; Mes,

mesenchyme.

Scale bars: B, F, 2@én. D, H, 50um.
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chairy2 expression is induced at the interface betweenabieplate epithelium and the
hindbrain neuroepithelium in roof plate epithelitrhindbrain neuroepithelium co-cultures
derived from E5 and E6 brains (Figure 3-21 A —@\as, E5 n=4/4, E6 n=3/4). Transverse
cryostat sections through these explants showctieity2 expression is induced in the roof
plate epithelium, at the interface between thelmiath neuroepithelium and roof plate
epithelium (Figure 3-22 A — H, arrows). As statémwe, in co-cultures where the hindbrain
neuroepithelium is the GFP — positive componerihefco-culture it is difficult to discern
the GFP fluorescent immunostaining due to autorfiscence from the roof plate epithelium
and the overlying mesenchyme. However, due to istendtive morphology of the roof plate
epithelium it was easy to discern its outline (Fg8-22 G, H).
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E5

E6

Figure 3-16chairy2 expression at an RPE - HbNe boundary

In RPE - HbNe co-cultures derived from E5 (A — DE® (E — G) chick embryos, elevated
chairy2was induced at the interface between RPE and Hai¥ews). RPE, roof plate

epithelium; HbNe, hindbrain neuroepithelium.

Scale bar: 200um
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t

Figure 3-17chairy2 is induced in the RPE at an RPE — HbNe interface

RPE — HbNe co-cultures derived from E5 (A — D) &&d(E — H) were cryostat sectioned and
immunostained for GFP expression. C and D are imafjsections through the levels
indicated in B. G and H are images of the sectibraugh levels indicated in F. Elevated
chairy2 expression is induced in the RPE at an RPE — Hbtdeface (arrows). Dotted lines
demarcate the RPE. RPE, roof plate epithelium; Hielbrain neuroepithelium; Mes,

mesenchyme.

Scale bars: B, F, 2@@n. D, H, 50um.
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3.3 Discussion

gdf7 marks the boundary between roof plate epitheliuthrandbrain neuroepithelium from
E3 to at least E6 in chick (the latest stage exad)ifFigure 2-1, 2-2, 2-3) and upregulated
expression othairy2 marks this boundary from E4 — E6 (Figure 2-6, 2kT}his chapter |
show that the experimental recombination of roatekepithelium and hindbrain
neuroepithelium derived from E4 — E6 embryos indgeH7 andchairy2in the roof plate
epithelium at the interface between these two ¢issimplying that signaling from the
hindbrain neuroepithelium to the roof plate norpatlaintainggdf7 expression at this
interface at these stages. Indugddl7 marks an induced organiser as this domain can re-
pattern the hindbrain neuroepithelium, inductiaghlexpression in the ventral
neuroepithelium, although the competence of thérakneuroepithelium to respond to
signals from thgdf7-domain decreases with age. Tdtf7-domain is required, at least

between E4 and E6, for the maintenanceabhlexpression in the rhombic lip.

3.3.1The pattern of gdf7 induction in tissue recombinations suggests an
interaction between a neural ligand and a roof plat receptor.

Previous studies have shown that the expressiothef boundary-localised signalling
molecules and indeed the regeneration of bounddréesselves can be induced via tissue
interactions between neighbouring tissue comparsn@uthrie and Lumsden, 1991; Irving
and Mason, 1999; Guinazu et al., 2007). Here | fivad the expression gtdf7 can be
induced at an experimentally re-capitulated bouptatween roof plate epithelium and
hindbrain neuroepithelium both vitro, (Figure 3-3, 3-4, 3-5) and ovo(Figure 3-1-2 A).
The efficiency of induction ofdf7 viain ovotissue grafting was lower than that achieved in
the explants (rhombic lip into roof plate graft983n=9; E5 roof plate epithelium — rhombic
lip neuroepithelium explants 73%, n=15; E6 roott@lapithelium — rhombic lip
neuroepithelium 57%, n=14). This inefficient indoatmight have been due to differences
in the ages of the embryos that were being martigaijahe heterochronic nature of the
grafting experiments, a lower efficiency of intemgling of donor and host tissues in
grafted embryos in comparison with explants, ordifierence in the length of time that
grafted embryos or explants were incubated forfigrleembryos were incubated for 24
hours whereas explants were incubated for 48 hduesjertheless, both experimental
paradigms show that it is possible to recapitulg expression at an experimentally

derived roof plate epithelium — rhombic lip inteséa

gdf7was induced in roof plate epithelium-derived tesgkigure 3-7). Its induction was the
result of a specific interaction between roof pigpihelium and hindbrain neuroepithelium

rather than a spontaneous upregulatiogdé7 at the cut edge of a piece of roof plate
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epithelium agdf7 expression was not induced at a roof plate epitmet- roof plate
epithelium interface (Figure 3-8, 3-1-2 Bjdf7 seemed to be induced only where the roof
plate epithelium and the hindbrain neuroepithelintermingled (Figure 3-7). Therefore it is
likely that the signal that inducegslf7in the roof plate epithelium is a cell-cell corithased
signal and that the signal is directional — fromanoepithelium to roof plate, singglf7is
always induced in roof plate epithelium. Ligandsthe signalling pathway must therefore
be present in the hindbrain neuroepithelial tisgugle the receptor must be present in the
roof plate epitheliumgdf7is induced by interactions between the roof pigighelium and
the entire dorsoventral axis of the hindbrain, udahg the floor plate (Figure 3-16, 3-17, 3-
18), and spinal cord neuroepithelium (Figure 3-€BD), which suggests that the ligand or
a family of ligands that activate the same signglibathway are expressed broadly in both

the hindbrain and spinal cord neuroepithelium.

As a corollary to this observation, it is possitiiat similar mechanisms of cell-cell
interactions are responsible for the maintenangglfifexpression in the spinal cord. In
support of this, gdf7-negative domain is present at the midline of thiaad cord roof plate
that could represent a tissue compartment equivtdethe expanded hindbrain roof plate
epithelium (Figure 2-2 E, F). While it would betually impossible to physically ablate this
domain once it is formed, the original formatiortlws domain could be blocked to test the
requirement for cell-cell interactions between thisdial compartment and the spinal cord
neuroepithelium for the maintenance of the spioaticoof plate. The medial compartment
is likely to be established upon neural tube clestirerefore neurulation could be blocked in
some manner to test the requirement for interastimtween the two sides of the neural tube
for roof plate formation and maintenance. To achithis physical blockade of neurulation
using tantalum foil in chick could be carried oflternatively the mouse mutantsash
loop-tail, which carry mutations in genes that functionhie planar-cell-polarity pathway

and display extensive failure of neural tube cleqdurdoch et al., 2001; Curtin et al.,

2003; Doudney and Stanier, 2005), could be analisedamine the consequence on roof

plate development.

3.3.2cath1 expression in the rhombic lip is maintained by robplate signals

likely to derive specifically from the gdf7-domain

Most previous studies of the role of the roof piatpatterning the dorsoventral axis of the
neuroepithelium involved early genetic ablatioritef roof plate and thereby focussed on the
early establishment of progenitor domains withie tieural tube (Lee et al., 2000a;
Chizhikov et al., 2006). However, Krizhanovsky& BArie (2006) have shown that at

E14.5 in mouse,, BMP-mediated signals from the @kigplexus are required to maintain
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mathlexpression in the rhombic lip. Here | find an &adquirement for the roof plate at
E4, E5 and E6 in chick to maintain the expressiocathlin the rhombic lip, and thatathl
expression is lost after 32 hoursimfvitro culture of E6 hindbrains that have had their roof
plates removed (Figure 3-10, 3-11). Although thraaeal of the hindbrain roof plate (the
roof plate epithelium and thgglf7-domain combined) also removes part of¢athldomain,
the expression afathlin the rhombic lips can be rescued by the re-apptn of roof plate
epithelium (Figure 3-12, 3-13). This argues fopadfic requirement for the roof plate,
rather than any part of tlrath1domain removed when the roof plate was dissected f

hindbrains, for the maintenance of the remairdathlexpression in the rhombic lips.

Existingcathlexpression in the rhombic lip after roof plate osa and 48 hours of culture,
was always coincident with a small domain of realddf7 expression (Figure 3-11 H, K).
Further, nearly all maintenanceazthlafter the re-application of the roof plate epiiinel
coincided with induceddf7-expression at the roof plate epithelium — neurtbefium
interface (Figure 3-12, 3-13). Therefore the regmient for the roof plate for the
maintenance afathlexpression is likely to depend specifically omsilg derived from the

gdf7-positive roof plate boundary.

3.3.3The inducedgdf7-domain represents an induced organiser
cathlexpression was not only maintained adjacent tadadgdf7-expression, but it could
also be ectopically induced in non-rhombic lip Hireln neuroepithelium, adjacent to
inducedgdf7 (Figure 3-3, 3-4 A—E, 3-5 A, B, 3-7 J — M). luch roof plate epithelium —
hindbrain neuroepithelium co-culturesthlexpression was never seen in the hindbrain
neuroepithelium adjacent to the transplanted rtaaepvithout induceddf7 expression.
cathlexpression could be induced in the ventral hindlmauroepithelium adjacent to
inducedgdf7expression in explants deriving from E4 and E5 oy but not from E6
embryos (Figure 3-16 C, 3-17 E — G, 3-18). In duli8 of E5 explants wasathl
expression seen in the ventral hindbrain neuroeljoiim adjacent to the transplanted roof
plate, without adjacent induced {7 expression (Figure 3-16 H). This may have beertdue
levels of induceddf7 expression that are below the threshold for stgibly whole-mount
doublein situ hybridisation. Therefore it is likely that signdtem the roof plate that induce
cathlexpression in the ventral hindbrain derive fromglf7-positive domain and thus the

inducedgdf7-positive domain represents an induced organiser.

The competence of the rhombic lip to respond toagyfrom thegdf7-positive organiser is
greater than the competence of the hindbrain npithedium. This competence to respond
decreases with age for both the rhombic lip andnhombic lip neuroepithelium (Figure 3-
6, 3-15). Additionallycathlinduction in the ventral hindbrain neuroepitheliwas never
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seen in E6-derived explants, whereas it did ogtlird and E5-derived explants (Table 3).
Thus the competence of the hindbrain to resporsibimals from thgdf7positive organiser
becomes increasingly dorsally restricted over tifitee mechanism of this dorsal restriction
could involve Shh signals from the floor plate lasse are required for early dorsoventral
patterning of the neural tube (Yamada et al., 1%®nada et al., 1993; Marti et al., 1995a),

however the mechanism of temporal restriction ehpgetence is unknown.

Studies in chick and mice have previously focussethe ability of the roof plate to
ectopically induce Mathl expression and ventraiijt $he development of dorsal neurons,
via early manipulations of the neural tube (E8.75i8 mouse, E2 (st10-11) in chick)
(Chizhikov and Millen, 2004a; Chizhikov et al., B)OHere | show thatathlexpression

can be acutely induced in ventral hindbrain neutbefum until E5, showing that the
dorsoventral axis of the hindbrain neuroepitheligmlastic and can be re-patterned even at
this late stage. It would be interesting to detemthe effect of this re-patterning on more
ventral progenitor pool markers, suchpefda ngnl, ngnzandcashl(Landsberg et al.,

2005; Chizhikov et al., 2006; Liu et al., 2010}thalugh detailed maps of these progenitor
domains in the chick hindbrain would first havébestablished.

chairylandchairy2 are chick orthologues of moukes1 which is expressed highly and
persistently in boundary-localised organisers arichown to be required, along with other
hesgenes, to maintain boundary-localised organisedevelopment (Hirata et al., 2001,
Baek et al., 2006). Botthairylandchairy2 mark the roof plate epithelium — hindbrain
neuroepithelium boundary in E4 — E6 chick embryagyre 2-6, 2-7), but onlghairy2
expression was induced in roof plate epitheliauisat an experimentally derived roof plate
epithelium — hindbrain neuroepithelium interfacey(ffe 3-20, 3-21, 3-22). Thuhairy?2
may play a specific role in maintaining thef-positive roof plate epithelium — hindbrain
neuroepithelium boundary during development. A Bjpewle for cHairy2 rather than
cHairyl in the maintenance of the roof plate boupndeay reflect its closer homology to
mHes1 than cHairyl to mHes1 (Jouve et al., 2000¢.iMduction othairy2at the hindbrain
roof plate epithelium — neuroepithelium interfaaettier supports the concept that an

organiser is induced at this interface, which isked bygdf7 expression.

3.3.4Conclusions

Tissue interactions between hindbrain roof plaithepum and neuroepithelium induce a
gdf7-positive,chairy2-positive organiser in the roof plate epitheliunthat interface between
the two tissues. The specific inductioncbiiry2 may reflect a specific role for cHairy2 in
maintaining thegdf7-positive organisein vivo. A role of thisgdf7-positive organiser is to
maintaincathlexpression in the rhombic lip, but | have also destrated that the hindbrain
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neuroepithelium can be re-patterned by this orgamisstages much later than dorsoventral
patterning is thought to occur (Yamada et al., 18&coe et al., 2000; reviewed in Briscoe
and Ericson, 2001). Together these findings shedlight on the mechanisms that maintain

thegdf7-positive roof plate boundary-organiser.
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Chapter 4 Notch signalling and the maintenance of the roof

plate boundary-organiser

4.1 Background

Notch signalling is important in many developmersi@llations to specify or maintain
boundary-organisers. It involves ttrans-activation of Notch receptors by transmembrane
ligands of the Delta/ Serrate/ Lag2 [DSL] famihhiStrans-activation results in the
proteolytic cleavage of the Notch receptor and earctranslocation of its intracellular
domain (Notch ICD). The Notch ICD interacts witle ANA-binding protein CSL (named
after CBF1, Su(H) and LAG-1) and activates traqgimn of Notch target genes such as the
hesgenes (reviewed in Bray, 2006). The classic exaroplts role at boundaries is the
dorsoventral boundary of the wing imaginal disc wehe stripe of Notch activation is
necessary and sufficient for the induction or mexiance of the expression of the organiser
protein Wg (Diaz-Benjumea and Cohen, 1995; Rulifand Blair, 1995; Doherty et al.,
1996). This stripe of Notch activation is achiewgthe concurrent actions of the Notch
ligands, Serrate, expressed in the dorsal compatfraed Delta, expressed in the ventral
compartment (Diaz-Benjumea and Cohen, 1995; Dotetrdy., 1996). The expression of
Notch itself is not restricted to the compartmeniitdary (Fehon et al., 1991), but the
restriction of Notch activation is achieved throubh action of Fringe, which is expressed in
the dorsal compartment and increases the effeesgeaf Delta-Notch signalling whilst

inhibiting Serrate-Notch signalling (Panin et 4R97).

In striking similarity with this, Notch signalling required for the maintenance of
rhombomere boundaries in zebrafish and for theemsgion of Wntl (a zebrafish orthologue
of Wg) (Cheng et al., 2004; Riley et al., 2004mt&rly, Notch signalling and a boundary
betweerradical fringe (a chick and mouse orthologue of Drosophilage) - expressing and
non-expressing cells has been implicated in detengithe formation of the apical
ectodermal ridge, marked Iligf8 expression, at the dorsoventral border of the b
ectoderm (Laufer et al., 1997; Rodriguez-Estebat. £1997; Sidow et al., 1997).
Boundaries betwednnatic fringe(another orthologue of Drosophiiidnge) — expressing
and non-expressing cells are also important fofaheation or maintenance of the zona
limitans intrathalamica in chick, a development@npartment that patterns the adjacent
thalamus and pre-thalamus via the signalling maéeghh (Zeltser et al., 2001; Kiecker and
Lumsden, 2004). Recently, Notch activation medidtgderrateland modulated byng has
been shown to be necessary and sufficient fordiradtion of the midbrain-hindbrain
boundary and localisation of expression of its aassignalling moleculesynt1 andfgf8
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(Tossell et al., 2011). Together these studies atdithat Notch activation at a boundary
within an epithelium, which is modulated by thei@gtof Fringe or its orthologues, is an
evolutionarily conserved mechanism that is deplapedultiple instances of boundary
organiser formation and maintenance in development.

The restricted expression gdif7 at the roof plate epithelium — hindbrain neurdegditim
boundary and the upregulated expression of thefN\idevnstream target genehéiryland
chairy?) at this boundary (Chapter 2) indicated that Natigimalling might play a role in the
maintenance of this boundary. The pattern of indaadf gdf7in the roof plate epithelium in
in vitro co-culture experiments where roof plate epithelivas cultured adjacent to
hindbrain neuroepithelium indicated that a cell-cehtact based signal is involved in the
induction ofgdf7 (Chapter 3). This supports a role for Notch simglin maintaininggdf7
expression at a hindbrain roof plate epitheliunedrnepithelium interface. Furthermore,
sincegdf7 expression is only induced in the roof plate,réeptor of the inducing signal
must be present in this epithelium.situ hybridisation analysis showed thatdtch2is a

good candidate to mediate this signal as it isesq@d in the roof plate epithelium of ES
chick embryos (Figure 2-8). Furtheleltalwas a good candidate as being the ligand present
in the hindbrain neuroepithelium as it was expreéssehe ventricular zone throughout most
of the hindbrain neuroepithelium, along the dorsinad axis, and showed a sharp boundary
of expression adjacent to tgdf7-domain (Figure 2-8). Therefore, in this chapter, |
investigated the role of Notch signalling in mainiiag thegdf7-positive roof plate boundary
(specifically, the role ofleltal) by overexpressindeltalin the roof plate epithelium to see

if it was sufficient to induce an ectopic roof @dtoundary, as assessedjolf7 expression.

hairy/ enhancer of split (heg)enes are repressor-type basic helix-loop-hehi_f)
transcription factors that are well-known downsatnesffectors of Notch signalling

(reviewed in Kageyama et al., 2007). They functiothe maintenance of neural stem cells,
preventing ectopic neurogenesis, but have also sle@nn to be essential for the
maintenance of boundary-localised organisers, ptevgectopic neurogenesis within these
organisers (Ohtsuka et al., 1999; Hirata et aD12@eling et al., 2003; Geling et al., 2004;
Hatakeyama et al., 2004; Ninkovic et al., 2005;iBeieal., 2006). Although Hes
transcription factors are well known to be targdthlotch signalling, whether they function
downstream of Notch to maintain boundary-localiseghnisers is debateable. The zebrafish
hesrelated genéer5has been shown to be involved in a Notch-indepainf@shion in the
maintenance of the midbrain-hindbrain boundary if@gett al., 2003; Geling et al., 2004).
Furthermore it has been shown thaslcan be regulated through Notch-independent
pathways, such as through gtehpathway (Yoon and Gaiano, 2005; Wall et al., 2009;

Sanalkumar et al., 2010). Thus it was proposediisiexpression at boundaries of the
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developing mouse CNS might also be Notch-indepan@&ageyama et al., 2007).
Experiments carried out in this chapter indicat# theheslorthologuegchairy? functions
downstream of Notch signalling at the roof platéghegium — hindbrain neuroepithelium
boundary as its expression is induced downstreasotth activation in the roof plate

epithelium.

Both chick orthologues of mousesl, chairylandchairy2were seen to be upregulated at
the roof plate epithelium — hindbrain neuroepitireliboundaryn vivoin E4 — E6 chick
embryos (Chapter 2). However, omiyairy2 expression was induced in the roof plate
epithelium at an experimental roof plate epitheliafindbrain neuroepithelium interface in
co-culture experiments (Chapter 3). Thereforehis thapter, the specific role of cHairy2 in
the maintenance of the roof plate boundary orgamiss investigated. The function of
cHairy2 was disrupted in two ways: through congtoucof electroporation constructs
encoding a putative dominant negative and an opeession construct. Dominant negative
cHairy2 was created by deleting the c-terminal WR&Wnhain that is required for the
recruitment of Groucho/TLE co-repressors (Parotsth. £1994; Fisher et al., 1996; Grbavec
et al., 1998). Hes genes homodimerise and bind\a Bnd recruit Groucho/TLE co-
repressors to actively repress the expressionrgétgenes (reviewed in Kageyama et al.,
2007). Therefore a cHairy®VRPW protein should act in a dominant negative reaby
sequestering functional cHariy2 proteins and préugrthe recruitment of Groucho/TLE co-
repressors to DNA. In support of this, the deletdbthe WRPW domain from E(Spl)

proteins in Drosophila renders them dominant negdGiebel and Campos-Ortega, 1997).

Given the localisation of organiser propertieshatroof plate boundaries (Chapter 3) and the
fact that the hindbrain choroid plexus epitheliuiffiedentiates in a specific pattern within

the roof plate epithelium (Figure 2-9, 2-11), itsAigypothesised that signals from the roof
plate epithelium — hindbrain neuroepithelium bougdaight be involved in the patterning

or specification of choroid plexus epithelium diffatiation. Investigation of the role of
cHairy2 in the maintenance of thdf7-positive roof plate boundary led to the developmen
of thechairy2 AWRPWv2-IRESeGFPn#hdchairy2-IRESeGFPmBxpression constructs

and an electroporation technique to target the e plate epithelium — hindbrain
neuroepithelium boundary that could be used tostigate the effects of disruption of the
roof plate epithelium — hindbrain neuroepitheliuoubdary on roof plate epithelial

(cyp26C) and choroid plexus epitheligt) markers. In addition, the ectopic expression of
deltalin the roof plate epithelium essentially expanttedlroof plate epithelium — hindbrain
neuroepithelium boundary, and could therefore leel is assess whether this had any effect
on the patterning of choroid plexus differentiatidhese experiments demonstrated that

signals from the roof plate epithelium — hindbraguroepithelium boundary are required for
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the formation or maintenance of roof plate epitlmaliand choroid plexus epithelium
identity, and that an expanded roof plate epitmekuhindbrain neuroepithelium boundary

affects the pattern of choroid plexus epitheliuffedéentiation.

4.2 Results

4.2.1Co-electroporation of1:1 RCAS-ddtal: CAB-GFP constructs

Details of the electroporation constructs usedh@experiments described in this chapter
and explanations of the abbreviations used caotredfin Appendix C. The RCA&eltal
expression construct did not encode GFP eitherfasi@n protein with Deltal or dRES-
GFP. Therefore in order to test whether a techniqueoeglectroporation with a GAGFP
construct could be used to trace effective eleciraipons, | tested whether RFP and GFP are
co-expressed when the RCA&HP and CA3-GFP are co-electroporated into the lower roof
plate epithelium and adjacent rhombic lip of EX&hRembryos and embryos are incubated
for 48 hours prior to collection. The co-electragton of embryos with RCARFP and
CAB-GFP at a 1:1 concentration ratio gave almost competexpression of RFP and GFP,
with 97.3 + 2.0% of electroporated cells co-expres®FP and GFP, as determined by
confocal microscopy to detect the fluorescent R @FP proteins (Figure 4-1 A, B). 1.6 +
1.6% cells showed only GFP expression and 1.1 %@dlls showed only RFP expression
so it was deemed that this concentration raticoeelectroporation would give efficient co-
expression of an RCAS expression construct an€#&pRGFP expression construct at the

protein level.

When the RCASieltaland the CA-GFP DNA constructs are co-electroporated into the
lower roof plate epithelium and rhombic lip of Bliak embryos at a concentration ratio of
1:1,deltalis effectively ectopically expressed in the rolafte epithelium after 48hrs
(Figure 4-2 A — C, black arrows, n=3/5). Howeveilike the coincident expression of RFP
and GFP as detected by confocal microscopy when®RRRP and CA3-GFP constructs
were co-electroporated at a 1:1 concentration,rdétlalexpression was not completely
coincident with GFP expressioteltalexpression, as detected by single whole-mount
situ hybridisation, was mostly confined within the éteporation site, however sordeltal-
positive, GFP-negative cells were present outsidestectroporation site (Figure 4-2 A,
white arrows). Further, some GFP-positive cellsegppio beleltal-negative (Figure 4-2 A —
C, white arrowheads). Therefore co-electroporatibihe RCASdeltaland CA3-GFP
constructs at a 1:1 concentration ratio appearsongive as effective a level of co-
expression as observed for the co-electroporafi®@CAS-RFP and CA3-GFP expression

constructs.
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GFP RFP GFP RFP

Figure 4-1 Co-expression of GFP and RFP when RCARFP and CAB-GFP are co-

electroporated at a 1:1 concentration ratio

RCAS-RFPand CA3-GFP were electroporated at a 1:1 concentration ratm the lower
rhombic lip and adjacent roof plate epithelium ofEZ8 chick embryo. Embryos were
incubated for 48hrs prior to collection. A and Bwaha confocal optical section of flat-
mounted roof plates. 97.3 + 2.0% cells showed quession of RFP and GFP. 1.6 + 1.6%
cells showed only GFP expression and 1.1 + 0.49% skbwed only RFP expression.
Arrow indicates a cell co-expressing RFP and GRRwithh a higher level of RFP

expression so it appears more red. Scale bapm00
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1:1 RCAS-Deltal: CAB-GFP 1:1 RCAS-RFP: CAB-GFP

deltal GFP

Figure 4-2 Overexpression ofldtal in the RPE by co-electroporation of RCASPeltal
with CAB-GFP

A DNA mix of 1:1 RCASDeltal: CAB-GFP (A, B, C) or 1:1 RCARFP. CAB-GFP (D) was
electroporated into the lower rhombic lip and adi@d®RPE of an E3 chick embryo. Embryos
were incubated for 48hrs prior to collectiateltalexpression was detected by whole-mount
in situ hybridisation and the electroporation site wagded by whole-mount
immunohistochemistry for GFleltalexpression is not present in all GFP-labelled
electroporated cells (white arrowheads) but ectdpitalexpression is generally containec
the electroporated domain (black arrows). Howes@amedeltalpositive cells are not prese
within the electroporated domain (white arrows)tekior is oriented upwards. RPE, roof

plate epithelium.

Scale bar: 50m.
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An explanation for this could be that the whole-midn situ hybridisation process does not
detect low-levetleltal mMRNA expression, whereas low-level RFP and GFResson

could be detected by confocal microscopy, credtiegmpression that cells are GFP-
positive butdeltalnegative. In support of this, although 97.3 + 2.6B6ells co-expressed
RFP and GFP, the ratio of expression of RFP and ¥&Red from cell to cell so some cells
appeared more red or green than others (FigurB datrow). Another explanation is that the
blue precipitate that forms from the whole-moumsitu hybridisation process quenches the
fluorescence of the fluorophore-conjugated secgndatibody used in the
immunohistochemical detection of the GFP proteiving the impression that cells are
deltalpositive but GFP-negative. Despite some cells egopily not co-expressingeltal

and GFP, modieltalexpression was confined to the GFP-positive edpctration domain
so this co-electroporation technique was subsefyuesgd to study the effect of

overexpression aleltalin the roof plate epithelium.

Co-electroporation of the lower roof plate epithadiand adjacent rhombic lip with the
RCAS-RFP and CA3-GFP DNA constructs mixed at a 1:1 concentration ratid no effect
ondeltalexpression in either the rhombic lip or the rolatte epithelium (Figure 4-2 D,
n=0/2).

4.2.2Ectopic expression ofdeltal in the roof plate epithelium inducesgdf7
expression

Co-electroporation of RCA®FP and CA3-GFP constructs mixed at a 1:1 concentration
ratio into the lower rhombic lip and roof plate yglium of E3 embryos that were then
incubated for 48hrs prior to collection, had nceeeffongdf7 expression (Figure 4-3 A,
n=0/3). In contrast, co-electroporation of RCA&8taland CA3-GFP into the roof plate
epithelium of E3 chick embryos induced ectopic eggron ogdf7in the roof plate
epithelium after 48hrs incubation (Figure 4-3 B arfrows, n=4/4)deltalwas also
overexpressed in the rhombic lip by this methodduifif was not induced there (Figure 4-3
F, H, arrowheads). This shows that inductiolgdf7 by deltal overexpression was specific

to the roof plate epithelium.

The induction ofydf7 expression seemed to be cell non-autonomogsdf@expressing cells
were generally GFP-negative and adjacent to GFRigosells (Figure 4-3 C, E, G, |,
arrows). However, this could have been due to cuiagof the fluorescent signal detecting
GFP expression by the blue whole-moimsitu precipitate as mentioned above.
Additionally, induction ofgdf7 by deltalmay be cell-autonomous as sodedtal-positive
cells are found outside the GFP-positive electrapon domain (Figure 4-2 A, white

arrows), although for the most pdeltal-expressing cells are found within the GFP-positive
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1:1 RCAS-RFP:
CAR-GFP

1:1 RCAS-Deltal: CAR-GFP

Figure 4-3 Overexpression ofldtal in the RPE inducesydf7 expression

A DNA mix of 1:1 RCASRFP: CAB-GFP (A) or 1:1 RCASPeltal: CAB-GFP (B - I) was
electroporated into the lower rhombic lip and adigdRPE of an E3 chick embryo.
Embryos were incubated for 48hrs prior to collettgdf7expression was detected by
whole-mountin situ hybridisation and the electroporation site wagded by whole-
mount immunohistochemistry for GFP. C, E, G anlddvg magnifications of
electroporated regions shown in B, D, F and H. Aatas oriented upwardgdf7
expression is ectopically induced in the roof pkgtéhelium (arrows), but not in the
rhombic lip (arrowhead). C, E, G, | arrows indicttatgdf7 expression is located adjacent

to GFP-positive cells. RPE, roof plate epithelitiipNe, hindbrain neuroepithelium.
Scale bars: 5(n.
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domain. Therefore due to the potential for quenglihGFP detection and the fact that co-
electroporation of roof plate epithelium with RCABkaland CA3-GFP at a 1:1 ratio does
not give complete co-expression of the two constiifarther work was required to
determine whethegdf7 induction bydeltalin the roof plate epithelium was cell autonomous

or non-autonomous.

To further investigate this the RCAfltaland CA3-GFP constructs were electroporated at
a 1:1 ratio into the lower roof plate epitheliundahombic lip and doublm situ

hybridisation to dete@df7 anddeltalexpression was carried out. Co-electroporation of
RCAS-RFP and CBA-GFP at a 1:1 ratio had no effect on eittieltal or gdf7 expression
(Figure 4-4 A, B, n=0/3). When RCA&eltaland CA3-GFP were co-electroporated into the
roof plate epithelium it could be seen that onkuaset of GFP-positive cells co-expressed
deltal(Figure 4-4 D, F, H, white arrows). 2 of 3 embryioat showedieltaloverexpression
in the roof plate epithelium also showgdf7induction in the roof plate epithelium (Figure
4-4 E, G, arrows). This induction appeared to be-aatonomous in relation teltal
expressing cells, however the red precipitate detpdeltalexpression may obscugef7
expression (detected by blue precipitate), and @skmell autonomous induction gdif7.
These results show thd¢ltalexpression in the roof plate epithelium indugd&’

expression there, but whethgf7 induction is cell autonomous, non-autonomous oh bo
requires further analysis. This could be achieVelbitalwas cloned into an expression
construct containingRES-GFP or if fluorescenin situ hybridisation to deteadf7

expression was used in combination with immunohbfstmistry to detect Deltal expression.

4.2.3Ectopic ddltal expression in the roof plate epithelium induceshairy2
expression

Co-electroporation of RCA&FP and CA-GFP at a 1.1 concentration ratio in the rhombic
lip and roof plate epithelium had no effect@rairy2 expression (Figure 4-5 C, D, n=0/11).
In contrast, co-electroporation of RCAlgitaland CA-GFP did inducechairy2 expression
in the roof plate epithelium (Figure 4-5 A, B, ams) n=6/13).

4.2 .4Ectopic deltal expression in the roof plate epithelium causes upgulation

of cyp26C1 expression within the electroporation domain

In order to study the effect of an expandeli7 domain within the roof plate epithelium on
roof plate epithelial-expressed genes, | examihedekpression of the roof plate epithelium-
expressedyp26C1lin embryos where RCA8eltaland CA3-GFP constructs were co-
electroporated into the lower rhombic lip and adjdaaoof plate epithelium. Co-
electroporation of RCA®RFP and CA3-GFP into the lower rhombic lip and adjacent roof
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gdf7 deltal deltal GFP GFF deltal

1:1 RCAS-RFP:
CAB-GFP

1:1 RCAS-Deltal: CAR-GFP

Figure 4-4 Overexpression ofidtal in the RPE and detection ofieltal and gdf7

expression

A DNA mix of 1:1 RCASRFP: CAB-GFP (A, B) or 1:1 RCASPeltal: CAB-GFP (C - H)
was electroporated into the lower rhombic lip adgeent RPE of an E3 chick embryo.
Embryos were incubated for 48hrs prior to collettideltal(red) andgdf7 (blue)
expression was detected by whole-mount doub$itu hybridisation and the
electroporation site was detected by whole-moumumohistochemistry for GFP. A, C,
E, G show bright-field images taken using a complomicroscope. B, D, F, H show
confocal micrographs of the regions shown in AECG respectively. Anterior is oriented
to the left. Black arrowgydf7induced in the roof plate epithelium. White arroie
subset of GFP-positive cells that co-exprasal RPE, roof plate epithelium; HbNe,

hindbrain neuroepithelium.

Scale bars: 1Q0n.
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Figure 4-5 Overexpression ofleltal in the RPE induceschairy2 expression

A DNA mix of 1:1 RCAS-Deltal: CA-GFP (A, B) or 1:1 RCAS-RFP: GAGFP (C, D)
was electroporated into the lower rhombic lip adfheent RPE of E3 chick embryos.
Embryos were incubated for 48hrs prior to collettichairy2expression was detected by
whole-mountin situ hybridisation and the electroporation site wagde by whole-
mount immunohistochemistry for GFP. Anterior iseotied upwards. Arrows indicate
inducedchairy2 expression in the RPE after electroporation withRCAS-Deltal: CA-
GFP. Nochairy2was induced in the RPE after electroporation WithRCAS-RFP: C£-
GFP. RPE, roof plate epithelium; HbNe, hindbrainneepithelium.

Scale bars: 1Q0n.

-125-



plate epithelium had no effect gdf7 or cyp26Clexpression, when compared with
expression on the un-electroporated side (Figued4- C, arrows indicate electroporated
region, n=0/3). However, co-electroporation of RC&&taland CA-GFP constructs
caused an upregulation ©0fp26C1lexpression within the electroporated domain (FEgtHé

D, E, G, H arrows, n=2/5). No induction @dif7 expression in the roof plate epithelium was
observed in these electroporated embryos, howhigecaould have been due to detection of
cyp26Clexpression obscuring detectiongaff 7 expression (Figure 4-6 F, open arrow). On
one occasiomgyp26Clexpression was downregulated non-autonomouslycentjdo the
region of upregulatedyp26C1lexpression (Figure 4-6 D, E arrowheads). Howeveether
this downregulation was due to non-autonomous Bdnam the electroporated domain, or

whether it reflects sorting of electroporated froam-electroporated cells is not clear.

4.2 .5Ectopic expression ofdeltal in the roof plate epithelium inducesgdf7

expression but causes a downregulation ¢ expression

Co-electroporation of RCA®FP and CA3-GFP into the right hand-side lower rhombic lip
and adjacent roof plate epithelium had no effeadfi7 or ttr expression, as compared with
the un-electroporated side (Figure 4-7 A — C, asrowdicate electroporated region, n=0/3).
Co-electroporation of RCA8eltaland CA3-GFP constructs induceddf7 expression in the
roof plate epithelium, in agreement with findindgated above (Figure 4-7 D — F, arrows,
n=1/5). This showed that induction @df7 was non-autonomous to the electroporated
domain, although due to the nature of the co-edpctration described above, it cannot be
ruled out that some GFP-negative cellsdekalpositive. Expression afeltalin the roof
plate epithelium caused downregulatioritoiexpression autonomously, within the
electroporated domain (Figure 4-7 E, G, H, J, Kkahreads n=3/5).

4.2.6 Expression of truncated cHairy2 at the roof plate pithelium — hindbrain
neuroepithelium boundary results in a loss 0§df7 and cath1 expression

hairy/ enhancer of splithe9 genes are known downstream effectors of Notahmadiigg and
are well known in their own right to be required fbe maintenance of boundary-localised
organisers (Geling et al., 2003; Geling et al.,£00inkovic et al., 2005; Baek et al., 2006;
reviewed in Kageyama et al., 2008hairyl andchairy2are two chick orthologues of mouse
hes1(Jouve et al., 2000). Both are upregulated withegdf7-domain in chick at E4 (Figure
2-7, 2-8), but onlhairy2,like gdf7,is induced in the roof plate epithelium at an
experimental interface between hindbrain roof pégithelium and neuroepithelium (Figure
3-22). Consequently the requirement for cHairyZfiom for the maintenance of tigef7-
domain and adjacestithlexpression was investigated. To achieve thisabéplate

epithelium — hindbrain neuroepithelium boundary wekestroporated with a construct
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Figure 4-6 Expression ofdeltal in the RPE upregulatescyp26C1 expression

A DNA mix of 1:1 RCASRFP. CAB-GFP (A - C) or 1:1 RCASeltal: CAB-GFP (D -

1) was electroporated into the lower rhombic liglaajacent RPE of an E3 chick embi
Embryos were incubated for 48hrs prior to collettigdf7(red) andcyp26Cl(blue)
expression was detected by whole-mount doirbétu hybridisation and the
electroporation site was detected by whole-moumuamohistochemistry for GFP. B, C,
E, F, H, I show high magnification views of elegonated regionsin A, D, G. C, F, |
show confocal micrographs of the region shown iEBnd H respectively. Anterior is
oriented upwards and hindbrains are mounted watvémtricular surface upwards. A, B,
arrows indicate electroporated region. D, E, Gatdpws indicate upregulategp26C1
expression after ectopiteltalexpression in the RPE. E, arrowhead, non-autonemou
downregulation otyp26Clexpression. F, open arrow, detectiorydf7 expression is

obscured by detection ofp26Clexpression.

Scale bar: 10@m
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Figure 4-7 Expression ofdeltal in the RPE inducesgdf7 but causes downregulaiton
of ttr

A DNA mix of 1:1 RCASRFP. CAB-GFP (A - C) or 1:1 RCASeltal: CAB-GFP (D -

L) was electroporated into the lower rhombic ligl@ujacent RPE of an E3 chick
embryo. Embryos were incubated for 48hrs priorditection gdf7(red) andtr (blue)
expression was detected by whole-mount doirbéitu hybridisation and the
electroporation site was detected by whole-moumumohistochemistry for GFP. B, C,
E, F, H, I, K, L show high magnification views déetroporated regions in A, D, G, J. C,
F, I, L show confocal micrographs of the regionwhan B, E, H and K respectively.
Anterior is oriented to the upwards and hindbrairessmounted with the ventricular
surface upwards. A, arrow, electroporated region.|) arrowsgdf7 expression induced
in the RPE. E, G, H, J, K, downregulation of ttpesssion within the electroporated

domain.

Scale bar: 100m.
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encoding a truncated version of cHairgbdiry2AWRPWv1-IRESeGFPmgift from J.
Gilthorpe, Umea University), where the conservadraiinal WRPW domain that is

required for the recruitment of Groucho/TLE co-egsors was deleted (Paroush et al., 1994;
Fisher et al., 1996; Grbavec et al., 1998). Thiadated version of cHairy2 has been
proposed to act in a dominant negative fashionijaino the effect of such a truncation on
the E(Spl) proteins of Drosophila (Giebel and Casfutega, 1997).

Electroporation of this construct at the upper nalate epithelium — hindbrain
neuroepithelium boundary of E4 embryos resultea downregulation afjdf7 and adjacent
cathlexpression in an autonomous manner, after 24 lincubation (Figure 4-8 A — |,
arrows, n=4/25), as compared with the control (i&cteoporated) side of the brains.

As a control experiment a GFP expression cons(t&p-GFP) was electroporated at the
roof plate epithelium — hindbrain neuroepitheliuoubdary of E4 embryos, and the
hindbrains were assessed @uif7 andcathlexpression after 24 hours incubation. For the
most partgdf7 andcathlexpression were unaffected by electroporation WighGFP
expression construct (Figure 4-9 A — D, n=9/11é&eer on one occasion electroporation
resulted in a slight downregulation@dif7 and adjacentathlexpression (Figure 4-9 E, F
arrow, n=1/11), and on another occasion electrajporaesulted in a slight downregulation
of cathlexpression within the electroporated domain in gamnson with the un-
electroporated side of brains (Figure 4-9 G, Hwrne=1/11). These effects were milder
than those achieved by electroporation withdhairy21WRPWexpression construct leading
to the conclusion that expressioncbiiry24WRPWCcauses a loss gflf7 andcathl
expression above and beyond a baseline effecisttia result of electroporation of any

construct at the roof plate epithelium — hindbraguroepithelium boundary.

4.2.7Electroporation with the chairy24WRPW expression construct causes cell
death within the electroporated domain

In order to investigate the mechanism behind tee &3gdf7 andcathlexpression after
electroporation at the roof plate epithelium — hirain neuroepithelium boundary with the
chairy24WRPWor theGFP expression construct, a stain to detect cell deathcarried out.
LysoTracker Red staining to detect cell death shinaselectroporation of the rhombic lip
with either the C8-GFP or thechairy2AWRPWv1-IRESeGFPntanstruct results in a
significant increase in cell death in the electraped domain compared with a similar region
of the rhombic lip on the control (un-electropotitside of the hindbrain (Figure 4-10 A —
E, arrows, n=3, p<0.05, Wilcoxon paired comparitast). However, after subtraction of the
number of dead cells on the control side from tin@lver of dead cells within the

electroporated domain on the electroporated sidleohindbrain, the domain electroporated

-129 -



Electroporated side Control side
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Figure 4-8 Electroporation of thegdf7-domain and rhombic lip with a
cHairy24WRPW expression construct causes downregulation gtif7 and adjacent

cathl expression

E4 embryos were electroporated witbHairy24WRPWexpression construct into the right-
hand side upper rhombic lip agdf7 domain. Embryos were incubated for 24 hours prior
to collection. The expression gfif7 (blue) anctathl(red) was assessed by whole-mount
in situ hybridisation and the electroporation site wasded by whole-mount
immunohistochemistry for GFP. Hindbrains were ftadunted as illustrated in A for
imaging. B, D, F, H show the electroporated sid# @nE, G, | show the un-electroporated
(control) side of flat-mounted hindbrains. Arrowslicate autonomous downregulation of
gdf7 andcathlexpression within the electroporated domain. RB&, plate epithelium;

FP, floor plate.

Scale bar: 100pm
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Figure 4-9 Electroporation of thegdf7-domain and rhombic lip with a GFP

expression construct

E4 embryos were electroporated with a GFP expnessiastruct into the right-hand side
upper rhombic lip anddf7 domain. Embryos were incubated for 24 hours pigor
collection. The expression gfif7 (blue) anctathl(red) was assessed by whole-mauant
situ hybridisation and the electroporation site wagdeid by whole-mount
immunohistochemistry for GFP.A, C, E, G show thex#bporated side and B, D, F, H
show the un-electroporated (control) side of flatumted hindbrains. E, arrow, slight
downregulation of expression géif7 andcathl G, arrow, slight downregulation o&thl

expression.

Scale bar: 100pum
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Figure 4-10 Cell death after electroporation with aGFP or a cHairy24WRPW

expression construct

E4 embryos were electroporated witBP (CAB-GFP) (A, B) or acHairy24WRPW
(cHairy24AWRPWvV1-IRESeGFPMEC, D) expression construct into the right-haiud s
upper rhombic lip anddf7 domain. Embryos were incubated for 24 hours tiudlected
and stained for cell death using LysoTracker Red fixed in PFA. A — D show confocal
micrographs of the upper rhombic lip of flmunted hindbrains, with A and C showing
control (un-electroporated) side, and B and D shgwhe electroporated side of the
hindbrain . Anterior is oriented to the left. Arrevwndicate cell death within the

electroporated domain. Scale bar: 100um

E, graph showing numbers of dead cells/arhindicates p<0.05, n=3, determined using

the Wilcoxon paired comparison test. Bars indithéestandard error of the mean.

F, graph showing the mean difference between #reborated (EP) side and control ¢
of the number of dead cells/ rnt indicates p<0.05, n=3, determined using the Man
Whitney test.
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with thechairy2AWRPWVvV1-IRESeGFPm®nstruct shows a significantly higher level ofl cel
death than the domain electroporated with3&2¥P (Figure 4-10 F, n=3, p<0.05, Mann-
Whitney test). Therefore the downregulatiorgdf7 or cathlexpression after
electroporation with CA-GFP or chairy2AWRPWv1-IRESeGFPntan be attributed, at
least in part, to cell death. Further, howevergtetgoration with thehairy24WRPWv1-
IRESeGFPmEonstruct causes significantly more cell deatim #lactroporation with the
CAB-GFP construct, and this is reflected in the higheresigy of effects orgdf7 andcathl
expression observed after electroporation withctirery21WRPWv1-IRESeGFPmM5

construct.

4.2.8Cloning and electroporation of a newchairy24WRPW and a full length
chairy2 expression construct

Sequencing of thehairy2AWRPWv1-IRESeGFPntonstruct revealed an ATG translation
start codon upstream and out of frame of the cbtranslation start site for the cHairy2
coding sequence (Figure 4-11). This may have rditt inefficient translation of the
protein, which could explain the low penetranceéhef observed downregulation gdif7 and
cathlexpression upon electroporation of the constrigiufe 4-8, n=4/25). To investigate
whether a more penetrant effect could be achighed;Hairy AWRPW coding sequence
was re-cloned from E3 chick cDNA into the pEMRESeGFPmYector (Andreae et al.,
2009) as described in the Methods. This new cocistvill be termecchairy24WRPWv2-
IRESeGFPmS5A full length coding sequence for cHairy2 wasatboned intdahe pCA3-
IRESeGFPm¥ector as described in the Methods. This constsiltbe termedchairy2-
IRESeGFPmM5

As noted previously, for the most part, electrofioraof CA3-GFP into the roof plate
epithelium — hindbrain neuroepithelium boundary hadeffect orgdf7 andcathl
expression, in comparison with the control (un{etgmorated) side of the brain (Figure 4-12
A, B, n=7/8). However, on one occasicgthlexpression was downregulated in the
electroporated domain in comparison with the saeg@n on the control side of the brain
(Figure 4-12 C, D, arrows, electroporated regiorgv@head, similar region on the un-
electroporated side n=1/8). Electroporation ofdhairy2AWRPWv2-IRESeGFPm5
construct caused downregulation of bgtlf7 andcathlexpression in the electroporated
domain, in comparison with the same region on trol side of the brain, although at a
similar level of penetrance as achieved with thgimal chairy2AWRPWv1-IRESeGFPm5
construct (Figure 4-12 E — H, arrows, electropatagion; arrowheads, similar region on
the un-electroporated side n=2/9). This indicates the presence of the additional ATG
translation start site upstream of the correctsleion start site in thehairy2AWRPWv1-
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Figure 4-11 Sequence dfhairy24WRPWV1-I RESeGFPm5

Arrow indicates an ATG start codon upstream andobétame of the correct translation

start codon.
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Figure 4-12 Electroporation of thegdf7-domain and rhombic lip with the
cHairy2AWRPWV2-I RESeGF Pm5 or cHairy2-1RESeGFPm5 constructs

E4 embryos were electroporated with [E&FP (A — D), cHairy2AWRPWv2-IRESeGFPmM5
(E — H) orcHairy2-IRESeGFPmf — L) constructs into the right-hand side upgermbic

lip andgdf7 domain. Embryos were incubated for 24 hours gdarollection. The
expression ofidf7 (blue) andcathl(red) was assessed by whole-mount in situ hylatidis
and the electroporation site was detected by whndant immunohistochemistry for GFP.
A, C, E, G, I, K show the electroporated side an@®BF, H, J, L show the udeztroporate
(control) side of flat-mounted hindbrains. Anterisioriented upwards. C, black arroathl
expression is slightly downregulated within thectleporated domain. E, G, |, K, black
arrows, downregulategdf7 andcathlexpression. C, E, G, I, K, white arrows, the
electroporated domain. D, F, H, J, L, arrowheadsguivalent domain to the electropor:

domain on the un-electroporated side.

Scale bar: 200pm

-139 -



IRESeGFPm&gonstruct did not have a significant effect oneffecacy of translation of
cHairy2AWRPW.

Electroporation of thehairy2-IRESeGFPmBonstruct had the same effect as
electroporation of thehairy2AWRPWv2-IRESeGFPn@@nstruct. Overexpression of full
lengthchairy2 at the roof plate epithelium — hindbrain neurdegitim boundary also
caused a downregulation gflf7andcathlexpression in the electroporated domain in
comparison with the same region of the un-electratead side of the brain (Figure 4-12 | —
L, arrows, electroporated domain; arrowheads, amnégion on the un-electroporated side
n=5/11).

4.2.90verexpression ofchairy24WRPW or full length chairy2 at the roof plate
epithelium — hindbrain neuroepithelium boundary cawses a non-autonomous

loss of roof plate epithelium- expressedyp26C1

The localisation of organiser properties at thelhmin neuroepithelium — roof plate
epithelium boundary, marked loylf7 expression (Chapter 3), leads to the hypotheats th
this domain could signal not only to the adjacexuroepithelium, but also to the adjacent
roof plate epithelium to direct development of dheroid plexus. Since the overexpression
of chairy24WRPWor chairy2 at the roof plate epithelium — hindbrain neurdegium
boundary disruptgdf7 and adjacentathlexpression, | investigated whether the
electroporation of these constructs intothef plate epithelium — hindbrain neuroepithelium

boundary had any effect on the expression of thépiate epithelium- expressegp26C1

For the most part electroporation of the &2&FP construct into roof plate epithelium —
hindbrain neuroepithelium boundary had no effectawf plate epitheliatyp26C1

expression (Figure 4-13 A — D, n=3/4). Howeverpoe occasion there was a slight
downregulation of roof plate epithelieyp26Clexpression within the electroporated domain
(Figure 4-13 E, F, arrows, n=1/4). The other GFBHpee cells in Figure 4-13 F are

electroporated overlying skin cells (arrowhead).

In contrast, electroporation ohairy2AWRPWv2-IRESeGFPnds chairy2-IRESeGFPmM5
into the roof plate epithelium — hindbrain neurdleplium boundary caused both an
autonomous and a non-autonomous loss of roof pfatkelialcyp26Clexpression (Figure
4-14 A — H, arrows indicate non-autonomous lossypR6Clexpression,
chairy2AWRPWv2-IRESeGFPmB=3/8,chairy2-IRESeGFPmMB=4/6). Therefore not only
does overexpression ofiairy241WRPWor chairy2into the hindbrain neuroepithelium — roof
plate epithelium boundary cause a downregulatioygdéf expression, but it also disrupts a
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Figure 4-13 Effect of electroporation of thegdf7-domain and rhombic lip with CAp-
GFP on cyp26C1 expression

E4 embryos were electroporated with [E&FP into the righthand side upper rhombic
andgdf7 domain (A — F). Embryos were incubated for 24 Bqarior to collection. The
expression otyp26Cilwas assessed by whole-mount in situ hybridisatmhthe
electroporation site was detected by wholeunt immunohistochemistry for GFP. B, D
are confocal micrographs of the electroporatedoregidicated in A, C, E. Roof plates are
mounted with the pial surface upwards and anteni@nted upwards. Arrows, slight
downregulation otyp26C1lexpression within the electroporated domain. Alreads

indicate electroporated epithelial cells.

Scale bar: 100pm
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Figure 4-14 Electroporation ofcHairy24 WRPW\2-I RESeGFPm5 or cHairy2-
IRESeGFPm5 into the gdf 7-domain and rhombic lip causes non-autonomous loss

cyp26C1 expression

E4 embryos were electroporated witHairy24WRPWv2-IRESeGFPn{B — D) or
cHairy2-IRESeGFPmMEE — H) into the right-hand side upper rhombicdiplgdf7 domain
Embryos were incubated for 24 hours prior to coitec The expression afyp26Clwas
assessed by whole-mountsitu hybridisation and the electroporation site wagded by
whole-mount immunohistochemistry for GFP. B, DHrare confocal micrographs of the
electroporated region indicated in A, C, E, G. Rplates are mounted with the pial surf
upwards and anterior oriented upwards. Arrows iicion-autonomous loss of roof plate
epithelialcyp26Clexpression.

Scale bar: 100pum
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signalling centre there that is required to mamthe expression alyp26Clin the roof

plate epithelium.

4.2.10The effects ongdf7 and adjacentttr expression of electroporation of the
roof plate epithelium — hindbrain neuroepithelium boundary with
chairy24AWRPWv2-1 RESeGF Pm5 or chairy2-1RESeGFPm5

Since autonomous signals from the roof plate ejiitime— hindbrain neuroepithelium
boundary were required to maintain the expressiayp26C1lin the roof plate epithelium, |
investigated whether these signals were also regdiar the expression of the choroid
plexus epithelial markettr, which begins to be expressed at the fourth vdatroof plate at
E4 in chick (Figure 2-9).

Electroporation of the upper roof plate epithelidrindbrain neuroepithelium boundary at
E4 with CA3-GFP, for the most part, did not have any effecigoifi7 andttr expression
(Figure 4-15 A — F, n=3/4). However, in one ins@melf7 expression was downregulated
within the electroporated domain (Figure 4-15 G artows, n=1/4), confirming that there is
a non-specific effect on gene expression that @ooocasionally with the electroporation of
constructs at the roof plate epithelium — hindbresnroepithelium boundary in E4 chick

embryos.

Electroporation of the upper roof plate epitheliarmindbrain neuroepithelium boundary at
E4 with chairy” AWRPWv2-IRESeGFPntaused a downregulation gdif7 expression in the
electroporated domain and a non-autonomous los @fpression in the adjacent roof plate
epithelium after 24 hours (Figure 4-16 A — F, arheads indicate downregulationgdf7,
arrows indicate non-autonomous losstoexpression, n=3/4). On one occasitbn,
expression was lost non-autonomously, gulf7 expression was intact within the
electroporated domain (Figure 4-16 G — |, arrowdatks non-autonomous lossttf
expression, n=1/4). This is likely to reflect ardstion of the signalling centre present at the
roof plate epithelium — hindbrain neuroepitheliuoubhdary that is required to induce or
maintainttr expression, but the disruption may not have baéitent to result in a

downregulation o§df7 expression.

Electroporation of the upper roof plate epitheliarnindbrain neuroepithelium boundary at
E4 with chairy2-IRESeGFPmbad similar effects to those observed when
chairy2AfWRPWv2-IRESeGFPm&as electroporateddf7 expression was downregulated
within the electroporated domain attidexpression was lost non-autonomously in the
adjacent roof plate epithelium (Figure 4-17 A -affpwheads indicate downregulation of

gdf7 expression, arrows indicate non-autonomous losis ekpression, n=3/5). As with
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Figure 4-15 Effect of electroporation of the roof fate epithelium — hindbrain

neuroepithelium boundary with CAB-GFP on gdf7 and ttr expression

E4 embryos were electroporated with [E&FP into the right-hand side upper roof plate
epithelium — hindbrain neuroepithelium boundary{B. Embryos were incubated for 24
hours prior to collection. The expressiorgaf7 andttr was assessed by whole-moimt
situ hybridisation and the electroporation site wagdteid by whole-mount
immunohistochemistry for GFP. B, E, H are highegnification images of the
electroporated region shown in A, D, G. C, F, lewafocal micrographs of the regions
shown in B, E, H. Roof plates are mounted withwésetricular surface upwards and
anterior oriented upwards. Arrows indicate losgdfi7 expression in the electroporated

domain.

Scale bar: 100pum.
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Figure 4-16 Effect of electroporation of the roof fate epithelium — hindbrain
neuroepithelium boundary with cHairy24WRPW\V2-I RESeGFPm5 on gdf7 and ttr

expression

E4 embryos were electroporated witHairy24AWRPWv2-IRESeGFPnidto the right-hand
side upper roof plate epithelium — hindbrain nepitbelium boundary (A — ). Embryos
were incubated for 24 hours prior to collectione®xpression afdf7 andttr was assessed
by whole-mounin situ hybridisation and the electroporation site wagded by whole-
mount immunohistochemistry for GFP. B, E, H arenbigmagnification images of the
electroporated region shown in A, D, G. C, F, |ewafocal micrographs of the regions
shown in B, E, H. Roof plates are mounted withwbtricular surface upwards and
anterior oriented upwards. Arrowheads, downregoratif gdf7 expression within the
electroporated domain. Arrows, hon-autonomous degulation ofttr expression in the

roof plate epithelium adjacent to the electropatatemain.

Scale bar: 100pum.
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Figure 4-17 Effect of electroporation of the roof fate epithelium — hindbrain
neuroepithelium boundary with cHairy2-1RESeGFPm5 on gdf 7 and ttr expression

E4 embryos were electroporated witHairy2-IRESeGFPm#nto the right-hand side upper
roof plate epithelium — hindbrain neuroepitheliuoubdary (A — I). Embryos were
incubated for 24 hours prior to collection. The @gsion ogdf7 andttr was assessed by
whole-mountn situ hybridisation and the electroporation site wagdeid by wholenount
immunohistochemistry for GFP. B, E, H are highegnification images of the
electroporated region shown in A, D, G. C, F, lewafocal micrographs of the regions
shown in B, E, H. Roof plates are mounted withwéetricular surface upwards and
anterior oriented upwards. Arrowheads, losgdff7 expression within the electroporated

domain. Arrows, non-autonomous losdtofexpression.

Scale bar: 100pm
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electroporation of thehairy2AWRPWv2-IRESeGFPntanstruct, on one occasion,
electroporation of the roof plate epithelium — Hireln neuroepithelium boundary with
chairy2-IRESeGFPmBaused a non-autonomous losstioéxpression but had no effect on
gdf7 expression (Figure 4-17 G — |, arrows indicat®a-autonomous loss tf expression,
n=1/5). Therefore electroporation of the upper nalate epithelium — hindbrain
neuroepithelium boundary withairy2AWRPWv2-IRESeGFPnads chairy2-IRESeGFPmM5
disrupts a signalling centre there, resulting moa-autonomous loss tf expression in the
roof plate epithelium and, for the most part, almaomous downregulation gtif7

expression.
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4.3 Discussion

The results described in this chapter show thaipécexpression aeltalin the roof plate
epithelium induces the conversion of roof platalegial cells into roof plate boundary cells,
marked by the expression g@df7 and upregulatedyp26Clexpression (Figure 4-3, 4-6).
deltalexpression also inducethairy2 expression in the roof plate epithelium amairy2
expression is required at the correct level artloé plate epithelium — hindbrain
neuroepithelium boundary for roof plate boundgai§7 expression to be maintained (Figure
4-5, 4-8, 4-10, 4-12, 4-16, 4-17). In this chajtevas also shown that the roof plate
boundary not only signals to the adjacent neurbepitm but it is also required to signal to
the adjacent roof plate epithelium to maintaingkpression o€yp26CZland permit the
induction or maintenance tf expression and hence choroid plexus epithelium
differentiation (Figure 4-16, 4-17, 4-14). Howeviénvas also noted that immediately
adjacent to an expanded roof plate boundary dorttaiexpression was repressed (Figure 4-
7). This leads to a model of roof plate boundancfion presented below in Figure 4-18
where the roof plate boundary both promotes chautegus differentiation at a distance
from it, but inhibits its differentiation immedidyeadjacent to it. The possible function of
thisttr-negative margin is discussed below.

4.3.1Problems associated with the use of electroporatioof the E4 chick roof
plate epithelium — hindbrain neuroepithelium bounday to assess gene function
The E4 chick roof plate epithelium — hindbrain re&pithelium boundary is a very thin
region of tissue so it is unsurprising that elgotmation of a control CB-GFP construct can
cause a basal level of damage to the tissue tbésirved as a small increase in cell death
(Figure 4-10) and a downregulation of gene expoas@tigure 4-9, 4-12, 4-13, 4-15).
However, cell death associated with electroporaticte chairy2AWRPWv1-IRESeGFPmM5
construct was significantly higher than that assied with electroporation of the GAGFP
construct (Figure 4-10). Additionally, the effedtedectroporation of the CBxGFP construct
on gdf7, cathlandcyp26Clexpression was qualitatively milder than the eftdc
electroporation of thehairy2AWRPWv1-IRESeGFPmthechairy2AWRPWv2-
IRESeGFPmM®r thechairy2-IRESeGFPmeonstructs (Figure 4-12, 4-14, 4-16, 4-17).
Lastly, electroporation of the AGFP construct never resulted in a non-autonomous loss
of cyp26C1lorttr expression. Therefore although electroporatio@AfB-GFP may result in
autonomous effects on gene expression, only theegpeession o€hairy24WRPWor
chairy2resulted in a reduction in signalling capacityhad roof plate epithelium — hindbrain
neuroepithelium boundary. Thus if electroporatibthe roof plate epithelium — hindbrain

neuroepithelium boundary with control constructstsas C/B-GFP is carried out alongside
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electroporation with experimental constructs, vabeclusions can be drawn about gene
function by comparing the effects of electroponatid experimental constructs with the

effects of electroporation of control constructs.

4.3.2Ligand driven Notch signalling in the roof plate egthelium is sufficient to
convert roof plate epithelial cells to roof plate bundary cells

Tissue interactions between roof plate epithelimah indbrain neuroepithelium are
sufficient to convert roof plate epithelial celtsd roof plate boundary-organiser fate,
marked bygdf7-expression (Chapter 3). Activation of Notch sidingl by overexpression of
deltalin the roof plate epithelium is also sufficientinduce the expression gtif7and
chairy2there (Figure 4-3, 4-4, 4-5), indicating that @dWtotch interactions mediate the
hindbrain neuroepithelial — roof plate epitheliaiiction ofgdf7 andhairy2 expression
observed in co-culture experiments. Analysis ofakgression patterns of Notch ligands and
receptors at the roof plate epithelium — hindbregaroepithelium boundary of the E5 chick
embryo shows thateltalexpression has a sharp boundary adjacent tgdf¥edomain, and
thatnotch2is expressed in the roof plate epithelium (Figzu@®. Therefore it is likely that
the induction ofydf7 observed whedeltalis expressed in the roof plate epithelium, is
mediated byiotch2 and thain vivo, a Deltal — Notch2 interaction serves to maintiaén

gdf7-positive roof plate boundary-organiser.

Induction ofgdf7in the roof plate epithelium appeared to be celi-anotonomous (Figure 4-
3, 4-4, 4-7). This fits with the known mechanisnaofion of the DSL family of ligands,
which are present at the plasma membranes oftagitsans-activate Notch receptors on
adjacent cells (reviewed in Bray, 2006). The DShifg of ligands are also known to cell-
autonomously inhibit the activation of Notch reaapt(known agis-inhibition) (de Celis
and Bray, 1997; Micchelli et al., 1997; Sakamotalet2002; reviewed in del Alamo et al.,
2011) thereby limiting the effects of overexpreasiddeltalto cells adjacent to those

ectopically expressindeltal

The electroporation technique utilised in thesgseerents resulted in overexpression of
deltalin the roof plate epithelium but also in the n&igbring rhombic lip (Figure 4-2),
however gdf7 expression was only induced in the roof platehegiim (Figure 4-3, 4-7).
One explanation for this is theits-inhibition by serratelanddeltalexpressed in the
rhombic lip (Chapter 2) prevent inductiongiff7in this tissue. However an alternative
explanation is that hindbrain neuroepithelium is campetent to expregglf7 and only
hindbrain roof plate-derived tissue is competeniiduld be interesting to investigate if the

overexpression dimxZla(a transcription factor that is necessary anddafit for roof plate

- 149 -



specification (Millonig et al., 2000; Chizhikov aiillen, 2004b; Chizhikov et al., 2006))

along withdeltalis sufficient to inducgdf7 expression in the hindbrain neuroepithelium.

Overexpression adeltalin the roof plate epithelium not only inducgdf7 expression, but
also upregulatedyp26C1within the electroporated domain. This indicatest high-level
expression o€yp26C1is also a marker of the roof plate boundary-orgmmilnterestingly,
the induction otyp26Clandchairy2 expression in the roof plate epithelium by ectopic
expression ofleltalappears to be cell-autonomous (Figure 4-5, 4+@)keithe induction of
gdf7 expression. A possible explanation for this ig theower threshold of Notch activation
within cells is required for the expressioncgp26Clandchairy2in comparison witlgdf7.

By this hypothesis, the level ofs-inhibition of Notch activation by Deltal would nioé
sufficient to completely abolistnans-activation by Deltal from neighbouring cells and
hence the low level of Notch activation withdeltal-expressing cells would be sufficient to

inducecyp26Clandchairy2expression, but n@df7 expression.

Activated Notch signalling has been shown in numemevelopmental situations to be
important for the specification or maintenance afifidary-cell fates, such as the
dorsoventral boundary of the Drosophila wing imagtisc, hindbrain rhombomere
boundaries in zebrafish, the apical ectodermalkrifgthe chick limb bud, the zona limitans
intrathalamica and, more recently, the midbrairdbiain boundary in the chick (Rulifson
and Blair, 1995; Laufer et al., 1997; Rodriguezebain et al., 1997; Zeltser et al., 2001;
Cheng et al., 2004; Tossell et al., 2011). ThuEBe- E5 chick hindbrain roof plate
boundary represents another case where a bourel&fgte is induced or maintained by the
action of activated Notch signalling, and therefprevides support for the idea that Notch
signalling operating to specify or maintain bourydarganiser cell fate within an epithelium

is an ancient, evolutionarily conserved mechanism.

Aside from the studies carried out on zebrafishmbomere boundaries, previous studies
have largely involved experimental manipulationsied out prior to the formation of
boundaries so can either not distinguish betwednwaivement of Notch activation for the
specification or maintenance of boundary celldpous mainly on the specification of
boundary cells. In studies described here, maaijoms were carried out at E3 (st16 — 17)
when the roof plate boundary (as assessegtibfiexpression) had already formed (Figure 2-
3). Any conclusions can hence only address thelieweent of Notch signalling in the
maintenance of the roof plate boundary. WhethecNsignalling is also involved in the

establishment of the roof plate boundary requinethér investigation.

The hindbrain roof plate boundary is known to ldiferative source of choroid plexus

epithelial cells from E12.5 onwards in the mous&mlm (Huang et al., 2009). My findings
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therefore shed new light on the findings of Hu&ddymecki (2007) who showed that
constitutive activation of Notch in all derivativesgdf7-expressing cells in mouse results in
greatly expanded choroid plexus epithelium thaciepically proliferative at PO. My
findings suggest that rather than the expressidwotéh-intracellular domain promoting
proliferation in allgdf7positive cell derivatives, the expression of aatdd Notch may
specify cells as boundary-organiser cells thatdgiasymmetrically to maintain their own

population as well as give rise to differentiatbdmid plexus epithelial cells.

4.3.3The role of cHairy2 in the maintenance of the rooplate boundary-
organiser

Hes genes are well known downstream effectors a€iNsignalling, but in addition to this,
are also well characterised as being essentighéomaintenance of boundary-localised
organisers in the mouse and in the zebrafish, duhecessarily in a Notch-dependant
fashion (Hirata et al., 2001; Geling et al., 20G&jing et al., 2004; Ninkovic et al., 2005;
Baek et al., 2006; Kageyama et al., 20@Rniry2, a chick orthologue of mousesi(Jouve
et al., 2000), shows upregulated expression witienwild-typegdf7-positive roof plate
boundary (Figure 2-7). In the same manner as | dawsonstrated faydf7, chairy2is
induced in the roof plate epithelium at both anegitpentally derived interface between
hindbrain roof plate epithelium and neuroepithelifffigure 3-21, 3-22) and after ectopic
expression ofleltalin the roof plate epithelium (Figure 4-5). Conwdys electroporation of
the roof plate epithelium — hindbrain neuroepitin@liboundary of E4 chick embryos with
eitherchairy” AWRPWv1-IRESeGFPn® chairy24AWRPWv2-IRESeGFPmBsults in a
downregulation of expression géif7 at E5 (Figure 4-8, 4-12, 4-16). Together, thesealts
support a role for cHairy2 in maintaining thef7-positive boundary downstream of Notch

signalling.

In these experiments the expressiocathlis also downregulated adjacent to
downregulatedydf7 expression. Given the dependenceaifhilon an intact roof plate
boundary in culture experiments (Chapter 3), aipemsious explanation is that its
expression is regulated non-autonomously bygtf&positive roof plate boundary. Due to
the breadth of the electroporated territory, a @etbnomous effect ahairy2 disruption on
cathlcannot be discounted. If the signals responsibiiéi®induction or maintenance of
cathlby an ectopigdf7-positive organiser (demonstrated in Chapter 3)dcba determined
(likely to be Gdf7 itself or otheBmps expressed there), then these signals cowdd-be
expressed witlkthairy” AWRPWto determine whethesathlcould be rescued independent of

endogenoushairy2levels.
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Studies of the role diesgenes in the formation and maintenance of boueslfwave
indicated that the experimentally induced lossle§expression at these boundaries results
in increased neurogenesis and the spread of naeighigmeurogenic genes into boundary
regions (Geling et al., 2003; Geling et al., 208ikovic et al., 2005; Baek et al., 2006). In
contrast, in my experiments, the ectopic expressfaghe proneural geneathlwas never
observed in thgdf7-domain following electroporation with tlehairy24AWRPWv1-
IRESeGFPm&onstruct. Instead, the downregulatiorgdf7is, at least in part, due to
increased cell death in the electroporated domaised by expression dhairy24WRPW,

in comparison with electroporation with the con®@#B-GFP construct (Figure 4-10). An
explanation for the disparity between previous igsidnd this study may be that in the
previous studies, Hes activity was removed fromdinset, whereas here the loss of Hes
function was induced acutely, after boundary foramatEarly Hes activity may thus, during
boundary formation or immediately afterwards, tguieed to prevent ectopic neurogenesis
within the boundary, whereas later Hes activity mayequired to maintain cells in an

organiser-like state and prevent their ectopic d@eith.

Overexpression of full lengtthairy2 at the E4 roof plate epithelium — hindbrain
neuroepithelium boundary had the same effect aseegipn ofchairy24WRPW Both

caused autonomous downregulatiomdf7 and adjacentathlexpression (Figure 4-12), but
also autonomous downregulationayp26C1lat the roof plate boundary, and a non-
autonomous loss of roof plate epitheligp26Clandttr expression (Figure 4-14, 4-16, 4-
17). One explanation for this is that the cHaixy2RPW protein does not act in a dominant
negative fashion and instead both cHal{yZRPW and full length cHairy2 directly repress
the expression ajdf7, cathlandcyp26C1 Hes proteins are repressor-type basic helix-loop-
helix (bHLH) transcription factors and are knowrattively mediate repression of gene
expression through homodimerisation and the reuerit of Groucho/TLE co-repressors
through their WRPW domain (Paroush et al., 199ghéii et al., 1996; Grbavec et al., 1998;
Kageyama et al., 2008). However, Hes transcrid@etors can also passively repress
transcription via heterodimerisation with activatgpe bHLH transcription factors, a
mechanism which does not require the WRPW domaaw@on et al., 1995; Kageyama et
al., 2007). Therefore cHairy® VNRPW could still be a functional repressor everugioit is
missing the WRPW domain. However this explanatiamnot explain the non-autonomous
loss ofcyp26C1landttr expression in the roof plate epithelium adjacerthe electroporated
roof plate epithelium — hindbrain neuroepitheliuoubdary. Instead an alternative
explanation is favoured whereby the precise lef/ehairy2 expression is important for the
correct maintenance of tigelf7-positive boundary-organiser. In support of thixtigular

modes of expression of Hes1 correlate with theiipation of cells, and the mode of Hes1
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expression is regulated by an autoregulatory negétiedback loop (Takebayashi et al.,
1994; Hirata et al., 2002; Baek et al., 2006; Shinab al., 2008). Therefore overexpression
of full lengthchairy2 could disrupt its own mode of expression and floeedts function in
the maintenance of boundary cells, thereby alsogat a dominant negative manner.

Althoughchairy2 expression is induced in the roof plate epithelhoth at an
experimentally derived interface between hindbrawf plate epithelium and
neuroepithelium (Figure 3-21, 3-22) and after eicteppression ofleltalin the roof plate
epithelium (Figure 4-5), its ectopic expressiottha roof plate epithelium is not sufficient to
inducegdf7 or upregulateyp26Clexpression there, as ectopic activation of Notch
signalling bydeltalis capable of doing. This implies that Notch aafiion bydeltalin the
roof plate epithelium induces other pathways irafalrto chairy2 activation that are
responsible for the inductiaydf7 expression. However, the lack of expansion of tioé

plate boundary bghairy2 overexpression in the roof plate epithelium cchasle been due

to embryos being electroporated at E4 and assésisetfects at E5, rather than being
electroporated at E3 and assessed for effects.@h&%ack of expansion of the roof plate
boundary into the hindbrain neuroepithelium orribef plate epithelium is also in
contradiction with the findings of Baek et al. (B)0who find that misexpression of Hes1 in
telencephalic compartments via retrovirus is sidfitto decrease cell proliferation rates and
neurogenesis, both characteristics of boundarg.ddbwever, they did not demonstrate the
complete conversion of cells to boundary cellsheyexpression of boundary cell markers.

4.3.4The roof plate epithelium — hindbrain neuroepithelum boundary signals

to both the hindbrain neuroepithelium and the roofplate epithelium

In Chapter 3 | showed that the roof plate epitlmelithindbrain neuroepithelium boundary
marked bygdf7 expression signals to the hindbrain neuroepithetio inducecathl
expression in the adjacent neuroepithelium. In¢hapter | have demonstrated that signals
from the roof plate epithelium — hindbrain neurdlegiium boundary are also required to
maintaincyp26Clexpression (Figure 4-14) and maintain or inditicexpression in the roof
plate epithelium (Figure 4-16, 4-17), as the exgimesof these genes are lost non-
autonomously when the roof plate epithelium — hiagdbneuroepithelium boundary is
perturbed by the expressionafairy24WRPWor the overexpression of full lengthairy2
Therefore the roof plate boundary signals to bbéhhindbrain neuroepithelium and the roof

plate epithelium to regulate gene expression.

Sincecyp26Clexpression is present in the roof plate epithelt4 (Figure 2-10) and
electroporations were carried out at E4, it cacdoecluded that signals from the roof plate

epithelium — hindbrain neuroepithelium boundaryraguired for the maintenance of
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cyp26C1As ttr expression starts at E4 in the chick fourth velgnoof plate epithelium
(Figure 2-9) it cannot be concluded whether iniducbr maintenance dfr expression was
perturbed by electroporations of the roof plateregium — hindbrain neuroepithelium
boundary. To determine this, the roof plate epitimel— hindbrain neuroepithelium boundary
of E5 chicken embryos could be electroporated thi#itHairy24WRPWv2-IRESeGFPmM5

or thecHairy2-IRESeGFPmbBonstruct to determine if maintenancetofexpression is

specifically affected.

Interestingly, expansion of the roof plate epitlieli— hindbrain neuroepithelium boundary,
marked by expandegldf7 and high-levetyp26Clexpression after ectopiteltalexpression
in the roof plate epithelium, did not induce ectojti expression adjacent to it (Figure 4-7).
This shows that although signals from the roofegkgtithelium — hindbrain neuroepithelium
boundary are necessary for the induction or maartea ofttr expression in the E5 chick
hindbrain roof plate epithelium, these signalsrasesufficient to ectopically indudé
expression in the E5 roof plate epithelium. Thiymepresent a lack of competence of the
E5 roof plate epithelium to respond to signals flamexpanded roof plate boundary. Earlier
manipulations, prior to E3, may therefore demonstaa ability of the roof plate boundary
to induce ectopic choroid plexus differentiatiolthaugh targeted electroporation of a small
domain of the hindbrain roof plate at earlier skaggresents a significant technical

challenge.

ttr expression was downregulated within the roof pégiighelium domain ofleltal
overexpression. Thus activation of Notch signalliygleltalwithin the roof plate

epithelium cell-autonomously downregulates chopékus epithelium differentiation. This
may represent conversion of the roof plate epitinelio a roof plate boundary-cell fate,
although this conversion could only have been glaagdf7 expression was not cell-
autonomously induced in all electroporated roofepépithelial cells (Figure 4-7 D — L).
Alternatively, the loss atr expression could have been due to non-autononignels from
an expanded roof plate epithelium — hindbrain nepitbelium boundary. In Figure 4-7 D —
F, this expanded boundary was marked by indgcédexpression, however in Figure 4-7 G
— L itis possible that a functional, expanded nolate epithelium — hindbrain
neuroepithelium boundary was inducedd®jtal expression in the roof plate epithelium, but
a complete conversion of roof plate epithelialséd a roof plate boundary cell fate was not
achieved sgdf7was not ectopically expressed. By this hypothekegdf7-positive
boundary-organiser is required to induce or mairttaiexpression at a distance from it, but
might repress its expression immediately adjac®itt &s illustrated in Figure 4-18. To test
this, more refined electroporationsd#ltalinto the roof plate epithelium — hindbrain
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Figure 4-18 Models of how the roof plate boundary4@aniser signals to both

neuroepithelium and roof plate epithelium

Schematic of the roof plate (RP) epithelium — nepithelium boundary in a transverse
section through the chick hindbrain. The RP bouprdaganiser is marked ydf7
expression and higtyp26Clexpression. The RP boundary-organiser signalseto t
adjacent neuroepithelium to maintamthlexpression in the rhombic lip (Chapter 3). One
proposed model for how the RP boundary-organistenps the adjacent RP epithelium is
that it expresses a signal (X), which exhibits acemtration gradient in the RP epithelium.
At high concentrations this inhibits choroid plexamthelium (ChPE) differentiation, but
below a certain threshold it is required to pronmtpermit ChPE differentiation (A).

An alternative model (B) is that short range sigr(®) from the RP boundary-organiser
inhibit ChPE differentiation, but long range signéY) that can diffuse further than short

range signals promote or permit ChPE differentratio
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neuroepithelium boundary could be carried out $bifea non-autonomous loss tixf

expression is ever observed adjacent to the efemtated domain.

Two models of how signals from the roof plate baangccould both inhibittr expression
adjacent to it and promot& expression at a distance from it are present&igure 4-18.
One signal from the roof plate boundary-organiseid be responsible for both inhibition
and be required fdtr expression, if it is present in the roof platetlegiium in a
concentration gradient away from the roof platertatauy. At high concentrations it would
inhibit expression oftr, but at low concentrations it would promote ittekhatively the
signals that inhibit and promotie expression could be different. Short range sigmédght
mediate inhibition oftr expression, but long range signals might be resiptafor

promotion ofttr expression.

Despite its importance, relatively little was knoaimout the specification of the fourth
ventricle choroid plexus epithelium. In mice ikisown that most, if not all, of the hindbrain
choroid plexus epithelium derives solely frgulf7-positive progenitor cells (Hunter and
Dymecki, 2007), but whether mechanisms are requoegpecify and pattern the
differentiation of the hindbrain roof plate epitiseh into choroid plexus epithelium was not
known. Here | demonstrate that non-autonomous Eidram the roof plate epithelium —
hindbrain neuroepithelium boundary are requiredtierdevelopment of the chick hindbrain
choroid plexus epithelium and propose a model whesggnals from the roof plate
epithelium — hindbrain neuroepithelium boundaryraseonly required to specify the
choroid plexus epithelium, but also pattern the pdate epithelium, inhibiting ectopic
choroid plexus differentiation in the domain imnegely adjacent to the roof plate
epithelium — hindbrain neuroepithelium boundarye Tinction of this inhibition would

likely be to reserve a domain of progenitors thatild go on to contribute to choroid plexus
epithelium growth throughout development. Such maia has recently been demonstrated
to exist in mouse embryos (Huang et al., 2009).
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Chapter 5 Discussion

Studies that make up this thesis have shown teathitken embryonic hindbrain roof plate
can be divided into at least two domains, the pdate epithelium and the roof plate
boundaries. The organiser properties of the hindlyof plate are localised at the roof plate
boundaries, which are marked by the expressigudfifand high levels of expression of the
chick heslorthologuesghairyl andchairy2 A gdf7-positive domain can induce or maintain
the expression afathlin the adjacent hindbrain neuroepithelium of E46-cBicken
embryos. Thigdf7-positive roof plate boundary is also required do+autonomously
maintain the roof plate epithelium-expressgd26C1and permit the differentiation of the
choroid plexus epithelium from roof plate epithatiuas assessed iy expression, in E5
brains. | have presented a model whereby signaits the roof plate boundary repress
expression immediately adjacent to it but pronistexpression at a distance from it (Figure
4-18).

As part of this thesis | have also shown that dsteractions between hindbrain roof plate
epithelium and neuroepithelium can regeneratgttié positive organiser in roof plate
epithelium-derived tissue at the interface betwberiwo tissues, shedding light on the
mechanism that maintains tgdf7-positive organisein vivo. The molecular basis of this
interaction is likely to be largely mediated by Bosignalling as ectopic expression of
deltalin the roof plate epithelium can induce a boundaaty fate. This induction is likely to
be via thenotch2receptor. As further support for the role of aatéd Notch signalling at the
roof plate boundaryhairyl andchairy2 which are upregulated in the roof plate boundary,
are well-known downstream targets of Notch signgliiJouve et al., 200®hairy2was

also induced byleltalexpression in the roof plate epithelium and wasiged in the roof
plate epithelium at an experimental interface betweof plate epithelium and hindbrain
neuroepithelium. The role of cHairy2 at the roddtplboundary was further investigated and
it was found that overexpression of both a trurctatrsion of cHairy2 (cHairy2 VRPW)

and a full length version had dominant negative@# on thgdf7-positive roof plate
boundary organiser, in line with observation$i@s1;hes3;hesiple-null mice that show
thathesgenes are required for the formation or mainteeaf@ll boundary-localised

organisers in the developing CNS (Baek et al., 2006

Together my findings redefine the hindbrain roaftplorganiser, confirm and extend an
emergent consensus model for organiser charaateréstid shed new light on how choroid
plexus development is coordinated. Specificallg, rihof plate appears to be another

example of an organiser that is maintained by &egserved mechanism involving tissue
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interactions that activate Notch signalling and dstnream Hes transcription factors at

boundaries.

5.1 Re-definition of the hindbrain roof plate organiser

For the most part the roof plate comprises a nastoiw of cells present at the dorsal midline
of the developing vertebrate central nervous sy¢eNss), however at hindbrain level it is
expanded to form a diamond-shaped epithelium émds tover the fourth ventricle
(Chizhikov and Millen, 2005). The results of thiesis demonstrate that the E4 — E5
diamond-shaped roof plate should not be thoughsat single domain. In chick it can be
separated into at least two different regions;ad ptate boundary, which is characterised by
the expression ajdf7 and high levelvntl, cyp26C1, chairyadndchairy2 expression, and

the roof plate epithelium that comprises the dontizén lies between the two roof plate
boundaries. The roof plate epithelium can be furtubdivided into a lateralyp26C1
positive,ttr-negative domain, a more medigp26C1positive,ttr-positive domain, and an
even more medialyp26CInegativeftr-negative domain, at the ages when the choroid
plexus epithelium is beginning to differentiate (E&5). The subdivision of this domain
indicates that the roof plate epithelium is paterat these stages by various mechanisms
that will be discussed later in this chapter.

| have presented several lines of evidence thajesighat the organiser properties of the
chick hindbrain roof plate localise to tgdf7-positive boundaries. Signals from tipef7-
positive roof plate boundary are required for th@ntenance ofathlexpression in the
adjacent neuroepithelium from E4 — E6. Furthermanenducedydf7-positive domain
could rescue the loss cathlexpression in the rhombic lip, thus demonstrativag the
gdf7-positive roof plate boundary is necessary anddefit for the maintenance oathl
expression in the rhombic lip at these ages. Andadgdf7-domain could also induazathl
expression at an ectopic dorsoventral positioniwitie hindbrain neuroepithelium from E4
to E5, raising the possibility that organiser pmbies resident at the roof plate boundary
serve to pattern the dorsoventral axis of the himidkfrom the outset, inducing the
expression otathlin the rhombic lips. Indeegdf7 expression in the hindbrain begins at
stl4 (E2.5), preceding that ofthl, suggesting that the roof plate boundary diffeetes

prior to the specification of theathl-positive progenitor pool.

chairyl andchairy2are the chick orthologues bé&sl1(Jouve et al., 2000). High and
persistent Hes1 expression has been shown to mgakisers such as the zona limitans
intrathalamica (ZLI), the midbrain-hindbrain boungland the spinal cord roof plate and

floor plate in mouse (Baek et al., 2006). Theretbeepersistent, elevatetiairyl and
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chairy2 expression at the chick hindbrain roof plate b@amdand the lack of expression in
the roof plate epithelium itself, from E4 to E6pports the model that the roof plate

organiser properties are localised to its boundarie

Previous studies have presented a model of hindboaf plate as a homogenous signalling
domain, required for the specification of the dbreast neural progenitor pool, which is
marked by the expression of the bHLH transcripfamtor mathlin mouse, ocathlin

chick (Chizhikov et al., 2006). This is a reasoeadsumption as, in the mougdf7and
another roof plate marker, the LIM-homeodomaindcaiption factor)mxla are expressed
both at the roof plate boundary and in the latevaf plate epithelium at upper and lower
rhombic lip levels at E10.5/ 11.5 (equivalent td E8 in chick) (Landsberg et al., 2005;
Chizhikov et al., 2006; Mishima et al., 2009). Howegdf7 andimxlaare both expressed in
the roof plate boundary at a higher mRNA level thmathe roof plate epithelium. Further,
the roof plate boundary is also characterised bl ldvel mMRNA expression @fntlat both
upper and lower rhombic lip levels (Landsberg et2005; Chizhikov et al., 2006; Mishima
et al., 2009). Therefore although no specific madéghe hindbrain roof plate boundary has
yet been identified in mouse, the roof plate bompdésplays characteristic high-level
MRNA expression ofjdf7, Imxlaandwntl It is therefore likely that the boundary-locatise
organiser model proposed for the chick hindbraof pdate may also apply to the mouse

hindbrain roof plate at these stages.

The situation in zebrafish embryos also suppodisiinction between the roof plate
boundaries and the rest of the roof plate epithelisgdf6a/7is expressed at the roof plate
boundaries not by the entire hindbrain roof pl&is€n et al., 2008; Chaplin et al., 2010).

5.2 Towards a general model for CNS organisers

A number of organisers in the developing CNS aumfbat boundaries between molecularly
distinguishable compartments of tissue that theyr@sponsible for patterning (Kiecker and
Lumsden, 2005). Examples include the ZLI, whichgrat the adjacent thalamus and pre-
thalamus (Kiecker and Lumsden, 2004), the midbhématbrain boundary, which patterns
the adjacent midbrain and rhombomere 1 of the haidifWassef and Joyner, 1997), and
rhombomere boundaries, which have been shown terpateurogenesis in adjacent
rhombomeres in zebrafish (Riley et al., 2004). ¢hiek hindbrain roof plate is now another
example of an organiser that fits into this modath its organiser properties being located
at its boundaries with the neuroepithelium. Tha&abptord roof plate might also fit into this
model as it is composed of twalf7-positive domains separated by a medafl/-negative

domain, therefore its organiser properties mighlobalised to thesgdf7-positive
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‘boundaries’. These discoveries raise the possititiat the roof plate at other
anteroposterior locations must also be definedlasuadary-localised organiser located
between molecularly distinguishable compartment® dblation of the telencephalic roof
plate via the expression of diphtheria toxin A suibunder the control of thgdf7-locus in
mouse caused the reductionof2 expression and a decrease in cortical size, stuptlvat

the roof plate is required to signal to the latéedéncephalon for its proper development
(Monuki et al., 2001). The telencephalic midlingims as a narrow medial roof plate
domain located at the dorsal midline, but lateaginates forming three distinct regions
(Monuki et al., 2001; Shinozaki et al., 2004). Fromost lateral to most medial these are the
cortical hem, the choroid plexus epithelium andrthaf plate epithelium (Shinozaki et al.,
2004). These three domains express a range ofllsignmolecules belonging to the Wnt
and Bmp family (Furuta et al., 1997; Lee et alQ@®, Shinozaki et al., 2004), however a
boundary-localised organiser domain equivalenhégtlf7-positive roof plate boundary of
the chick hindbrain might be resident at the irteefbetween the cortical hem and the
choroid plexus domain. Whether such a boundarnyikezhsignalling centre exists within
the telencephalic roof plate has not been congidatthough more recently focus has been
placed on how the hem and the choroid plexus dpithdbecome established as separate
domains that arise from the same primordium, anvd the position of the border between
these two domains is established (Currle et a052¥oshida et al., 2006; Louvi et al., 2007;
Subramanian and Tole, 2009).

Boundary-localised organisers employ certain keghaaisms for their maintenance. Many
have been demonstrated to show lineage restriatibith may be important in maintaining
the organiser domain as a sharp, straight lines@fret al., 1990; Irvine and Rauskolb, 2001;
Larsen et al., 2001; Zervas et al., 2004; Langenbed Brand, 2005; Jimenez-Guri et al.,
2010). Other mechanisms that are also widely enggldg maintain neural boundary-
localised organisers include Notch signalling astbe boundary and the use of Hes

transcription factors, which will be discussed belo

5.2.1Activated Notch signalling

Activation of Notch signalling has been shown tdarbportant for the formation and
maintenance of a number of developmental boundargtised organisers, not just within
the developing vertebrate CNS. The classic exaoijtleis is the Drosophila wing where a
stripe of Notch activation is required for the fa@tmon or maintenance of the dorsoventral
boundary of the wing imaginal disc (Rulifson an@iBl1995). Thenotchreceptor itself
shows widespread expression within the wing imdgiisz (Fehon et al., 1991), but a stripe
of Notch activation at the border is brought abdmuthe localised expression of the Notch

ligands,deltaandserrate and the modulator of Notch signallirfgnge. delta expressed
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mainly in the ventral compartment, activates Ndatiginalling in dorsal boundary cells while
serrate which is only expressed in the dorsal compartirettvates Notch signalling in
ventral boundary cells (Diaz-Benjumea and Cohef519oherty et al., 1996). This
activation of Notch signalling is restricted to th@soventral boundary by the action of
fringe, which is also expressed in the dorsal compart@edtmodulates the signalling
efficiency of the Notch receptor causing the calemomous inhibition of Serrate — Notch
signalling, but potentiation of Delta-Notch sigiradj (Figure 5-1 A) (Fleming et al., 1997;
Panin et al., 1997).

Strikingly similar situations have also been ddsedlifor the midbrain-hindbrain boundary
(MHB) in the chick and the zebrafish rhombomerenuaries. At the chick MHBerratel
and activated Notch signalling are necessary afiitisnt to determine the positioning of
formation of the midbrain — hindbrain boundaryaasessed by its nascent signalling
molecules\wntlandfgf8) (Tossell et al., 2011kerratelis expressed both anterior and
posterior to the MHB, although it is excluded frdme isthmic constriction itself and
rhombomere 1lfng (a homologue of Drosophifange) is expressed in the same domain as
serrateland is also sufficient to re-define the positiéMitB formation (Tossell et al.,
2011). The expression deltaldiffers from that okerratelin that it is upregulated
posterior to the MHB in rhombomere 1, althoughsjiecific role in MHB formation has not

yet been investigated (Figure 5-1 B) (Tossell et24]111).

Delta- Notch signalling is required for the mairdane of the zebrafish rhombomere
boundaries, as assessed by the expression of sdrgaundary-marker genes, including the
signalling moleculevntl (Cheng et al., 2004; Riley et al., 2004hg (another homolog of
Drosophilafringe) is expressed by rhombomere boundary cells aretjisired forwntl
expression in the boundary cells (Cheng et al.4p0lhe zebrafiskeltahomologsdeltaA
deltaBanddeltaD are expressed in transverse stripes flanking rloomaipe boundaries and
thus mediate the activation of Notch signallingh&t rhombomere boundaries (Cheng et al.,
2004; Riley et al., 2004). Thus the actionfoly in zebrafish may differ from the action of
fringe andlfng in Drosophila and chick respectively, as it shaasplementary rather than
coincident expression with the expression of Ndigdinds. Thereforefng may act to
potentiate Delta-mediated Notch signalling, rathan act to restrict the domain of Notch

activation to boundaries (Figure 5-1 C).

The floor plate is an organiser present at theraéntidline of the developing CNS.
Although it does not strictly fit into the bounddoncalised organiser model as it is a
boundary between molecularly indistinguishable cartipents, it is another example of an

organiser that requires Notch signalling for itamenance (Bingham et al., 2003; le Roux et
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al., 2003). Loss of Notch signalling resulted itopéc neurogenesis of the floor plate in both
zebrafish and chick (Bingham et al., 2003; le Reual., 2003).

In this thesis | determined théltalexpression in the roof plate epithelium can conresf
plate epithelium cells to a roof plate boundary fak, as determined by the expression of
gdf7, chairy2and elevatedyp26Clexpression. This is likely to reflect anvivo

mechanism of maintenance of the roof plate boundéerebydeltal, expressed in the
hindbrain neuroepithelium, signals viatch2 expressed in the roof plate, to activate notch
signalling and maintain the identity of the roodig boundary-organiser (Figure 5-1 D). In
similarity with the dorsoventral boundary of theoBophila wing imaginal disc and the
midbrain-hindbrain boundary of the chick, Notchiwation is sufficient to re-specify
compartment cells as boundary cells (Kim et al95t®Doherty et al., 1996; Fleming et al.,
1997; Tossell et al., 2011). Interestingly, thisdd the case for zebrafish rhombomere
boundaries. Notch activation was not sufficientespecify rhombomere compartment cells
as rhombomere boundary cells implying that otheclrarisms might be involved in their
formation (Cheng et al., 2004). One difference leetwthe above examples and the chick
roof plate boundary is that, for the above examphesNotch ligands are expressed on both
sides of the boundary, activating Notch signaliimpoundary cells immediately adjacent to
the boundary (Doherty et al., 1996; Cheng et 8042 Tossell et al., 2011). In contrast,
signalling to inducegdf7-expression appears to be unidirectional as trembimation of

roof plate epithelium and hindbrain neuroepithelionty inducegydf7 expression in roof
plate epithelium-derived cells. Further, the Ndighnds,deltalandserratelwere only
expressed on the neuroepithelial side of the rat&goundary, although the expression of

other Notch ligands such asrrate2has not yet been assessed (Figure 5-1).

In Drosophila a boundary betwegmge-expressing and non-expressing cells positions the
dorsoventral boundary of the wing imaginal diseifle and Wieschaus, 1994). In chick,
boundaries betwedfng-expressing and non-expressing cells regulateatmedtion of the

ZL1 and the MHB, and boundaries betwe&rg-expressing and non-expressing cells
regulate the formation of the apical ectodermajeidf the limb bud (Laufer et al., 1997;
Rodriguez-Esteban et al., 1997; Zeltser et al. 1208tudies in this thesis show that the roof
plate boundary is also located at the boundary dtiing-expressing and non-expressing
cells. Whethetfng plays a role in the restriction of Notch activatio thegdf7-domain, as
fringe does in Drosophila (Panin et al., 1997), remaornset determined. In Drosophila,
fringe has been shown to potentiate Delta — Notch sigigalvhile inhibiting Serrate —

Notch signalling, however in chick somitogenesifsid.inhibits Delta — Notch signalling
(Dale et al., 2003). Thus the rolefdhge and its homologues is species dependent. Its

action in vertebrates is also context-dependent, s been shown that Lfng has different
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Figure 5-1 Schematic diagrams of Notch activationteboundary-localised

organisers
(A) and (B) modified from (Tossell et al., 2011).

(A) Notch is activated (N*) at the dorsoventral hdary of the Drosophila wing
imaginal disc by the concerted actions of Seri@tg)(and Delta (DI). Ser activates
Notch in ventral boundary cells and DI activatedsdidn dorsal boundary cells. Frin
(Fng) is only expressed in the dorsal compartmedtrastricts Notch activation to the
boundary by inhibiting activation of Notch by Sert lpotentiating the activation of
Notch by DI. Notch activation induces Wingless (Végpression. Wg patterns the w

primordium. D, dorsal; V, ventral.

(B) Model of signalling at the chick midbrain-hindin boundary (MHB). Serratel
(Serl) and Lfng are expressed abutting the ant@kijoborder of the MHB. Serl is
proposed to activate Notch signalling (N*) at thelB] which is sufficient to induce
Whntl expression and re-position Fgf8 expressioftalgDI1) is expressed posterior
(P) to the MHB so may contribute to the positionaighe stripe of Notch activation.

(C) At zebrafish rhrombomere boundaries, DeltaA t&kland DeltaD (DIA/ B/ D) are
expressed adjacent to the boundaries. Delta-Nagolalting is required to activate
Notch (N*) at boundaries and maintain expressioRfoig and Wntl. Rfng is als
required for boundary maintenance. Wnt signalsegeired to organise neurogenesis

within rhombomeres.

(D) Model of chick hindbrain roof plate boundaryintanance. Deltal (DI1) is
expressed in the hindbrain neuroepithelium (HbMe) signals to the roof plate to
activate Notch (N*) at the roof plate boundary amaintaingdf7 and high-level
cyp26Clandchairy2 expression. Serratel and Lfng are also expreastbe iHbNe but
their roles have not yet been determined. cHaigyZtion is required to maintain the
roof plate boundary. The roof plate boundary sigtalthe HbNe and the RPE.
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effects depending on which Notch receptor Deltal Jaggedl (the mouse homolog of
Serratel) are signalling through in mouse (Hickal.e2000). Therefore the specific role of
Lfng at the chick roof plate boundary must be itigeded in terms of its effects on Delta
and Serrate signalling through the Notch2 receptor.

Studies of the chick hindbrain roof plate boundamsrefore provide further evidence that
activated Notch signalling is a highly conservedchanism involved in the formation or
maintenance of boundary-localised organisers wigithelia. It will be interesting to see if
it is also involved in the formation or maintenaé®ther potential boundary-localised

organisers, such as the telencephalic cortical-hehoroid plexus epithelium boundary.

5.2.2Hes transcription factors

The Hes family of transcription factors has beemwshto be important for the formation or
maintenance of neural organisers in mouse andirafish. Baek et al. (2006) showed that
in hes1;hes3;hesBiple-null mice the midbrain-hindbrain boundary,l, spinal cord roof
plate and floor plate are not formed properly, sseased by the expression of their nascent
signalling moleculeswntl, fgf8 andshh). The loss of these organisers is coincident with
ectopic neurogenesis within the organiser domailtispugh Baek et al. (2006) do not
establish whether theestranscription factors are required for the formator maintenance
of the organisers. However, Hirata et al. (200Dbwsthatheslandhes3are specifically
required for the maintenance of the midbrain-hiaitbboundary in mice, and that the loss
of this organiser also coincides with ectopic ngeresis.

In zebrafish thénairy/ enhancer of splitelated genelker5andhim have been shown to be
required for the maintenance of the MHB, preventhgexpression of proneural genes and
ectopic neurogenesis there (Geling et al., 2008n&et al., 2004; Ninkovic et al., 2005). In
similarity with the functions oheslandhes3at the mouse MHBh)im andher5are not
required for the initial specification of the MHBs determined by the expression of MHB
markers such asntl andfgf8 (Geling et al., 2003; Ninkovic et al., 2005).

In this thesis | have established that the chieklorthologueschairyl andchairy2are
upregulated at the hindbrain roof plate boundasynfE4 — E6 and that the correct level of
chairy2 expression is required for the maintenance ofttf&positive roof plate boundary-
organiser (as assessed by the loss of expressaaihdfin the adjacent neuroepithelium and
cyp26C1landttr in the adjacent roof plate epithelium) (Figure Bl chairyl may also play

a role in the maintenance of this boundary, althdtgyexpression was not induced in the
roof plate epithelium at an experimental hindbraiof plate epithelium — neuroepithelium
boundary, so its role was not investigated. In afin, the overexpression bér5is not

sufficient to expand the MHB domain (Geling et 2D03). Similarly, the overexpression of
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chairy2across the roof plate epithelium — hindbrain nepitbelium boundary did not
expand thgdf7-positive domain, implying that it is not sufficieto induce ectopigdf7-
positive roof plate boundary cells. This is in gast with the result of overexpression of
heslin the mouse telencephalon, which results in redueurogenesis and cell
proliferation, characteristic properties of boundicalised organisers (Baek et al., 2006).
However Baek et al. (2006) did not demonstratectmplete conversion of compartment
cells to boundary cells by the expression of bomndall markers. Therefore it is likely that
hesgenes do not drive the initial formation of boundlarcalised organisers but instead are

only required for their maintenance.

The above studies show that the loshedgenes at boundaries coincides with ectopic
expression of neighbouring neurogenic genes witbimdary regions (Geling et al., 2003;
Geling et al., 2004; Ninkovic et al., 2005; Baelakt 2006). The ectopic expression of the
proneural geneathlwas never observed in tgdf7-domain following perturbation of
cHairy2 function, therefore ectopic neurogenesimisthe cause of the loss of this organiser.
Instead, the downregulation gdlf7is likely to be due, at least in part, to cell the@n
explanation for the disparity between previous igsidnd this study may be that in previous
studies, Hes activity was removed from the outsbgreas here Hes function was perturbed
after boundary formation. Early Hes activity duringundary formation or immediately
afterwards may thus be required to prevent ectopicogenesis within the boundary,
whereas later Hes activity may be required to naaintells in an organiser-like state and

prevent their ectopic cell death.

Hes genes are well known downstream effectors ¢fiNsignalling (Ohtsuka et al., 1999;
Kageyama et al., 2007), however the inhibition mhgural gene expression at the MHB by
her5in zebrafish has been shown to be Notch-indepear(@iing et al., 2004). Here |
demonstrate thathairy2is induced by activated Notch signalling in thefrplate

epithelium, and is therefore likely to be requitemivnstream of Notch signalling for the
maintenance of thgdf7-positive roof plate boundary. This suggests thatrequirement for
hesgenes for the formation or maintenance of the KAHB and spinal cord roof plate and
floor plate in the mouse, described by Baek ef28l06), might also be downstream of Notch
signalling. It will be interesting to see if otheoundary-localised organisers such as the
zebrafish rhombomere boundaries that have beenrstorequire Notch signalling for their
maintenance (Cheng et al., 2004, Riley et al., 2@8b require downstreahes

transcription factors.

In this thesis | also documented hohairy2shows upregulated expression at the floor plate

boundaries from E4 — EG6 in chick. This raises thgsibility that the organiser properties of
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the floor plate are also localised to its boundaaied therefore the floor plate might fit with
the boundary-localisation model for organisers wranganisers are localised at boundaries
between molecularly-distinguishable compartmemdeéd Notch signalling has already
been shown to be required for the maintenanceeofidlor plate in chick and in zebrafish
(Bingham et al., 2003; le Roux et al., 2003), hosvevhether this represents an interaction
between a medial floor plate domain and the neuttoelpum adjacent to the floor plate, or
whether it represents signalling from the ventealnoepithelial to the entire floor plate

remains to be determined.

5.2.3Tissue interactions — other signalling pathways?

Tissue interactions between compartment tissues hesn shown to induce the formation
of boundaries at their interface, such as the rlwondve boundaries, the ZLI and the MHB
(Guthrie and Lumsden, 1991; Heyman et al., 199%ndrand Mason, 1999; Guinazu et al.,
2007). Activated Notch signalling has been showbegapstream of the positioning of the
MHB in ovoin chick and it has been suggested that Notchaigg might also mediate the
formation of the ZLI at the interface between the-fhalamus and the thalamus, due to the
requirement for the Notch signalling modulalfog (Zeltser et al., 2001; Tossell et al.,
2011). Indeed the Notch ligandieltalandserratelare expressed abutting the prospective
ZLI territory, however a role for Delta- Notch oerBate-Notch interactions in the formation
of the ZLI has not been formally tested (Zeltsealet2001). However, in the Drosophila
wing imaginal disc it has been shown tfraige can influence dorsoventral
compartmentalisation of cells in an environmentaristitutively active Notch signalling
(Rauskolb et al., 1999). Therefdrenge and its homologues may also be involved in Notch-
independent pathways to influence boundary formatio

Notch signalling is required for the maintenancehaimbomere boundaries in zebrafish but
is not sufficient to induce their formation (Chegtgal., 2004; Riley et al., 2004). Instead,
interactions between Eph receptors and ephrindigiamwhich are expressed in a
complementary pattern in odd and even-numbered bbamares (Xu and Wilkinson, 1997),
have been shown to mediate the cell sorting thairsdetween odd and even-numbered
rhombomeres (Guthrie et al., 1993; Wizenmann arddden, 1997; Mellitzer et al., 1999;
Xu et al., 1999), and the loss or disruption of Efffiunction results in a disruption of
rhombomere boundaries (Xu et al., 1995; Cooke.eP@05). These studies indicate that a
signalling pathway other than the Notch signalliaghway is involved in the formation of
this boundary-organiser, although Eph-ephrin sigrgahas not yet been shown to be

sufficient to induce boundary formation.
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In my studies of the regeneration of the roof ptatandary-organiser at the interface
between hindbrain roof plate epithelium and neuitbepum, it was seen thadf7

expression could be induced by an interaction betvtke roof plate epithelium and any part
of the hindbrain neuroepithelium, along the dorsirad axis, including the floor plate.
Ligand-driven Notch signalling robustly inducgdf7 in the roof plate epithelium, however
neitherdeltalnor serratelare expressed by the floor plate at these stalgess(udy and

Myat et al. (1996)). This implies that either otiNaitch ligands such aerrate2are

expressed in the floor plate, or a signalling pahwther than the Notch signalling pathway,
such as the Eph-ephrin pathway, is also involvetiéninduction and maintenance of the
gdf7-positive organiser. It will be interesting to skthis is indeed the case.

5.2.4Lineage restriction

As mentioned above, the ZLI, MHB and rhombomerenawies have all been shown to
demonstrate lineage restriction (Fraser et al.0189ine and Rauskolb, 2001; Larsen et al.,
2001; Zervas et al., 2004; Langenberg and Bran@b 2limenez-Guri et al., 2010). At the
roof plate — rhombic lip interface, genetic fatepm@n mouse demonstrate thaatht

positive progenitors only ever give rise to neuravisile gdf7-positive progenitors only
contribute to the roof plate and choroid plexughegium (Landsberg et al., 2005; Machold
and Fishell, 2005; Wang et al., 2005; Hunter anthBgki, 2007). Therefore a molecular
lineage restriction boundary exists at this integfaHowever, whetherraathtnegative,
gdf7-negative progenitor cell with the potential togiise to either neurons or roof plate
exists at this interface has not yet been testeideBce for this idea comes from evidence of
fate switches between the two lineages whexlaor mathlis lost. Lmxla is expressed
predominantly in the hindbrain roof plate epithediand roof plate boundary, but is also
expressed in the rhombic lip in both Math1-positwel -negative cells (Chizhikov et al.,
2010). Inlmx1a-/- mice there is a loss of choroid plexus epitieells and a compensatory
ectopic contribution of roof plate cells (cells ided fromgdf7-positive progenitors) to the
deep cerebellar nuclei, which normally derive friivea Math1-positive rhombic lip

(Machold and Fishell, 2005; Wang et al., 2005; Gikiav et al., 2010). Conversely, in
mathlnull mice, cells that have lost functional Matltiapically contribute to the choroid
plexus epithelium (Rose et al., 2009a). These teshbw that cells exist at the roof plate —
rhombic lip interface that have the potential tedimae both choroid plexus epithelium or
rhombic lip- derived neurons, implying that thesend physical lineage restriction at the roof
plate — rhombic lip interface. Single-cell labefjiexperiments will enable the investigation
of whether a single progenitor gives rise to nesramd non-neuronal roof plate/ choroid

plexus epithelium in the wild-type situation.
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In parallel with the above, a fate switch betweeural and non-neuronal cells at the dorsal
telencephalic midline has been shown to be regililayéesgenes. At the telencephalic
dorsal midline the cortical hem, which gives rigglajal-Retzius neurons, is situated
adjacent to the non-neuronal choroid plexus epithre(Takiguchi-Hayashi et al., 2004;
Yoshida et al., 2006; Imayoshi et al., 2008) Inenvherehesl hes3andhesbare

inactivated in the dorsal telencephalon therelasa of choroid plexus epithelium and a
compensatory increase in Cajal-Retzius cell foromefimayoshi et al., 2008). This implies
that the telencephalic choroid plexus epitheliunorical hem boundary is also not a strict
lineage restriction boundary. Therefore both thelbrain and telencephalic roof plate —
neuroepithelium boundaries are likely to be maimgdiby genetic mechanisms rather than

physical boundaries to cells mixing.

5.2.5Ro0f plate organiser formation

My studies show that tissue interactions, Notchaligng and Hes transcription factors are
involved in the maintenance of an establisgdtV-positive organiser in the hindbrain. This
leads to a number of questions about howgtif&positive boundary is established in the

first place.

Notch signalling has been shown to be upstrearheofdrmation of the MHB in chick,
marked by the expression fgff8, wntl andfgf3 (Tossell et al., 2011). The expression of
deltalin the roof plate epithelium is sufficient to ircduroof plate boundary marker
expression at EB ova Therefore it would be interesting to see if Nosgdmalling is

required for the initial formation of thgdf7-positive roof plate boundary that is established
at E3. As mentioned above, the overexpressiarhaiiy2 at the roof plate epithelium —
hindbrain neuroepithelium boundary was not suffiti® induce an expansion of the roof
plate boundary domain at E5, therefore it is likblgtchairy2is not involved in the initial
formation of the boundary but is involved in theimt@nance of the roof plate boundary after

its formation.

The hindbrain roof plate epithelium could represanexpanded version of thdf7-

negative domain present at the midline of the $mioad roof plate, but this raises the
question of how thigdf7-negative domain is specified. One could hypotleetfiat thiggdf7-
negative domain represents a piece of non-neut@diecn inserted at the dorsal midline of
the neural tube upon neurulation (similar to theppsed insertion of organiser/ node-
derived mesendoderm into the neural plate to fowaflbor plate (Le Douarin and Halpern,
2000)). Perhaps markers of epidermal ectoderm dmeilgsed to assess any contribution of
this tissue to the neural tube upon neurulatiois. ithportant to note that in zebrafish and
regions of the posterior spinal cord, neural tudyenfition occurs via cavitation of a solid rod
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of tissue (Lowery and Sive, 2004). Therefore medms other than the one proposed above

must come into play to specify a midline roof pldtemain in these regions.

5.2.6Beyond the CNS — a generalised model for organisérs

The striking conservation of the use of tissueraxtgons, Notch signalling and Hes
transcription factors for the maintenance of ndy ereural organisers, but other epithelial
organisers such as the apical ectodermal ridgeeofeértebrate limb bud or the dorsoventral
boundary of the Drosophila wing imaginal disc raitiee possibility that this set of
mechanisms represents a conserved cassette thdthmigmployed by other localised
organisers in embryonic development. Perhaps etiretary organisers are localised to
boundaries between molecularly distinguishable anpents of tissue as this reflects their

requirement for tissue interactions between adjaoempartments for their maintenance.

In striking homology with the hindbrain roof pldieundarygdf5/6/7are expressed at sites
of joint formation in the developing mammalian skeh (Storm and Kingsley, 1996;
Francis-West et al., 1999; Settle et al., 2003)raathlexpression marks epiphyseal
chondrocytes that are located adjacent to joietrzanes and are destined to become
articular chondrocytes (Ben-Arie et al., 2000; Reicét al., 2000)gdf5is the most
extensively expressed member of ¢fud5/6/7group, being expressed in every developing
joint of the limbs of mouse embryos, and is theretbe best studied (Storm and Kingsley,
1996). The overexpression of Gdf5 causes cartitagirovergrowth and inhibits joint
formation in the developing chick and mouse linfbsfcis-West et al., 1999; Merino et al.,
1999; Storm and Kingsley, 1999). The effect of Gaifbcartilaginous growth is thought to
occur via both recruitment of mesenchymal celltochondrocyte lineage at early stages
and stimulation of epiphyseal chondrocyte prolifieraand accelerated differentiation at
later stages (Francis-West et al., 1999; Tsumaki.£1999). Conversely, loss gdf5 caused
a reduction in cartilage markers, but a spreadfrjgiot markers in the digit region of mice,
reminiscent of the reported rolewhtlin the restriction of boundary-marker expressibn a

the zebrafish rhombomere boundaries (Storm and$eng1999; Amoyel et al., 2005).

In Drosophila, as in the dorsoventral boundaryhefwing imaginal disc, activated Notch
signalling demarcates boundaries between futuredgments (de Celis et al., 1998).
Activated Notch signalling is further necessary auofficient for the formation of joints
between leg segments (de Celis et al., 1998). @dgedf joints by the clonal inhibition of
Notch signalling was autonomous, however therealssa non-autonomous effect on the
growth of leg segments. Therefore, analogous taithation in the Drosophila wing, the
formation of leg segment boundaries was requiredirgrt the growth of the adjacent leg
segments (Diaz-Benjumea and Cohen, 1995; Kim e12®5; de Celis and Bray, 1997). In
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contrast however, Delta and Serrate do not actNateh signalling from either side of the
boundary. Rather Notch signalling activation ismasyetric with Delta and Serrate expressed
in a stripes of cells adjacent and proximal torthg of cells showing activated Notch
signalling (Diaz-Benjumea and Cohen, 1995; Dohettgl., 1996; de Celis et al., 1998;
Bishop et al., 1999). These ligands are requiresbmposite for correct leg segmentation
(Parody and Muskavitch, 1993; de Celis et al., 1888hop et al., 1999).

Notch receptors and ligands show restricted don@iegpression in developing joint
regions of the avian limb (Williams et al., 200Bpwever, despite its conserved role in
specifying boundary cells and its role in segméoadf Drosophila legs, the role of
activated Notch signalling in the segmentationertebrate skeletal elements has not yet
been investigated. Given my findings that Delta-iaedl activation of Notch signalling lies
upstream ofydf7 expression at the hindbrain roof plate boundargha¢k embryos, it would
be interesting to see if Notch signalling is invexvin the localisation of expression of
gdfb/6/7at future skeletal joint locations in chick andceiAnalogous to the situation in the
hindbrain, these domains gif5/6/7expression might then signal to adjacsathl
expressing epiphyseal chondrocytes to direct fireiiferation or differentiation.

5.3 Choroid plexus development

The choroid plexuses are a series of interfacéddha at the roof of the lateral, third and
fourth ventricles of the vertebrate brain, formpagt of the blood-brain barrier
(Dziegielewska et al., 2001). They are respondiii¢he secretion of cerebrospinal fluid
(CSF) and thus the regulation of the internal emviment of the brain during embryogenesis
and in the adult (Redzic et al., 2005). Despitér tvial function little is currently known
about how the development of the choroid plexusesordinated.

5.3.1Choroid plexus epithelium development

The choroid plexus is comprised of two componethis;choroid plexus epithelium and the
heavily vascularised choroidal stroma. The chopdéckus epithelium of the fourth ventricle
mouse choroid plexus has been shown to derive wmdafstiot completely frongdf7-positive
progenitors (Currle et al., 2005; Landsberg et28105; Hunter and Dymecki, 2007). Mitotic
events in the choroid plexus epithelium are rameug@sen, 1964; Sturrock, 1979; Hunter and
Dymecki, 2007), therefore choroid plexus epithelicslis are likely to differentiate directly
from roof plate epithelium cells, which in turn aterived from progenitors situated at the
wntl-positive,gdf7-positive roof plate boundary (Awatramani et a003; Currle et al.,

2005; Landsberg et al., 2005; Hunter and Dymed@,72. However, from E12.5 throughout

the rest of development in mice, a lateral roofg@ogenitor domain, which includes the
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roof plate boundary, can give rise to choroid piegpithelium directly (Hunter and
Dymecki, 2007; Huang et al., 2009). Whether thdifarative domain also includes an
equivalent of the lateralr-negative cyp26C1positive domain of E4 chick embryos,
remains to be determined. In the telencephadfypositive progenitors only give rise to
the anterior portion of the choroid plexus epitheelj however the posterior portion requires
non-autonomous signals from the anterior portiaritfoformation (Currle et al., 2005). This
highlights a non-autonomous patterning mechanigmired for the formation of choroid

plexus epithelium.

Other than the above lineage studies, little wak heen done to identify the mechanisms
that induce choroid plexus differentiation from rptate epithelium. It has been suggested
that insulin-like growth factor I, which is expsesd in the overlying mesenchyme prior to
and during choroid plexus morphogenesis, might plagle (Cavallaro et al., 1993).
However, Wilting and Christ (1989) showed that phespective telencephalic choroidal
stroma of chick embryos could not induce the défeiation of choroid plexus epithelium
from grafted non-choroid plexus-forming dorsal repithelium of quail embryos. In
contrast, prospective choroid plexus epitheliunmfiquail embryos both differentiated into
choroid plexus epithelium and induced the diffeiggiin of choroid plexus-typical
capillaries from non-choroid plexus-forming mesgmob. These experiments highlighted
the early specification of choroid plexus epithiatiglls (at E2 — 3) and the inability of
choroidal stroma to induce the differentiation béoid plexus epithelium. Studies in mice
have also shown that the choroid plexus epithelgiapecified this early (at E8.5, equivalent
to E2 in chick) (Thomas and Dziadek, 1993). Theésdiss, together with the results of the
lineage studies in mice that show that most, ifalptof the hindbrain choroid plexus
epithelium is derived frorgdf7-positive progenitors, might lead one to concluus all
progeny ofgdf7-expressing cells are fated to give rise to chopbéstus epithelium and do
not require inductive signals. However, in the neotedencephalon this is not the case
(Currle et al., 2005), and in this thesis | havendestrated that inductive signals from the

roof plate boundary are required for hindbrain dimbplexus epithelium development.

In my studies | found that signals from the roadtplboundaries of the fourth ventricle are
required for the non-autonomous induction or maiatee of choroid plexus epithelium
differentiation (Figure 4-18). The expansion of tbef plate boundary via activation of
Notch signalling in the roof plate epithelium didtmon-autonomously alter the pattern of
choroid plexus epithelium differentiation, therefdrhave not demonstrated that the roof
plate boundary is sufficient to induce differeribatof the choroid plexus epithelium.
Embryos were manipulated at E3 and incubated EBtiIChoroid plexus epithelium

differentiation begins at E4, however the aboveimaations first required the induction of

-172 -



roof plate boundary bgieltalmediated Notch activation in the roof plate edithm, and a
subsequent effect of this induced boundary on adfamof plate epithelial cells. Therefore
manipulations at E3 may have been too late to hayenductive effects on choroid plexus
epithelium differentiation. Perhaps earlier mangpigins or assessment of embryos at a later
time point would show that choroid plexus epithatills are induced by an expanded roof

plate boundary.

Although no induction of choroid plexus epithekalls by an ectopic roof plate boundary
was seen, a loss of choroid plexus epithelial @gjacent to an expanded roof plate
boundary domain was seen, within the domain of Nattivation. This could be a result of
Notch activation in the roof plate epithelium difgcausing downregulation afr
expression, although this is unlikely as the exgpoesof the constitutively active Notch1-
intracellular domain (ICD) under the control of g7 locus in mouse causes a massive
expansion oftr-positive choroid plexus epithelium (Hunter and gki, 2007). Instead a
different model is favoured whereby signals from #xpanded roof plate boundary signal to
the immediately adjacent roof plate epitheliumrtoibit ttr expression (Figure 4-18). -
negative butyp26Cztpositive domain adjacent to the roof plate boupdsists in the E4
wild-type chick embryo. What might be the functimithis lateraktr-negative domain? In
mouse embryos, a proliferativehhresponsive domain at the lateral edges of theoathor
plexus epithelium is required to contribute to ¢ginewth of the choroid plexus epithelium
from E12.5 throughout development (Huang et al0920Therefore the latertit-negative
domain in chick might represent a reserved, undiffeated pool that will be required later
to proliferate and contribute directly to choroiexus epithelium growth. Further work is
required to determine if ghhresponsive, lateral, proliferative domain does#udiexist in
chick embryos and if it is derived from thgp26CZ1positive,ttr-negative domain present at
EA4.

My finding that ligand-driven Notch signalling ihe roof plate epithelium induces roof plate
boundary fate offers new insights into the phenetyfgdf7::cre; R26::stop-notch1-ICD

mice (Hunter and Dymecki, 2007). In these micexgaaded choroid plexus epithelium was
largelyttr-positive at postnatal day 7 (P7) and at PO onf 2@ choroid plexus epithelium
cells were proliferative. Therefore the forced egsion ohotchl1-ICDin gdf7-positive
progenitors did not simply result in symmetric fieriative cell divisions. In light of my
findings one might hypothesise that expressionad¢h1-ICDinduced a roof plate boundary
fate, which is part of thehhresponsive proliferative domain that gives riséiféerentiated
choroid plexus epithelial cells through developm@hiang et al., 2009). It would be
interesting to see if the phenotypegaolf7::cre; R26::stop-notch1-ICDnice is augmented by
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activatedshhsignalling, such as by the expression of constlifiactive Smoothened, an

essential component of Hedgehog signalling (Huarad. £2009).

Whether Notch signalling is involved in the mairdape of a hindbrain roof plate boundary
that is required for the induction or maintenantehmroid plexus epithelium in other
vertebrates remains to be determined. Howeversdame from studies of zebrafish
choroid plexus development that show that glohaibition of Delta — Notch signalling
results in malformations of the fourth ventricleoobid plexus epithelium, as it exceeds its
anteroposterior and mediolateral bounds (Bill et2008; Garcia-Lecea et al., 2008).
Whether this was an autonomous or non-autonomdei®fdNotch signalling, however,
remains to be determined.

The presence of an organiser at the boundary betweeé plate epithelium and
neuroepithelium at the hindbrain that is requiredchoroid plexus epithelium development
raises the possibility that an equivalent boundaganiser also exists at other axial regions
where choroid plexus develops; at the telenceplalitdiencephalic roof plates. Support for
an organiser in the cortical hem that directs #netbpment of the choroid plexus came
from the genetic loss of function gfi3 in theextra-toesnouse mutangli3 encodes a
transcriptional regulator afint gene expression and is expressed in the cortical
neuroepithelium including the cortical hem, but thet developing choroid plexus
epithelium (Grove et al., 1998). éxtra-toesmice the cortical hem expressionvaiit2h

wnt3a andwnt5awas lost and the choroid plexus epithelium, asssesl bytr expression

did not form. This suggested a non-autonomousabtertical-hem derivesntsfor the
specification of the choroid plexus epithelium. Haer cortical hem progenitors contribute
to the choroid plexus epithelium, implying thatdag gli3 function could have had an
autonomous effect on choroid plexus epithelial diferentiation (Yoshida et al., 2006;
Louvi et al., 2007). Focal electroporation, asisgill in my studies of the hindbrain roof plate
boundary-organiser, would help to determine if alting molecules from the cortical hem
are required non-autonomously to direct the diffgetion of telencephalic choroid plexus

epithelial cells.

5.3.2Candidates for the signals derived from the roof @te boundary

What are the molecular signals derived from thé ptate boundary that signal to the roof
plate epithelium to induce or maintain choroid pieepithelium differentiation? One
candidate group of signalling molecules are the Biffpals, including Gdf7 itself, as BMP
signalling is known to be specifically required the development of the telencephalic
choroid plexus epithelium (Hebert et al., 2002)wdwer, in some embryos where
chairy24WRPWor full lengthchairy2was overexpressed at the rhombic lip — roof plate
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boundary{tr expression was lost non-autonomously but therenwasutonomous
downregulation ofdf7 expression. This suggests that the expressioigiwdls other than
Gdf7 were perturbed by the overexpression of @rilgth or truncatedhairy2, and that these
signals are required foir expression in the roof plate epithelium.

Another good candidate molecule is Wntl as it isexpressed in the roof plate epithelium
but is expressed highly in the roof plate bounddryoth mouse and chick (Landsberg et al.,
2005). Wntp-catenin signalling has been shown to be nece$satlye dorsoventral
patterning of the chick spinal cord (Alvarez-Medgtaal., 2008). However, a WAttatenin-
responsive reporter mouse and the expressianio®, a Wnt/p-catenin signalling target
gene, show that the E12.5 and E14.5 choroid plegiteelium is not responsive to W/
catenin signalling (Selvadurai and Mason, 2011hoaigh these ages are after the initial
differentiation of choroid plexus epithelium sogbhaesults do not preclude an earlier role

for Wnt/B-catenin signalling in induction of choroid plexgggithelium differentiation.

Lastly, retinoic acid is another good candidateeuole axyp26C1expressed in the roof
plate epithelium and choroid plexus epithelium,celes a retinoic acid catabolising enzyme
whose expression in the neuroepithelium is depermtenetinoic acid signalling (Reijntjes
et al., 2004). Additionally the cytochrome p45Q0meic acid-synthesising enzymeyplbl
shows localised expression at the roof plate bayrataES (Wilson et al., 2007), although it
and another retinoic acid synthesising enzymalelh2, are also expressed in the
mesenchyme overlying the roof plate so retinoid agynals may not specifically derive
from the roof plate boundary. Retinoic acid is dedi from vitamin A and vitamin A-
deficiency studies in mice show that a lack ofrreitt acid results in hydrocephalus and
poorly developed choroid plexuses, further suppgré role for retinoic acid in choroid

plexus development (see discussion in Ruberte €1293)).

5.3.3Choroidal blood vessel development

As mentioned above, the prospective telencephbbeoid plexus epithelium can induce the
differentiation of organ-typical capillaries fromet body-wall mesenchyme of chick
embryos (Wilting and Christ, 1989). The naturehi$ signal has not yet been identified,
however in mice it has been shown thlalhexpressed in the choroid plexus epithelium is
required for vascular outgrowth in the hindbraiomhd plexus (Nielsen and Dymecki,
2010). Howeveshhwas not required for the correct specificatiomfan-typical
fenestrated capillaries. Therefore the mechanisspetification of hindbrain choroid plexus

blood vessel development remains elusive.

A microarray study to compare genes expresseceabtsf plate boundary/ rhombic lip
domain in comparison with more ventral neuroepitimlin E4 and E6 chick hindbrains
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indicates that a number of pro- and anti-angiogéattors are expressed at the roof plate
boundary/ rhombic lip at these time points (WilsGhambers and Wingate, unpublished). It
will be interesting to determine whether pro- ant-angiogenic factors from the roof plate
boundary are involved in the induction or pattegniri choroid plexus blood vessel

development.

5.3.4Role of the roof plate boundary-organiser and theritegrated coordination

of choroid plexus and neural development

Aside from its role in the physical protection bétdeveloping brain, CSF produced by the
choroid plexuses has a number of distinct rolgaéncoordination of neural development
(Redzic et al., 2005). The embryonic and postmatahmalian fourth ventricle choroid
plexus expresses high levels of the retinoic agidresising enzyme Raldh2, and retinoic
acid secreted by the fourth ventricle choroid ptelas been shown to induce neurite
outgrowth of cerebellar explant cultures (Yamaneital., 1996). This effect was age-
dependent and correlated with choroid plexus Radti®ity at different ages. Further,
excess retinoic acid has been shown to have piatiertbgenic effects on the development of
the cerebellum, supporting a role for choroid ptegerived retinoic acid in the coordination
of cerebellum development (McCaffery et al., 2008pre recently it has been shown that,
Shh present in the CSF, most likely secreted byihabrain choroid plexus epithelium,
regulates proliferation of cerebellar radial gtalls and production of GABAergic neuronal
progenitors (Huang et al., 2010). Therefore CSkvddrretinoic acid and Shh have distinct
roles in the development of the cerebellum, witinaéc acid secretion highlighting the role

of a dynamically regulated signal present in thé&CS

Recently it has been shown that Igf2 present irG8E, the source of which is most likely to
be telencephalic choroid plexus, stimulates théfpration of cerebral cortical progenitor
cells in mice (Lehtinen et al., 2011). The stimoigteffect of CSF on cerebral cortical
progenitor cell proliferation and survival was atgpendent and closely mimicked the
temporal profile of CSF Igf2 concentration. Furthgegnetic loss ofgf2 or its receptotgflr
significantly reduced CSF-stimulated cortical proiger cell proliferation with genetic loss

of Igf2 resulting in mice with smaller brains. These rissdemonstrated the importance of
CSF-borne Igf2 for the stimulation of cortical pewdtor cell proliferation, but did not rule
out a role for other CSF-borne growth factors. Bdlthe authors of this study identified that
the CSF contained Wnt, Bmp and retinoic acid sigrmatapacity, which varied depending
on the age of CSF sampled. Furthermore, a numbggoélling molecules of the TGF-
superfamily, which includes proteins of the Bmp ilgnthe FGF family and retinoic acid

synthesising enzymes are expressed by the chdedspduring development (Redzic et al.,
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2005; Lehtinen et al., 2011). Future work will detee if these signalling molecules have
any function in coordinating neuroepithelial caibiiferation, differentiation or survival
either via a CSF route or via a paracrine routeftbe choroid plexus to the adjacent dorsal

neuroepithelium.

In the forebrain, choroid plexus-expressed Slitthggight to contribute to the orientation of
migration of cerebral cortical neurons and olfagioterneuron precursors via

chemorepulsion (Hu, 1999; Nguyen-Ba-Charvet e8l04). This raises the possibility that
the fourth ventricle choroid plexus might also bealved in axon guidance during neuronal

network formation, although this has not yet bewmnsh.

The above demonstrates that choroid plexus-defa@drs have multiple roles in the
dynamic coordination of neuroepithelial cell prefition, survival and differentiation, and
may also have a role in directing neuronal patbifig. Therefore it is imperative that the
timing of development of neuroepithelium and therdnd plexus is well-coordinated. One
method to achieve this coordination of developnetiie use of a single organiser or signal
source to direct the development of both tissumsiléaneously. The coordinated
development of two tissues by a single organisaigral is a feature of other developmental
processes, such as the stimulation of growth o€lioeoid plexus epithelium and
vasculature by choroid plexus epithelium-derigati(Nielsen and Dymecki, 2010), the
patterning of the adjacent thalamus and pre-thagdogghhfrom the ZLI (Kiecker and
Lumsden, 2004) or the patterning of the adjacenbnaiin and rhombomere 1 by the MHB
(Wassef and Joyner, 1997). The hindbrain roof gatendary-organiser, which is required
for development of both the dorsal neuroepitheland the choroid plexus epithelium, is
therefore another example of an organiser thatwithe development of two separate, but
functionally linked tissues. It will be interestihg see if shared boundary-organisers that
simultaneously coordinate the development of theoepithelium and the choroid plexus at

the lateral and third ventricles also exist.
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5.4 Conclusions

This thesis presents the argument that organisgepties of the chicken hindbrain roof
plate are localised to its boundaries. The chick pate boundary is characterisedduf7
expression, but a comparable boundary is alsoylifcekxist in mouse, being marked by high
MRNA expression ofidf7, wntlandimxla The roof plate organiser not only signals to the
hindbrain neuroepithelium, but is also involvecaiterning the development of the choroid
plexus epithelium, which is derived from the rotdtp epithelium. Thus | have established
new insights into how the development of the ctobpexus is coordinated, a tissue whose
development, until recently, has received littkeiation. A shared organiser that directs the
development of both neuroepithelium and choroicyseepithelium is a simple mechanism

that ensures coordinated development of the twodis

The roof plate boundary is maintained by tissueramtions between the roof plate
epithelium and the hindbrain neuroepithelium, wracd molecularly mediated by Notch
signalling. Downstream of Notch activation at thefrplate boundary, thieestranscription
factor,chairy2 must be expressed at the correct level to metiatatenance of thgdf7-
positive organiser. The remarkable conservatiahefocalisation of organisers at
boundaries and the use of tissue interactions leetweolecularly distinct tissue
compartments, activated Notch signalling and Hasscription factors for the maintenance
of those boundary-localised organisers suggestsarglizable model for other organisers in

the developing CNS, and indeed in other tissuels aa¢he developing skeletal elements.
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Chapter 6 Materials and Methods

6.1 Common Solutions

ddH,O double-distilled HO. Autoclave.

PBS phosphate buffered saline (Oxoid). Autoclave.

PFA 4% paraformaldehyde (Sigma) in PBS.

PBTw PBS with 0.1% Tween-20 (Sigma).

Tris-HCL Trizma base, minimum (Sigma) in dg pH to desired

pH with 2M HCI. Autoclave.

20x SSC (pH 4.5)

3M NaCl (BDH), 0.3M sodium citréfésher Scientific).

pH using 5M citric acid. Autoclave.

5x MAB pH7.5 500mM maleic acid (Sigma), 750mM NdB8DH). pH
using NaOH pellets (BDH). Autoclave.

MABT 1xMAB with 0.1% Tween-20 (Sigma).

10% BBR Boehringer Blocking Reagent (Boehringesgdived in

1x MAB.

Detergent Mix

1% IGEPAL CA-630 (Sigma), 1% SDS (8@, 0.5%
deoxycholate (Fluka), 50mM Tris-HCL (pH8), 1mM
EDTA (Ambion), 150mM NaCl (BDH).

whole-mount hybridisation
buffer

50% formamide (Sigma), 5x SSC (pH4.5), 2% SDS
(Sigma), 2% BBR.

Solution X

50% formamide (Sigma), 2x SSC (pH4.8% $DS
(Sigma).

heat-inactivated sheep serum

Sheep Serum (Sigrachi 56°C for 30 min.

blocking solution

2% BBR, 20% heat-inactivated gheerum in MABT.

whole-mount pH 8 NTMT

100mM NaCl (BDH), 100mM Tr#€L (pH8), 50mM
MgCl, (BDH), 1% Tween-20 (Sigma). Made up on the
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day it was to be used.

whole-mount pH 9.5 NTMT

100mM NaCl (BDH), 100mM $+#HCL (pH9.5), 50mM
MgClI, (BDH), 1% Tween-20 (Sigma). Made up on the

day it was to be used.

10x Salts

1149 NaCl (BDH), 14.04g Trizma ® HCL (8m&j, 1.34g
Trizma ® base minimum (Sigma), 7.1g N&d,.2H,0
(BDH), 0.5M EDTA (Sigma) in 1L ddO.

cryostat hybridisation buffer

1x Salts, 50% formden(Sigma), 10% dextran sulphate

(Fluka), 250ug/ml Yeast tRNA (Ambion), 1x Denhasdt’
(Fluka).

cryostat washing solution

1x SSC pH7 (Sigma), 56%mamide (Sigma) 0.1%
Tween-20 (Sigma).

cryostat pH 8 NTMT

100mM NacCl (BDH), 100mM Tris-HGphH8), 50mM
MgCl, (BDH), 0.1% Tween-20 (Sigma). Made up on th

day it was to be used.

U

cryostat pH 9.5 NTMT

100mM NacCl (BDH), 100mM TrigeH (pH9.5), 50mM
MgCl, (BDH), 0.1% Tween-20 (Sigma). Made up on th

day it was to be used.

D

Staining Solution

cryostat pH 9.5 NTMT with 5% p@linyl alcohol)

(Sigma) dissolved.

Tyrodes

137.0mM NaCl (BDH), 2.7mM KCI (Sigma), 2.¥m
CaCk(Sigma), 2.1mM MgGl6H,0O (BDH), 0.4mM
NaH,PO,.2H,0 (BDH), 5.6mM glucose (Sigma).
Autoclave then add 100U/ml penicillin, 200pg/ml
streptomycin, 0.3 pg/ml Fungizone (Gibco).

Slice media

Basal Medium Eagle (Gibco) supplementigd 0.5% D-
(+)-glucose (Sigma), 1% 1-1884 supplement (Sigma),
2mM L-Glutamine (Sigma), 100U/ml penicillin, 200ug/
streptomycin, 0.25 pg/ml Fungizone® (Gibco).

10x MEMFA salts

1M MOPS (Sigma), 20mM EGTA (Sigma)mM
MgSQy, (Sigma) solution. pH to 7.4 using NaOH pellets
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(BDH). Autoclave.

MEMFA Fix 1x MEMFA salts, 3.7% formaldehyde (Sigma)

6.2 Animals

Fertilised GFP transgenic eggs (gift of Helen S&wglin Institute) and wild type eggs
(Henry Stewart, UK) were incubated at 38°C for & tdays before windowing with sharp
surgical scissors. Staging of chick embryos wasenaadording to Hamburger and Hamilton
(1951) (labelled as st) or according to the embigyday of development (labelled as E). The
relationship between embryonic day of developmadtldamburger and Hamilton stages
are detailed in Appendix A. Wild-type embryos wdresected appropriately in PBS using
ridged forceps (Fine Science Tools) and fixed dockd in PFA.

6.3 Molecular Biology

6.3.1Cloning of chairy24WRPW and full length chairy2 from chick cDNA

Total RNA was extracted from E3 chick embryos byZIdRRNA isolation. This involved
isolating the hindbrain, midbrain and forebraimifra st.17 chick embryo in ice-cold PBS
then homogenizing it in 1ml TRIzol reagent (Invgem) in a 1.5 ml Eppendorf tube. The
tube was then centrifuged for 1 min at 120009 toaee cell debris. The supernatant was
then transferred to a new 1.5 ml Eppendorf tubeexiicact RNA, 0.2ml chloroform (Sigma)
was added to 1ml TRIzol Reagent and sample tubes veetexed for 15 seconds, then
incubated for 2 minutes at room temperature. Sasnpéze then centrifuged at 120009 for
15 minutes at 4°C. The upper colourless aqueousephas isolated and transferred into a
new Eppendorf tube. RNA was precipitated by miximg aqueous solution with 500l of
isopropanol well then incubating the tube at roempgerature for 10 minutes, then
centrifuging the rube at 120009 for 10 minutes°&.4rhe supernatant was then removed
from the RNA pellet and 1ml of 75% ethanol was atlethe RNA pellet. The sample was
then vortexed and then centrifuged at 75009 foirfutas at 4°C. This washing procedure
with ethanol was repeated and all ethanol was rechérom the RNA pellet. The RNA
pellet was air-dried for 10 minutes. The RNA pellets re-suspended in 15ul of RNAase-
free ddBO (Ambion) and 1.5l of sample was diluted withi8.8dHO and 2ul 5x DNA
loading buffer (Bioline) and run out on a 1% agar{Sigma) in TBE (Severn Biotech) gel
stained with SYBR Safe DNA gel stain (Invitrogetrayside 5ul Hyperladder 1 (Bioline)
to check for the presence of ribosomal and messétigA. The concentration of RNA was
measured using a NanoVue Plus SpectrophotometeH@aEhcare).
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First-strand cDNA was synthesised using the SupgntSeirst-Strand Synthesis System for
RT-PCR (Invitrogen) according to the manufacturer&ructions. Briefly, an RNA/ primer
mixture was created by mixing 1ug total RNA withl dfi10mM dNTP mix and 1l of
0.5pg/ul Oligo(dTy,.1gin 10l ddHO. This mix was heated to 65°C for 5mins then adole
for 1 min on ice. The reaction mixture was crediganixing 21l of 10x reverse
transcription buffer with 4pl of 25mM Mggl2ul of 0.1M DTT and 1ul of RNaseOUT
Recombinant RNase inhibitor. This mixture was adaetthe RNA/ primer mixture and
mixed by centrifugation for 1 min at 12000g. Thetare was then incubated at 42°C for
2mins before 1pl of SuperScript 1l reverse traqgesge was added to the reaction. The
reaction was then incubated for 50mins at 42°C.r€haetion was terminated by incubating
at 70°C for 15mins and then chilled on ice. 1pRdfaseH was added to the reaction for
20mins at 37°C to remove RNA.

chairy21WRPWand full lengthchairy2were then amplified by polymerase chain reaction
(PCR). 2l of the cDNA reaction was mixed with BfifL0X AccuPrimePfx Reaction Mix
(Invitrogen), 1ul each of 10uM forward and reveapseners, 40.6pul of ddf© and 0.4ul of
AccuPrimePfx DNA Polymerase (Invitrogen). The forward primer diseas
5’ATTGCGGCCGCATGCCTGCCGACCTGATGGAG 3’ and the reseiprimer used was
5 TGAATTCTCACCAGGGCCTCCAGACTG 3 for full lengtlchairy2and 5°
TGAATTCTCAGACTGAGTCAGCGGTG 3 forchairy2AWRPW(primers were ordered
from Sigma) PCR amplification was achieved by subjecting tteetien to the following
conditions: The template was denatured by heatifgptC for 2mins then 25-35 cycles of
PCR amplification followed by heating the reactiord5°C for 15secs, annealing was
allowed by heating at 60°C for 30secs, then extengf DNA was allowed by heating at
68°C for 1min. The reaction was then chilled to A%& PCR reaction was then checked by
running 5ul of PCR product mixed with 2ul 5x DNAalting buffer (Bioline) and 4ul
ddH,O, out on a 1% agarose (Sigma) in TBE (Severn Bigtgel stained with SYBR Safe
DNA gel stain (Invitrogen) alongside 5ul HyperladdgBioline). The PCR product was
purified using an illustr&FX PCR DNA and Gel Band purification kit (GE Héwlare) as

per the manufacturer’s instructions.

6.3.2Restriction enzyme digestion of PCR products and eeptive pBluescript Il
KS+ vector

The PCR products were transferred into pBluestrigs+ (Agilent) by first digesting the
PCR products and the plasmid with the restrictiozyenes Notl and EcoR1. For the PCR
product this was carried out by mixing 49ul of @R product with 6l of Buffer H
(Roche) and 2.5l each of the enzymes Notl and E¢BBche). For the plasmid this was
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carried out by mixing 5ug of plasmid with 6ul offlBar H (Roche) and 2.5ul each of the
enzymes Notl and EcoR1 (Roche) in a total volunm@&0pdl of ddHO. Digestion reaction
mixtures were incubated for two hours at 37°C. Reagroducts were mixed with 12l of
5x DNA loading buffer (Bioline) and run out on a Hdgarose (Sigma) in TBE (Severn
Biotech) gel stained with ethidium bromide, aloxigsbul Hyperladder 1 (Bioline) overnight
at 25V. The correct bands were isolated and pdrifeng an illustr&FX PCR DNA and

Gel Band purification kit (GE Healthcare).

6.3.3Ligation reaction and mini-preparation of DNA constructs

2ul of purified, digested inserts and 2l of thefped, digested plasmid were mixed with
2ul of 5x DNA loading buffer (Bioline) and 6l ofith,O then run out on a 1% agarose
(Sigma) in TBE (Severn Biotech) gel stained withidium bromide, alongside 5pl
Hyperladder 1 (Bioline) to gauge the relative carigtion and sizes of the inserts and
plasmid. The appropriate volumetric ratio to mig thurified, digested insert solution with
the purified, digested plasmid so that the relativeleotide concentration was equal was
subsequently determined. Thus the appropriate veduh purified, digested inserts and
plasmids were mixed with 1.5pl ligation buffer (Reg and 1.3ul T4 DNA ligase (Roche) in
a total volume of 15ul ddi®D and the ligation reaction was incubated overnaghit6°C. As

a control the same volume as the reaction aboperified, digested plasmid solution was
incubated with 1.5ul ligation buffer (Roche) an81. T4 DNA ligase (Roche) in a total
volume of 15ul ddkD overnight at 16°C. One shot Top10 chemically cetaptE. Coli
(Invitrogen) were then transformed with 3ul of edightion reaction according to the
manufacturer’s instructions, and the resultinggfarmed cells were plated out on LB agar
(Sigma) plates containing 100ug/ml ampicillin (SemTransformed cells were grown
overnight at 37°C. 10 colonies were then pickedgnmosvn overnight at 37°C, shaking at
213rpm in 3ml LB (Sigma) containing 100 g/ml amitici(Sigma). Plasmid DNA was
purified from overnight cultures using a QlAprepirsMiniPrep Kit (Qiagen) according to
the manufacturer’s instructions. A diagnostic liesbn digest was then carried out by
mixing 5ul of each miniprep with 2ul Buffer H (Raghand 0.8l of both EcoR1 (Roche)
and Notl (Roche) in a total volume of 20ul d@and incubating for two hours at 37°C.
4ul of 5x DNA loading buffer (Bioline) was then asttito each diagnostic reaction and the
solution was run out on a 1% agarose (Sigma) in T&&ern Biotech) gel stained with
SYBR Safe DNA gel stain (1:10000; Invitrogen), ajeide 10ul purified, digested plasmid
solution mixed with 4ul of 5x DNA loading buffer i@ine) and 8ul ddkO, and 5ul
Hyperladder 1 (Bioline).
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6.3.4Sequencing oftthairy2 and chairy24AWRPW

From this diagnostic restriction reaction, threaipmriep clones seen to contain the correct
size insert were sent for sequencing (Eurofinsg ddrrect sequences fanairy2 and
chairy24WRPWwere verified for all clones and are shown in Apglig D and E

respectively.

6.3.5Construction of the chairy24WRPWv2-1 RESeGF Pm5 and chairy2-

| RESeGFPm5 constructs

5ug of pBluescript Il KSehairy24WRPW pBluescript 1| KS€hairy2and the pCA-
IRESeGFPm¥ector (Andreae et al., 2009) (see Appendix Gefgianation of
abbreviations) were digested with EcoR1 and Notinbsing with 6l Buffer H (Roche)
and 2l each of EcoR1 and Notl (Roche) in a taiklne of 60ul ddkD, and incubating at
37°C for two hours. 12ul of 5x DNA loading buff@i¢line) was added to each reaction and
the reaction was run out on a 1% agarose (SigmBBi (Severn Biotech) gel stained with
ethidium bromide overnight at 25V. The appropriatéA bands forchairy24WRPW
chairy2and linearized pCB-IRESeGFPm¥ector were isolated and purified using an
illustraGFX PCR DNA and Gel Band purification kit (GE Héwdare). A diagnostic gel to
determine the relative size and concentration gé1its and plasmid was then run as
described above in ‘Ligation reaction and mini-ueggion of DNA constructs’. Ligation
reactions and subsequent mini-preparation of cocistvas then carried out as described

above in ‘Ligation reaction and mini-preparationdiflA constructs’.

6.3.6 Amplification of DNA constructs

Mini-prepared DNA solutions were used to transf@ubcloning Efficiency 5-alpha
competenk. coli (NEB) according to the manufacturer’s instructiofise resulting
transformed cells were plated out on appropriagelgctive LB agar (Sigma) plates.
Transformed cells were grown overnight at 37°Civitdial colonies were then picked and
used to inoculate 3ml of appropriately selective(S88yma). This starter culture was grown
for 8 hours at 37°C, shaking at 213rpm and was tlileted in the appropriate volume of
selective LB (Sigma) at a 1:500 ratio. This cultuaes grown overnight at 37°C, shaking at
213rpm, then DNA was purified using either a Ql#ilPlasmid Midi Kit (Qiagen) or a

QIAfilter Plasmid Maxi Kit (Qiagen), according tbé manufacturer’s instructions.

6.3.7Generation of antisense riboprobes forn situ hybridisation

DNA in situ plasmids (listed in Appendix B) were linearizedhwihe appropriate restriction
endonuclease (Roche) by incubatingd @f DNA with 10U of enzyme and the appropriate
buffer in a 3@l volume for 2 hours. Linearized plasmid was thanfged using an illustra
GFX PCR DNA and Gel Band purification kit (GE Héwlare). g of linearized plasmid
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was then incubated with 30U of the appropriate Ridymerase (Roche) in a @0n vitro
transcription reaction (1x transcription buffer (fRe), 20U Protector RNase inhibitor
(Roche)) with either 1x DIG RNA labelling mix or Ikiorescein RNA labelling mix
(Roche), for 2 hours at 37°C. DNA was then remdvenh the reaction by incubation for 45
min at 37°C with 10U DNAase 1 (Roche). This reatticas quenched by the addition of
42mM EDTA, pH8 (Ambion). Success of the reactiorswhecked by running 2l of the
reaction diluted with 2 pl ddj® and 1l 5x DNA loading buffer (Bioline) out ori&o
agarose (Sigma) in TBE (Severn Biotech) gel staimigldl SYBR Safe DNA gel stain
(Invitrogen) alongside 5ul Hyperladder 1 (BiolinBNA probe solutions were then purified
using illustra Microspin G50 Columns (GE HealthgaRNA concentration was quantified

using a NanoVue Plus Spectrophotometer (GE Heakihca

6.4 Histological techniques

6.4.1Cryostat sectioning

Wild type embryos stored in 4% PFA were washedB8 Ehree times for 15 minutes.
Embryos were then perfused with 30% sucrose (SigmaBS overnight at 4°C. Embryos
were then perfused for 1 hour at 4°C in OCT compo@&mbryos were then transferred into
approximately 1.5ml of fresh OCT compound in a ndaulade from foil and oriented as
desired. Embryos were frozen by placing on a 10etri gdish floating on liquid nitrogen.
20um serial transverse sections were cut using a @y(zeiss Microm HM 560) and
collected on SuperFrost® Plus slides. Sections a#oeved to air-dry for 2 hours and were
then transferred into a —80°C freezer for storage

6.4.2Vibrotome sectioning

Embryos that had been in through theaitu hybridisation process were embedded in 20%
gelatine (Fluka) in PBS by first washing the emisriipPBS three times for 10mins at room
temperature, then placing embryos into pre-warn@®d gelatine in PBS for 1.5hrs at 65°C
or until they sink. Embryos were then transferre@0% gelatine in PBS into moulds and
embryos were oriented as desired. Blocks wereysebbling on an ice block and then
storing in the fridge for 2 hours. Blocks were tloen to the appropriate size using a razor
blade and were fixed in PFA for 2 days.

To section the embryos, blocks were washed thneestfor 15mins in PBS at room
temperature then glued to the chuck of a vibrot@inegca VT1000S) using superglue. The
block and chuck were bathed in PBS and 40um secti@ne cut and mounted on Polysine
slides. Excess PBS was removed from sections anidise were mounted under a coverslip
in 90% glycerol (MP) in PBS. Slides were sealeagsgiail varnish (Boots).
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6.4.3RNA in situ hybridisation

6.4.3.1Whole mountin situ hybridisation

Wild type embryos, cultured explants or embryos bzl been electroporated were
subjected to whole-mount doubfesitu hybridisation. Embryos stored in PFA were washed
and dissected appropriately in PBS. Embryos weze ashed overnight in PBTw at 4°C,
then were gradually dehydrated by washing in 250%9,575% methanol in PBTw and
finally in 200% methanol for 5 min each. Embryosevthen re-hydrated gradually by
washing in 75%, 50% then 25% methanol in PBTw amallfy in PBTw for 5 min each.
Embryos were then washed twice for 20 min in Detetgnix then post-fixed for 20 min in
PFA with 25% glutaraldehyde (Sigma). Embryos aemtivashed twice in PBTw prior to
pre-hybridisation in whole-mount hybridisation berffat 70°C for 1 hour. Hybridisation of
riboprobes took place overnight at 70°C by incudratf embryos in whole-mount
hybridisation buffer with fig/ml DIG- or fluorescien-lablled riboprobe. Afteyliridisation,
embryos were washed in pre-warmed Solution X & 7@ce for 5 min, then twice for 30
min. Embryos were then washed for 10 min in 50%utsarh X in MABT, prior to being
washed four times in MABT at room temperature fom&n per wash. Embryos were then
blocked for 1 — 2 hours in blocking solution priorbeing incubated overnight at 4°C with
an alkaline phosphatase- conjugated anti-flourasaeiibody (for doublén situg or an
alkaline phosphatase- conjugated anti-DIG antilbiaiysinglein situg (1:2000, Roche) in
blocking solution. Embryos were then rinsed 3 tiimeBIABT then washed four times for
10 min, then once for 30 min in MABT, then overrtigh4°C in MABT. Then a red signal
was developed to detect antibody bound to fluoiade#elled probes, and a blue signal was
developed to detect antibody bound to DIG-labetiezbes.

The red signal was developed by washing embryashimie-mount pH 8 NTMT twice for

10 min prior to the colour reaction. For the cologgction one Fast-Red (Sigma) tablet was
dissolved per 12ml whole-mount pH8 NTMT and embmyese then incubated with the
Fast-Red substrate at 4°C in the dark until anapjate level of red signal had developed.
Embryos were washed overnight at 4°C in MABT towlthe colour reaction to be carried
out again the next day. To stop the colour reactombryos were washed three times for 5
min in PBS (Phosphate buffered saline), then weaéd with 5mM EDTA (Ambion) in
PBS for 1 hour at 70°C, then rinsed twice in PBSro fixation overnight at 4°C in PFA.

To develop the blue signal embryos were washecetfeic10min in whole-mount pH 9.5
NTMT. The colour reaction was carried out by indirgaembryos with NBT/BCIP mix
(Roche) (pl/ml in whole-mount pH 9.5 NTMT) at room temperatun the dark. After the
appropriate level of blue signal was achieved tilewr reaction was stopped by washing
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embryos for 10 min in whole-mount pH9.5 NTMT, the&ashing twice for 10 min in PBTw,
then twice for 5 min in PBS, prior to storage ofteyos in PFA at 4°C.

For doubldn situs after the red signal was developed and stoppeby®s were washed
four times in MABT at room temperature for 20 mer pvash. Embryos were then blocked
for 1 — 2 hours in Block prior to being incubatedmight at 4°C with alkaline phosphatase-
conjugated anti-DIG antibody (1:2000; Roche) inddoEmbryos were then rinsed 3 times
in MABT then washed four times for 10 min, then ear 30 min in MABT, then overnight
at 4°C in MABT. The blue signal was then developed the reaction stopped as described

above.

6.4.3.2In situ hybridisation on cryostat sections.

Cryostat sections were defrosted for 30 min theshsd for 10 min in PBS to dissolve OCT.
Riboprobes in cryostat hybridisation buffer weregared by diluting dg/ml of riboprobe in
cryostat hybridisation buffer and heating at 706€10 min. Sections were then incubated
overnight in the riboprobe mix under a coverslig@iC in a sealed box in the presence of
Whatman filter paper wetted with a solution of Ba{t§/ 50% Formamide (Sigma). Slides
were then washed in pre-warmed cryostat washingisalat 70°C firstly for 15 minutes to
allow coverslips to fall off, then twice for 30 nuites. Slides were then washed three times
for 30 min in MABT then blocked by incubating inoeking solution for 1hr in a humidified
chamber. Slides were then incubated overnightahrmperature in a humidified chamber
with an alkaline phosphatase- conjugated anti-fecein antibody (for double situg or an
alkaline phosphatase- conjugated anti-DIG antibi@alysinglein situg (1:2000; Roche) in
blocking solution. The next day slides were washkid MABT four times at room
temperature for 20 min then overnight at 4°C in MIAB hen a red signal was developed to
detect antibody bound to fluorescein-labelled pspla@d a blue signal was developed to

detect antibody bound to DIG-labelled probes.

The red signal was developed by washing slidesyiostat pH 8 NTMT twice for 10 min
prior to the colour reaction. For the colour reactone Fast-Red (Sigma) tablet was
dissolved per 12ml cryostat pH8 NTMT and slideseséien incubated with the Fast-Red
substrate at 4°C in the dark until an appropriatellof red signal had developed. Slides
were washed overnight at 4°C in MABT to allow tloéoair reaction to be carried out again
the next day. To stop the colour reaction, Slidesawashed three times for 5 min in PBS
(Phosphate buffered saline), then were treated 3wt EDTA (Ambion) in PBS for 15
min at 70°C, and then washed in PBS overnight@t 4°

To develop the blue signal slides were washed tfaic&0min in cryostat pH 9.5 NTMT.

The colour reaction was carried out by incubatiectisns with NBT/BCIP mix (Roche)
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(20ul/ml in Staining Solution) at room temperaturefie dark. After the appropriate level of
blue signal was achieved the colour reaction waspstd by washing slides twice for 10 min
in PBS with 0.25% Triton X-100 (Alfa Aesar) and 2nf8DTA (Ambion), then once for 5
min in PBS, then post-fixed with PFA. Slides wdrert rinsed twice for 5 min in PBS and
mounted in 90% glycerol (MP) in PBS. Coverslips eveealed with nail polish (Boots).

For doubldn situs after the red signal was developed and stopjtideéssvere washed three
times in MABT at room temperature for 30 min persivaSections were then blocked by
incubating in blocking solution for 1hr in a hunfidd chamber. Slides were then incubated
overnight at room temperature in a humidified chamhbith an alkaline phosphatase-
conjugated anti-DIG antibody (1:2000; Roche) inckiag solution. The next day slides
were washed with MABT four times at room temperatior 20 min then overnight at 4°C

in MABT. The blue signal was then developed andréaetion stopped as described above.

6.4.4lmmunohistochemical Staining

6.4.4.1Whole-mount

Cultured explants and electroporated embryos weashed in PBS for 60 min to remove
PFA. Embryos were then washed twice for 30 minBi$ Rvith 1% Triton X-100 (PBSTrit),
then blocked by washing three times for 60 min% reonatal calf serum (NCS; Sigma) in
PBSTrit. Embryos were then exposed to the primatipady, rabbit anti-GFP, I1gG (1:150;
Invitrogen) in 10% NCS/ PBSTrit for 2 - 3 nights48C. The primary antibody was then
washed off with four times 60 min washes in 1% gaatim (GS; Sigma) in PBSTrit and the
embryos were exposed overnight at 4°C to the secgrathtibody, Alexa Fluor 488 —
conjugated goat anti — rabbit IgG (1:1000; Invignghighly cross-adsorbed) in 1% GS/
PBSTrit. Embryos were then washed four times fom@®in 1% GS/ PBSTrit to remove
residual secondary antibody, then twice for 5 miPBS, then were fixed and stored in 4%
PFA.

6.4.4.2Cryostat sections

Cryostat sections that had been throughritegtu hybridisation procedure but not mounted
were washed three times for five minutes in PBSthed blocked by incubation with 5%
GS in PBSTw and then incubated overnight at 4°@ tie primary antibody, rabbit anti-
GFP, IgG (1:150; Invitrogen) in 5%GS in PBSTw. Egds were then washed three times
for 10 minutes in PBS then incubated for one howoam temperature with Alexa Fluor
488 — conjugated goat anti — rabbit IgG (1:1000ittagen; highly cross-adsorbed) in 5%
GS in PBSTw. Embryos are then washed four timeg®minutes in PBS and mounted in
90% glycerol (MP) in PBS under a coverslip. Slides sealed with nail polish (Boots).
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6.5 Explant co-cultures

E4, E5 or E6 GFP — transgenic chick embryos argkstaatched wild type chick embryos
were dissected in Tyrodes solution to isolate ihdlrains or spinal cords from the anterior
limb-bud level. Hindbrains were flat-mounted aastrated in Figure 3-2 and the roof plate
epithelium including thgdf7-domain (the most dorsal region of neuroepithelthat is
removed when roof plate epithelium is dissectedyauwsaremoved. Most of thgdf7-domain

is accurately removed by this method as evidenged bitu hybridisation performed on
hindbrains after Ohrs incubation (Figure 3-10).aBsess the requirement for the roof plate
for the maintenance akthlin the rhombic lip, roof plate epithelium includithegdf7
domain was only removed from one side of the flatinted hindbrain. For co-cultures,
rhombic lips (estimated as the dorsal third ofribaral tube to be sure of complete removal)
from both sides of the hindbrains were either remdoar left intact as indicated. For co-
cultures involving spinal cord, spinal cords weeg-fnounted and the dorsal /8f the

neural tube was removed using a flame-sharpenegtem wire (0.1mm). Pieces of roof
plate epithelium (isolated as illustrated in Fig8s2) were cultured adjacent to the flat-
mounted hindbrains either along the dorsal eddgkeohindbrain or along the dorsoventral
axis of the hindbrain as indicated. Pieces of mafe epithelium were cultured along the
dorsal cut edge of the flat-mounted spinal cordterAatively, pieces of roof plate
epithelium were cultured adjacent to other piedasaf plate epithelium. Explants were
cultured at an air-liquid interface with the pialface of the hindbrain facing upwards, on
0.4um culture plate inserts (Millicell - CM, Milliporejat had been placed in 3mis of sterile
slice media that had been pre-warmed to 37°C, 60HCQ, in a 60mm tissue culture dish
(Nunc). Explants were cultured for 48 hours at 3#ith CO, maintained at 6% in a Sanyo
CGO;, incubator, then fixed by replacing the 3ml slicedia with 3ml 4% PFA and leaving

the plates for 30 minutes at room temperature. #% \Was then applied directly to the
explant tissue and left for a further 30 minutesoaim temperature. The area of Millipore
Membrane that contained the explanted hindbrairssontiout using a scalpel and the whole
membrane was then stored in 4% PFA prior to pracgds/ whole mounin situ

hybridisation.

6.6 Microsurgical transplantation

Wild-type host eggs that had been incubated at 3@ 3 were windowed and yolks
underlying embryos were injected with Fount Indik {Pelikan). E4 GFP-transgenic
embryos were dissected in Tyrodes to isolate atehfbunt hindbrains. Flame-sharpened
tungsten wire (0.1mm) was also used to dissecsmatl pieces of roof plate epithelium

from flat-mounted hindbrains. Pieces of rhombicvigre isolated by removing the roof plate
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epithelium andydf7~domain as illustrated in Figure 3-1-1, and thessecting off small
squares of rhombic lip (the dorsal-most neuroefiithg using a flame-sharpened tungsten
wire. The pieces of roof plate epithelium or rhoalip tissue were grafted into the wild-
type E3 embryo by first removing the vitelline memantes of the host embryo and cutting a
receptive hole in either the roof plate epitheligorsal rhombomere 1 or the midbrain using
flame-sharpened tungsten wire. The piece of dassué was then transferred into the
receptive hole using a Gilson pipette coated in(&§ma) and flame-sharpened tungsten

wire for fine manipulations. The host eggs weentincubated at 38°C for 24 hours.

6.7 In ovo electroporation

Eggs that had been incubated at 38°C were wind@andd/olks underlying embryonic day 3
(E3, st16 — st17) embryos were injected with Fondia ink (Pelikan) diluted 1 in 5 in
Tyrodes solution to generate visual contrast. liak wot used for E4 (st21 — st24) embryos.
The vitelline membranes were removed using ridgedeps (Fine Science Tools) and DNA
constructs were injected into the fourth ventri@®&lA constructs (listed in Appendix C)
were diluted to 1-2 pg/pl and mixed with trace amswf fast green (Sigma) prior to
injection. Where constructs were co-electropor#teg were mixed together so that they
were mixed at a 1:1 concentration ratio and thal fioncentration of each construct was 1.0
pag/ul, prior to injection. The negative electrodaswplaced to the left of the neural tube and
the positive electrode placed to the right at tinellbrain level to target the site of
electroporation. Three 50 ms/10 V square wavefdettiécal pulses were passed between
electrodes so that DNA entered the right side efrtural tube or roof plate epithelium.
Eggs were then sealed and incubated at 38°C umilten embryos were harvested and
either fixed in PFA at 4°C, MEMFA Fix at 4°C for &nyos co-electroporated with GA
GFPand RCASRFP,or processed for LysoTracker staining.

6.8 LysoTracker staining

Electroporated embryos collected in PBS were oggahinto 12-well plates with 25Dof
PBS in each well. 250 of LysoTracker Red DND99 stain (Invitrogen;d\d in PBS) was
added to each well so that the final concentratiolyso Tracker Red waud. The 12-
well plate was covered in foil and incubated aiG3#r 30 minutes. Embryos were then
rinsed five times for 5 min with PBS then embryasevfixed in MEMFA Fix.

6.9 Imaging and image processing

‘Flat-mounted hindbrains’ indicate that hindbrathissected in PBS were dissected along the

dorsal midline and mounted pial side up on Polysiiges. ‘Flat-mounted roof plates’
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indicate that dissected hindbrains were dissedt®twahe ventral midline and mounted on
Polysine slides with either the pial or the ventldc surface upwards. Silicon grease was
then used to support a coverslip and flat-mountaghb were mounted in 90% glycerol
(MP) in PBS. Cultured explants that had been thinahg in situ hybridisation procedure
were washed in PBS and removed from Millipore Mesmles, then mounted on Polysine

slides in 90% glycerol (MP) in PBS under a coversli

Low magnification images of whole-mount embryo$BS, flat-mounted embryos or
cultured explants were captured using a Leicaatghetomicroscope fitted with a Leica
digital microscope. High magnification images @ftfinounted embryos and cultured
explants were captured using a Zeiss Axioplan2 camg microscope fitted with a SPOT
Insight Firewire 4 digital camera. Vibrotome anglastat sections were imaged using a
Zeiss Axiophot stereovision compound microscofeditvith a Zeiss AxioCam digital
camera. Confocal micrographs were collected usin@lsgmpus Fluoview AX70 and
images shown are projections of z-stacks or arviehgal optical section as indicated.
Optical sections in z-stacks were taken at S5purats. All images were processed using
Photoshop 6.0 (Adobe).

6.10Cell counting and statistical analysis

The number of cells co-expressing GFP and RFP warsted out of the total number of
electroporated cells in a confocal optical sectisimg the Cell Counter plug-in for ImageJ
(NIH). The percentage of cells co-expressing GRIPRIRP, only expressing RFP or only
expressing GFP was worked out. This was carriedoodbur optical sections derived from
two electroporated embryos and means and standard ef the means were calculated
using Excel 2010 (Microsoft).

The number of dead cells per fwas calculated by counting the total number ofidzsdls
in an area of 70 — 100 |fwithin the electroporated domain or in a simikegion of the un-
electroporated side of the flat-mounted hindbreirgrojections of z-stacks of optical
sections, using ImageJ (NIH) software. Hence thabyer of dead cells per nfrwas
calculated for both the electroporated domain asighdlar region of the un-electroporated
side of the flat-mounted hindbrain. The Wilcoxotirgd comparison test was used to
determine the significance of differences in theeekof cell death between the
electroporated and un-electroporated side of haidbrelectroporated with GGAGFP or
chairy2AWRPWv1-IRESeGFPn{6=3 for both). After the amount of cell deathtbe un-
electroporated side is subtracted from the amonnhe electroporated side, the Man-

Whitney test was used to test the significanceiftérénces between electroporation with
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CApB-GFP and electroporation witthairy2AWRPWv1-IRESeGFPn{f=3 for both). For all

statistical tests a 5% significance level was chdsalenote significance.
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Appendix A

Relationship between embryonic day (E) and Hambuagd Hamilton (1951) stages (st).

Embryonic Day Hamburger and Hamilton Stages
E2 st10 — st13

E2.5 stl4 —st15

E3 st16 — st19

E4 st20 — st24

E5 st25 — st27

E6 st28 — st29

E7 st30

-193 -




Appendix B

Plasmids for the generation of RN situ hybridisation riboprobes:

For antisense riboprobe:
Gene Cut: Transcribe with: | Obtained from/ Reference
bmp4 BamH1 | T3 (Graham et al., 1994)
bmp7 Xhol T3 (Begbie et al., 1999)
cashl EcoR1 | T7 Alessio Delogu, KCL
cathl Notl T3 (Wilson and Wingate, 2006)
cyp26C1 Sall T7 (Reijntjes et al., 2004)
deltal EcoR1 | T3 (Myat et al., 1996)
gdf7 Notl SP6 Anthony Graham, KCL
chairyl Hind3 | T7 Jon Gilthorpe, Umea University
chairy2 Hind3 T7 Jon Gilthorpe, Umea University
Ifng Clal T3 (Laufer et al., 1997)
notchl Hind3 T7 (Myat et al., 1996)
notch2 Hind3 T7 (le Roux et al., 2003)
otx2 Notl T7 (Millet et al., 1996)
serratel Hind3 | T7 (Myat et al., 1996)
ttr Ncol T7 (Duan et al., 1991)
wntl EcoR1 | T7 (Hollyday et al., 1995)
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Appendix C

List of DNA constructs used in electroporation $sd

Electroporation Reference
construct
RCASRFP Wingate lab (unpublished). Made by replacing e@fR RFP

from the RCASBP(BeGFPconstruct (Gilthorpe et al., 2002)

CAB-GFP pCAB-eGFPmM5(Yaneza et al., 2002)
RCASdeltal (Henrique et al., 1997).
chairy2AWRPWv1- gift from J. Gilthorpe, Umea University
IRESeGFPmM5

chairy2 AWRPWv2- this study

IRESeGFPmM5

chairy2-IRESeGFPm5 | this study

Explanation of abbreviations used to describe coots:

Abbreviation Explanation

RCAS Replication-@mpetent with an AV long terminal repeat (LTR) with a

Splice acceptor.

RCASBP(B) As above but BP stands fay&n Polymerase and (B) indicates the typ

of envgene in the vector.

pCAB Refers to a vector containing the@megalovirus enhancer and chicke
B-Actin promoter.

IRES JInternal_Rbosome [try Ste
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Appendix D

Full length cHairy2

1

46

16

91

31

136

46

181

61

226

76

271

91

316

106

361
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ATG CCT GCC

M P A

GCC ACC CCC

GCG GCG GAG

CGG CGG GCG

ATC CTG GAC

GAG AAG GCC

CTG CAG CGG

GIG CTG G&C

v L G

GTG ACG CGG TTC CTC TCC ACC TGC GAA

GAC CTG ATG GAG AAG ACC

D

GCC AGC ATC AAC GCG ACG

A

CAC CGG AAG TCC TCC AAA

H

CGC ATC AAC GAG AGC CTG

R

GCG CTG AAG AAG GAT AGT

A

GAC ATC CTG GAG ATG ACC

D

GCG CAG ATG ACC CCT GCG

A

AAG TAC CGC GCC G&C TTC

K

L

S

R

L

Q

Y

M

K

N

K

M

R

E

N

S

E

K

E

T

A

K

A

S

S

D

M

A

G

S

T

K

S

T

A

F

AGC GCC TCG

CCC ATC ATG

TCG CGG CAC

S R H

GIC AAG CAC

vV K H

CTG AGC ACA

L S T

AGC GAG TGC

S E C

GGC GIC AAC

CCG GIG GCC

GAG AAG CGG

E K R

AAG ACG CTG

K T L

TCC AAG CTG

ATG AAC GAA

M N E

GCT GAG GIG

45

15

90

30

135

45

180

60

225

75

270

90

315

105

360

120

405



121

406

136

451

151

496

166

541

181

586

196

631

211

676

226

721

241

766

256
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TTC

GIG

TCG

CTC CTG GGC CAC CTG GCC AGC TGC ATG ACC CAG ATC

AAC TAC CCC GTIG CCG CCC CCG CCG CTG CCA CCC CCA

TTC GGG CCG CCC CTG GIG CCG CCG GGC GGA GGC GCG

CCA GCC GTA CCC TGC AAG CCA GGI GCC GAT GCG GCC

GGT GGT TTC CAG CTG CTG CCT GCC TCT GAT GGG CAG

CTC ATC CCC AGC GCT GCC TTT GCT CCC GGC GGG GCT

CTC TAT GGC GGI' CCC CCC ACA GCT GCC ACC ACC GcC

GGEC CCC TCA CCC GGC ACC GCT GAC TCA GIC TGG AGG

Y

G

A

G

Y

G

P

p

\%

F

P

G

H

\Y

p

p

Q

S

G

L

P

Cc

L

A

P

A

P

\%

K

A

P

S

P

P

P

F

T

Cc

P

p

G

A

A

M

G

A

P

A

T

P

G

D

G

T

Q

P

G

A

G

G

T

w

P

A

A

Q

A

A

R

135

450

150

495

165

540

180

585

195

630

210

675

225

720

240

765

255



Appendix E

cHairy? AWRPW
1 ATG CCT GCC
1 M P A
46 GCC ACC CCC
16 A T P
91 GCG GCG GAG
31 A A E
136 COGG CGG GCG
46 R R A
181 ATC CTG GAC
61 I L D
226 GAG AAG GCC
76 E K A
271 CTG CAG CGG
91 L QO R
316 GIG CTG G&C
106 vV L G
361
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GTG ACG CGG TTC CTC TCC ACC TGC GAA

GAC CTG ATG GAG AAG ACC

D

GCC AGC ATC AAC GCG ACG

A

CAC CGG AAG TCC TCC AAA

H

CGC ATC AAC GAG AGC CTG

R

GCG CTG AAG AAG GAT AGT

A

GAC ATC CTG GAG ATG ACC

D

GCG CAG ATG ACC CCT GCG

A

AAG TAC CGC GCC G&C TTC

K

L

S

R

L

Q

Y

M

K

N

K

M

R

E

N

S

E

K

E

T

A

K

A

S

S

D

M

A

G

S

T

K

S

T

A

F

AGC GCC TCG

CCC ATC ATG

TCG CGG CAC

S R H

GIC AAG CAC

vV K H

CTG AGC ACA

L S T

AGC GAG TGC

S E C

GGC GIC AAC

CCG GIG GCC

GAG AAG CGG

E K R

AAG ACG CTG

K T L

TCC AAG CTG

ATG AAC GAA

M N E

GCT GAG GIG

45

15

90

30

135

45

180

60

225

75

270

90

315

105

360

120

405



121

406

136

451

151

496

166

541

181

586

196

631

211

676

226

721

241
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CGC

CCC

cee

TTC

GIG

TCG

CTC

AAC

TTC

CCA

GGT

CTC

CTC

GeC

CTG GGC CAC CTG GCC AGC TGC ATG ACC CAG ATC

L G H L A S C M T

Q

TAC CCC GIG CCG CCC CCG CCG CTG CCA CCC CCA

Y P V P P P P L P

P

P

GGG CCG CCC CTG GIG CCG CCG GGC GGA GGC GCG

G P P L V P P G G

G

A

GCC GTA CCC TGC AAG CCA GGI' GCC GAT GCG GCC

AV P C K P G A D

A

A

GGT TTC CAG CTG CTG CCT GCC TCT GAT GGG CAG

G F Q L L P A S D

G

Q
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