THE ROLE OF FGF10 IN THE
DEVELOPMENT OF MOUSE SPINAL
CORD

IRINA DJA CKOVA

THIS THESIS IS SUBMITTED FOR THE DEGREE
OF MASTER OF SCIENCE BY RESEARCH

UNIVERSITY OF EAST ANGLIA

SCHOOL OF BIOLOGICAL SCIENCES

OCTOBER 2011

“THIS COPY OF THE THESIS HAS BEEN SUPPLIED ON CONDI TION THAT
ANYONE WHO CONSULTS IT IS UNDERSTOOD TO RECOGNIZE T HAT ITS
COPYRIGHT RESTS WITH THE AUTHOR AND THAT NO QUOTATI ON FROM
THE THESIS, NOR ANY INFORMATION DERIVED THEREFROM, MAY BE
PUBLISHED WITHOUT THE AUTHOR'S PRIOR, WRITTEN CONSE NT.” ©



ABSTRACT

Fibroblast growth factor 10 (Fgf10) has been shdwvplay multiple developmental
roles and be of high importance for the developnaérguch organs as limbs, lungs and heart.

However, nothing is known about its putative ratethe development of spinal cord.

To begin investigation of potential roles of FgftDthe spinal cord, its expression
pattern was examined using tissue frémfl0-LacZ reporter mice. Fgfl0 expression was
detected through the expressioredal, LacZ gene product, either enzymatically with X-gal or
by immmunostaining. To check the identity ®gal expressing cells, double-immunostaining
was performed on sections dfgfl0-LacZ mouse embryos with antibodies agairfst
galactosidase and Olig2 (as motor neuron and atigdbcyte progenitor marker), NeuN and
TuJ1 (neuronal markers), and Islet 1 and Lhx3 éitaption factors). To investigate the roles of
Fgf10, Fgf10 knockout mice were used. Spinal cord sectionsilof type and Fgf10 knockout
embryos were immunostained with antibodies agaiesiN, Lhx3, Olig2 (as oligodendrocyte
marker), Isletl and TuJl, and expression pattemr® when compared in the sections of the

same level.

Fgf10 was detected in the ventral region of theetigng mouse spinal cord from E8.5
to E14.5 and timing of Fgf10 expression correlatéth neurogenesis. Fgf10 was shown to be
expressed in neurons from the early stage of tiiiffierentiation until they become mature
motor neurons. Loss of Fgfl0 did not seem to affector neuron generation, differentiation
into particular neuronal subtypes, or their fin@ispioning. However, in Fgfl0 knockouts,
medial motor column (MMC) appeared to be more dispd and MMC axonal terminals

seemed to be disordered.

These results suggest that Fgfl0 is involved inféhmation and maturation of motor

neurons, possibly in synapse formation between nm&orons and their target muscles.



CONTENTS

AB ST RACT ..ttt mm ettt e e e b et e et e e e e e e e e e e e e e e nree s 2
CONTENTS e errr e ettt e et e e e st e e s sme e e e et e et e e et r e e e e e e breeeeaaas 3
ACKNOWLEDGEMENTS ...ttt smmmme ettt s eenne e e e 6
1. INTRODUCTION ...ttt ettt sttt e ettt e e e et e e s smme e e s asbbe e e e e annneeaeeanees 7
1.1. Structure of the vertebrate Nervous SYSIEM..........coooiiiiiiiiiiiiiiee e eeeeeee e 8
1.2. Structure of the developing mouse spinal cord..................ccceiiiiiiiiiieiiieeeeen. 8
1.3. Development of the mouse SPINal CO. . . oviiiiiiiiiieiieee e 9
1.3.1. Neural iINAUCTION ..........uuiiiiiei s st 10
1.3.2. Rostrocaudal patterning............occeeeeeeiieeiiieiiiiiiieiiiieiiiieeeeeeneennienees 10
1.3.3. Dorsoventral patterning.............ccceeeevvvveeeeeiieeeiiieereeeereeeeer———— 11
1.3.4. Motor neuron development in the mouse smiod .................coeeeeeeee. 15
1.4. Fibroblast growth factor signalling system............cccoeeeiii e, 20
14.1. Fibroblast growth factors ............ccccceeviiiiv e 20
1.4.2. Fibroblast growth factor reCeplors .. . cceaeeeeaaeaeaae e 22
1.4.3. Fgf signalling through FgfRS .........cemmeoiiieen 23
1.5. Fdf signalling in the developing mouse spom ............cccooeeiiieiiiieiiiee e e 24
1.5.1. Fgfs and FgfRs involved in the developmémhause spinal cord ....... 24
1.5.2. Fgf10 expression in the developing mouseasgiord............c..ccceeeenn. 25
LB, AIMIS ettt et e e e e e e e e e e e e e s n bbb e e e e e e e e e e aans 27
2. MATERIALS AND METHODS ...ttt ettt enn e 28
2.1. Transgenic MOUSE lINES.......coviiiiiiiieeieee e 28
2.1 L FGFLOP P MICE oottt 28
2.0 2.FGFL07 MICE ..ot ememee et 29
2.1.3.FGIR2-I1C™  MICE ..t 29



2.2. Embryo isolation and genotyping .......cccceeeeeeeeeeieeeceee e 30

2.3, TISSUE FIXALON ...eeeiiiiiiieiiiiii s mmmmme et e e e e e e e e e e ees e e e e e e e e e e aaaes 32
2.4. Dehydration and rehydration of the tiSSU@.............ccovvviiiiiiiiiiiieieeeee 32
2.5, X-gal STAINING.....ciiiiiiiiiiii e e e e e e e e n e 32
2.6. TiSSUE DIOCKING .....uieiiiiiiiitiiiie it ceeeee et eneeenee 32
2.7. Tissue sectioning on the vibratome ... 33
2.8. Immunostaining of Vibratome SECHONS .. ceueetvviieiiieeeeiiie e 33
2.9. Immunostaining of tissue previously treatethwd-gal..............cccccceiiiiiiiiiicennn. 34
2.10. MICTOSCOPY .rvvvvtruurunnnnnnnnnnnsssns mmmmms s ssssssssssssssssssssssssssssnnsssnnssnnnnnnssssssssssnsssssnnnes 35
B R E SU LT S et ettt e e e e ettt et e e e e e e e e e et eb e e et e e eeb b e aas 36

3.1Fgf10is expressed in the ventral horns of the devefpmouse spinal cord
AUING NEUIOGENESIS ....eeetiieiiieiiieieiet ceeeeeeeeaeeeeeeeeeeeeeeeneeennsennnssnnssnnnmmmnmssseessnnsssnsnnnes 36

3.2 Fgfl10 is expressed by a subset of spinal morons from the early stage of
their differentiation ...........oooi i e 40

3.2.1. Rb-antp-gal provides specific staining in the developipial cord
Of FQFLO-LaCZMICE.....uueeeieeceece e 40

3.2.2. Motor neuron and oligodendrocpt@genitorsdo not express Fgfl0

in the developing mouse spinal cord ........cccooeeiiiiiiiii 42

3.2.3. A subset of differentiated neurons expreBges0 in the developing

MOUSE SPINAI COM....ooiiiiiiiiiiiiiiiiiiit ettt ettt eee e eeneeeeas 44

3.2.4. A subset of motor neurons expresses Fgfileideveloping mouse

£ 011 £ = U el0] o S PP 46

3.3. Functional analysis of Fgf10 in the develogpmal cord oFgf10knockout
0] o 48

3.3.1. Loss of Fgf10 does not appear to affectadpirotor neurons at the

beginning of NEUrOgENESIS.........covvviiiie e, 48

3.3.2. Loss of Fgf10 expression does not appeafféct motor neuron and

oligodendrocyte progenitors at the beginning ofraganesis........................ 50

3.3.3. Loss of Fgf10 does not appear to affecodigndrocytes and spinal

motor neurons at the end of NEUrogenesIs ..o eeeeeeeveeeieiieeiiiieiiieiieeenee. 51

3.3.4. InFgfl0knockout mice axons of motor neurons are misrauted..... 55



3.4. Development of neurons and progenitors eglfgear not to be affected in

FGIRZ2-IICT M <ottt eememee ettt n e e e s eeeaeeeee s 58

4. DISCUSSION ...ttt ettt e e e e e e e sttt et e e s s ennr e e e e e e e e e e annbbbneeeeaaeas 60
4.1.B-gal as a reporter of Fgf10 expression in FGf10ABGCE .............evvvvevevieenennnnnnnes 60
4.2. Pattern of Fgf10 expression in the developiogise spinal cord ............................ 61
4.3. Potential roles of Fgfl10 in the developmentnoluse spinal cord.............cccvvvvvinnes 62

4.3.1. Potential role of Fgf10 in MN identity arebir transition from
progenitor cells to motor neurons during neurogeni@ the developing

MOUSE SPINAI COMO....ooiiiiiiiiiiiiiiiiiiit ettt ettt ee e e eeneeeeas 62

4.3.2. Potential role of Fgf10 in MN differentiatianto particular subtypes

and segregation into Motor COlUMNS ... 36

4.3.3. Potential role of Fgf10 in axonal outgrowatid guidance of motor

neurons to innervation targets according to thddtygpe............cccccevvvvvveeeenee. 64

4.3.4. Potential role of Fgf10 in synapse formatetween terminals of MN

axons and their target MUSCIES ............commeeeeeeeieeeeieeerreeeeereee . 64
4.3.5. Potential role of Fgf10 in motor neuron $sealzduring cell death ........ 65

4.4. Fgfl10 signalling in the developing mouse Spiead ............ccooeeeeieeiiieeeeeeeeeeeenn. 65
4.5, FULUIE AIFECLIONS ..ottt ettt et e e st e e e e e e e e e e 66
REFERENGCES ... .ottt et e e 67



ACKNOWLEDGEMENTS

Firstly, | would like to thank Dr. Mohammad Hajitszsni for his continual guidance,
encouragement and inspiration, as well as for coctste criticism at all stages of my research,
Dr. Jelena Gauvrilovic for her support, help andiegwn my project and Dr. Paul Thomas for

his invaluable help with microscopy and relatedwsafe.

In addition, | would like to thank Andrew Moore, ode dissertation project was a
starting point for my research. Thanks to all meratef M. K. Hajihosseini laboratory: Dr.
Timothy Goodman, Niels Haan, Christina Stratfordl alaleh Najdi-Samiei, for their great
help, support and useful discussions. Thanks, ats@ll my friends and colleagues in the
BMRC for their support.

Finally, | would like to thank my parents Alla aAddrey Djakovi for their continuous
support and patience.



1. INTRODUCTION

Development of the nervous system is a highly degah and complex process.
Thousands of neuronal connections build an extrerstelictured network that makes up the
functioning nervous system. The development ofrebrate spinal cord, part of the central
nervous system, has been well studied (BriscoeNmdtch, 2008). Within the spinal cord,
specific neuronal subtypes are generated from heuwogenitor cells in response to different
types and concentrations of signals produced frathimvthe neural tube and surrounding
tissues. These signals regulate the expressiammgdription factors, which specify the fate of
neural progenitors as they differentiate into neardn the ventral region of the spinal cord
there are at least 5 neuronal subtypes: four sabtgpventral interneurons and one set of motor
neurons (MN) (Dessaud et al., 200B)otor neurons project their axons outside the CN& a
innervate muscles (Eisen, 1999). They can be divid® upper and lower motor neurons, with
their cell bodies located in the brain and in tpheal cord, respectively. Motor neurons are

severely affected in motor neuron diseases (MNDy¢(@ et al., 2008).

MND is a group of neurodegenerative disorders tbatprise three main types, which
affect different groups of motor neuron&myotrophic lateral sclerosis (ALS), the most
common type of MND, affects both upper and lowertanmeurons and results in muscle
wasting, speech and swallowing problems (Carlesi.e2011). Progressive muscular atrophy
(PMA), a less common type of MND, affects lower oroheurons and consequences are less
severe than in patients with ALS - weakness amuphyr of the body muscles. Primary lateral
sclerosis, a very rare form of MND, affects upp@ton neurons and results in muscle weakness
and spasticity, but not atrophy (Rowland, 2010). D sporadic in 90-95% of cases and
familial in approximately 5-10%. While studying fdiad MND cases, mutations in genes that
code for superoxide dismutase 1 (SODdgnsactive response DNA-binding protein 43 (TDP-
43) and fused in sarcomal/translocated in liposarcoma (FUS), have been identified and
linked to MND onset. However, in 90% of the caghs, cause of the disease is still unknown.
Currently available treatments can only slow dota progression of the disease, but there is
no cure, as no precise mechanisms that underlimdegeneratiomave been identified (Shaw,
2005; Traub et al., 2011).

Degeneration and death of motor neurons in MNDatise leads to outcomes that are
severe and often lethal, most people with MND dihiw five years of the onset of symptoms
(Kanning et al., 2010). In the United Kingdom thexee approximately 5000 individuals
suffering from MND, of which more than a thousanel €ach year (Shaw, 2005).



In the light of this, it is of great importance study molecular mechanisms of motor
neuron development. A better knowledge of normalraledevelopment is likely to help
uncover the mechanisms of neurodegenerative disease contribute to the development of
treatments for the repair of damaged nervous systdao, knowledge about normal motor
neuron development can be used to direct diffeaati of stem celldn vitro to specific

neuronal subtypes, which in future could be usegptace damaged nervous tissue.

1.1. Structure of the vertebrate nervous system

The vertebrate nervous system can be divided iné peripheral and the central
nervous systems. The central nervous system (ChiBjists of the brain and the spinal cord.
The peripheral nervous system branches outside tihen€NS and is comprised of nerves and

clusters of neurons called ganglia.

The CNS is made up of two principle cell types: noas and glial cells. Neurons,
generated by radial glial cells, are electricallycitable cells that process and transmit
information by electrical and chemical signallifidne three basic classes of neurons are sensory
neurons, motor neurons and interneurons. Sensamone process and relay sensory input,
motor neurons project their axons outside the CNb synapse muscle fibres and glands, and

interneurons conduct and interpret impulses froe meuron to another (Slack 2006).

Glial cells, which include astrocytes, oligodendites and microglia, provide support
and protection for neurons. In contrast to othéal glells that are derived from neural plate,
microglia are derived from bone marrow (Chan et aD07; Kettenmann et al., 2011).
Oligodendrocytes form the myelin sheath around sxamd support the long-term integrity of
those axons (Nave, 2010). Astrocytes play a rolglimamate release and removal, which is
important for neurotransmission, provide nutrietdsneurons and remove debris of dead
neurons (Lee and Pow, 2010). Microglia act as ptytgs and represent immune cells of the
CNS (Kettenmann et al., 2011).

1.2. Structure of the developing mouse spinal cord

The developing mouse spinal cord consists oinaer neuroepithelial layer and a
central area of grey matter (Leclerc et al., 2014). outer layer of white matter appears
postnatally, when mature oligodendrocytes createlimyheath around axons (Doretto et al.,
2011) The neuroepithelial layer, also called the ventsac zone, lines the lumen of the neural
tube and functions as a repository of neural stelts and later gives rise to ependyma (Leclerc

et al., 2011)The grey matter is mainly comprised of cell bodiépostmitotic neurons. In the

8



grey matter, motor neurons are located ventrallpemwas interneurons ammbmmissural
neurons, which connect one side of the spinal wattd the other, are primarily found dorsally;
the sensory neurons are found in the dorsal raoglga In addition to the neuronal cells, there
are specialized cells that form the floor platéha ventral midline and roof plate in the dorsal
midline (Fig. 1.1)(Wolpert et al., 2007; Slack, 2006).

Roof plate
Lumen

Grey matter Ventricular

zone
Interneuron

Sensory neuron
Dorsal root

ganglion

Commisural neuron Floor plate Motor neuron

Fig. 1.1. Main structures of the developing spinatord.

1.3. Development of the mouse spinal cord

Molecular mechanisms that underlie spinal cord bgreent have been well
characterized (Briscoe and Novitch, 2008). Withie spinal cord, ventricular zone cells are
organized into distinct progenitor domains in reseoto signals produced from the neural tube
and surrounding tissues. These signals regulgbeession of transcription factors, which
unique combination specifies each progenitor donthat later produces specific neuronal
subtypes (Dessaud et al., 2008). When neurons leegast-mitotic, they migrate outwards
building concentric layers of cells in the spinafat (Wolpert et al., 2007).

Spinal cord development, for convenience, is ugwdillided into stages; it begins with
neural induction and is followed by rostrocaudadl alorsoventral patterning and a variety of

secondary patterning events (Bronner-Fraser arskFrh997).



1.3.1. Neural induction

The future CNS appears as the neural plate at emiargday (E) 7 in the mouse embryo
as a result of neural induction (Watson et al.,80WNeural induction is the formation of
neuroepithelium from the ectoderm in the dorsalae@f the embryo in response to signals
from the underlying mesoderm. The neural ectoddiokéns to form the neural plate, which in
the following days folds and forms the neural t¢Sanes et al., 2006yhe neural tube closes
by E9.5-10 in the mouse embryo (Watson et al., 008

1.3.2. Rostrocaudal patterning

Rostrocaudal body axis, including the spinal cagghatterned byHox genes, members
of the large family of homeobox genes. In vertedgatiox genes form four separate clusters. A
unigue feature oflox gene expression is that the genes in the cluaterexpressed in the same
spatial and temporal order that they are positiamethe chromosome. The genes lying closer
to 3" end in the cluster are expressed earliermaoce rostrally in the rostrocaudal axis than

genes lying more 5°(Kmita and Duboule, 2003).

Hox genes start to be expressed in the mouse embiy® d&teginning of gastrulation
and defined patterns of gene expression are setbie imesoderm after somite formation and in
the neural tube after its closurélox genes encode transcription factors, which specify
rostrocaudal body axis into distinct regions antéeine subsequent development of a region,
for example, each somite can be specified by atusixe pattern ofHox gene expression
(Wolpert et al.,, 2007). In additionHox gene expression is critical for motor neuron
differentiation. Members dflox gene family specify identity of motor neuron cohsnidentity

of motor neuron pools and define the pattern gfaemuscle connectivity (Dasen et al., 2005).

The expression oHox genes within the CNS is under control of severghaling
molecules including fibroblast growth factors (Fgfsetinoids, Wnts, and members of the
transforming growth factor beta (TG¥y-superfamily. Graded Fgf signalling is involvedtire
induction of Hox gene expression at brachial, thoracic and lumbeael$ of the spinal cord
(Dasen et al., 2003). At more rostral levetgx genes are regulated by graded retinoic acid
(RA) signalling, provided by paraxial mesoderm aadhites, while at more caudal levélex
genes are controlled by graded T@Family member, Gdf11l, which acts in concert wiighh
levels of Fgf signalling (Fig. 1.2) (Dasen and &#s2009).

10
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Fig. 1.2. Rostrocaudal patterning of the neural tub. Hox genes positioned closer to 3" end of
the chromosome are expressed more rostrally, vgeites lying more 5° are expressed more
caudally. Graded Fgf signalling induces the expoassf Hox genes along the rostrocaudal axis
in the neural tube. Graded retinoic acid (RA) siigmaregulates Hox gene expression rostrally,
while at more caudal levels Hox genes are contidie graded Gdfll (Adapted from Dasen
and Jessell, 2009).

1.3.3. Dorsoventral patterning

The initial dorsoventral patterning is set up byesal extracellular signalling
molecules; these include Fgf8, Retinoic Acid, Wisne morphogenetic proteins (BMPs) and
Sonic Hedgehog (Shh) (Fig. 1.3). It is commonlgreowledged that BMPs, Wnts and Shh are
the main players in patterning dorsoventral axishef spinal cord (Wilson and Maden, 2005).
BMPs, expressed by the overlying dorsal ectoderthraaf plate cells, specify neuronal fate in
the dorsal neural tube and, also, inhibit the djpation of the ventral neural tube cells. In
addition to BMPs, Wnt proteins emanating from tbhesdl midline have also been found to play
role in neural progenitor behaviour and neuronahiiy (Muroyama et al., 2002; Ulloa and
Marti, 2010). Sonic Hedgehog, expressed by theamat@ and the floor plate, specifies the
pattern of ventral neurogenesis by providing speddentity and positional information to

ventral neural progenitor cells (Ericson et al 980
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Fig. 1.3. Dorsoventral patterning of the neural tule. The key molecules that pattern
dorsoventral axis of the neural tube include Sddedgehog (Shh, red), secreted by the
notochord and floor plate; retinoic acid (RA, gregiroduced by the somites; BMP and Wnt
family members (blue), generated by the roof plAtiapted from Dessaud et al., 2008).

Shh acts in a graded manner: neural progenitoegdddn more ventral regions of the
neural tube are exposed to higher Shh concentrahan progenitors located more dorsally. A
certain concentration of the Shh molecule is ne¢degEnerate each progenitor domain, which
later will differentiate into distinct neuronal sype. As a result, progenitor domains are
generated and arranged in a precise spatial otdeg éhe dorsoventral axis (Dessaud et al.,
2008). In the ventral spinal cord there are attlé®e progenitor domains: four domains of
ventral interneuron progenitors (p0 — p3) and comaln of motor neuron and oligodendrocyte
(MN/OL) progenitors (Fig. 1.4). A common progenifor MN and oligodendrocytes produces
motor neurons first and later in development, a42.B-13, switches to production of

oligodendrocyte precursors (Li et al., 2011).
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Dorsal

Ventral

Fig. 1.4. Generation of distinct neuronal progenitodomains in the ventral spinal cord in
response to graded Sonic Hedgehog signallingsraded Shh signalling arranges neural
progenitors into precise domains (p0-p3, pMN/pOlong the dorsoventral axis of the spinal
cord. Neural progenitors located more ventrally exposed to higher concentration of Shh,
than progenitors located more dorsally. Shh — Séfedgehog; Fp-Floor plate; pO — p3 —
Progenitor domains of ventral interneurons; pMN/p©lmotor neuron and oligodendrocyte
progenitor domain.

Shh signalling organizes neural progenitors intatigfly distinct domains along the
dorsoventral axis of the neural tube by regulatexpression of transcription factors.
Transcription factors expressed in neural progenitan be divided into two groups, termed
class | and Il proteins, according to the effecthafir regulation by Sonic Hedgehog signalling.
Shh signalling represses the expression of classtéins (Pax7, Irx3, Dbx1, Dbx2, and Pax6)
and induces the expression of class Il proteinx{DBPbx2, Nkx6.1, Olig2, Nkx2.2 and Foxa?2)
(Briscoe et al., 2000). Once expressed, class | kndroteins exhibit cross-repressive
interactions, which help to define distinct progendomains. RA from the paraxial mesoderm
and Fgf signalling also influence the pattern ainscription factors in progenitor cells. RA
signalling induces the expression of class | prateivhereas, Fgf signalling stops dorsoventral
patterning by blocking both class | and Il protexpression (Fig 1.5) (Briscoe and Novitch,
2008).
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Class |
(Pax7, Irx3, Dbx1, Dbx2, Pax6)

™

Faf /\
S

~

Class i
(Dbx1, Dbx2, Nkx6.1, Olig2,
Nkx2.2, Foxa2)

Shh

Fig. 1.5. Fgf, RA and Shh interaction with class &nd Il proteins. Fgf signalling suppresses
expression of class | (Pax7, Irx3, Dbx1, Dbx2, &ak6) and class Il Dbx1, Dbx2, Nkx6.1,
Olig2, Nkx2.2 and Foxa2) proteins. RA induces espien of class | proteins, whereas Shh
signalling promotes expression of class Il protefdace expressed, reciprocal pairs of class |
and Il proteins show cross-repressive interactitngenerate discrete progenitor domains
(Adapted from Briscoe and Novitch, 2008).

Transcription factors produce a unique transcniyaiaode for each progenitor subtype,
e.g. motor neuron progenitors are identified by &lkx Nkx 6.2, Pax6 and Olig2 expression
(Fig. 1.6). Distinct neuronal subtypes are genedratea precise spatial order from progenitor
domains at E9-9.5 (Jessell, 2000).
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Transcription factors
expressed in progenltor cells Postmitotic neurons

Ventral

Progenitor domains

Fig. 1.6. A combinatorial expression of transcriptn factors in the ventral region of the
spinal cord defines progenitor domains, which latergenerate distinct neuronal subtypes.
Each progenitor domain is identified by its unidtenscription factor code, which determines
what neuronal subtype will be generated from aagenprogenitor domain, e.g. motor neuron
progenitors are identified by Nkx6.1, Nkx 6.2, Pa@l Olig2 expression. Progenitor domains
pO0 - p3 generate different ventral interneuron guks (VO-V3), while motor neuron
progenitors (pMN) produce motor neurons (MN). F®er plate (Adapted from Dessaud et al.,
2008).

1.3.4. Motor neuron development in the mouse spinabrd

Motor neurons are easily identifiable, because fhmyect axons out of the CNS and
their activity can be recorded through their outpumuscle contraction. Therefore, this class of

neurons has been very well studied and is wellactarized (Price and Briscoe, 2004).

Motor neuron development can be divided into fdagss: first, specification and birth
of motor neurons; second, migration of immatureraes to their final position in the spinal
cord according to their motor column identity anmdjection of their axons towards their target
regions; third, motor pool formation and establisinof synaptic connections and fourth,
refinement of synaptic connections through the ielition of axon branches and cell death
(Jessell, 2000, Wolpert et al., 2007).

The first stage of motor neuron development bediming dorsoventral patterning of
the spinal cord. MN progenitor cells, one of finst progenitors to differentiate, are generated
in a specific domain of ventricular zone in the tahregion of the spinal cord as described
earlier. Ventral progenitors become specified immwtor neuron and oligodendrocyte

progenitors (MN/OL progenitors), when Olig2 expiessis induced in response to continued
15



RA and Shh signaling (Novitch et al., 2003). Oliglays an important role in MN and
oligodendrocyte (OL) generation and differentiataord has been shown to regulate fate switch
in MN/OL progenitors by reversible phosphorylatimn Serine 147. When Olig2 is
phosphorylated, MN/OL progenitors generate MN, I@iig2 dephosphorylation triggers
production of OL precursors (OLP) (Li et al., 201Motor neurons share the same population
of progenitor cells with oligodendrocytes up to f@int when Notch signalling is activated
(Park and Appel, 2003Notch signalling prevents expression of Ngn2 anéhtaans MN/OL
progenitor cells in undifferentiated state untildaidnal signalsat E12.5-13, such as Olig2
dephosphorylation, promote MN/OL progenitors difetiation into OLP. Oligodendrocyte
precursors subsequently migrate throughout theabpiord before becoming myelinating
oligodendrocytes (Cai et al., 2005; Park and Ap2@03).

In the absence of Notch signaling, phosphorylatég2Gpromotes expression of Ngn2
and proneural protein NeuroM that cause MN/OL priges to become committed MN
progenitors and begin to exit the cell cycle. Sgosat downregulation of Olig2 expression

promotes differentiation of motor neurons (Fig.)XBriscoe and Novitch, 2008).
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-0—0—0—@
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Fig 1.7. Changes in gene expression in progenitoelts during motor neuron development

(i) Neural progenitors expressing Sox1-3 are ke undifferentiated state as a result of Fgf
signalling. (i) Shh and RA signalling ventralizesural progenitors by inducing expression of
Nkx6 and Pax6 transcription factors. (iii) As aukef continued exposure to Shh and RA,
Olig2 expression is induced in neural progenitafsich now can become both motor neurons
and oligodendrocytes. (iv) In the presence of Natigmalling, progenitor cells express Ngn2
and Sox21, become committed motor neuron progenédod begin to exit the cell cycle. (v)

Ongoing RA acid signalling and downregulation ofig2l expression promotes further

differentiation of motor neurons. (vi) Activatiori Notch signalling prevents the expression of
Ngn2 in motor neuron/ oligodendrocyte progenitonsd amaintains these cells in an

undifferentiated state until additional signals rpaote differentiation into oligodendrocytes

(Adapted from Briscoe and Novitch, 2008).

The second stage of motor neuron development bedias motor neurons are born.
Spinal motor neurons are one of the first neurortsetborn. The time when neurons are born is
defined by the last mitotic division of its progemicell (Watson et al., 2008)n mice, motor
neurons are born between E 9.5 and E13. First nmeorons are born in the brachial region

folloed by more caudal regions - thoracic and lumigions (Nornes and Carry, 1978).

MN migrate out of the ventricular zone to settleam appropriate position, depending
on to which motor neuron subtype they belong to. 8Bl specified into subtypes and arranged

into discrete motor columns depending on the masitiey innervate (Fig 1.8). In mice, MN
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extend their axons into the periphery as early 48. Hhe median motor column (MMC)
innervates axial muscles and is present at alldesfethe spinal cordlhe preganglionic column
(PGC) innervates sympathetic ganglia and can bedfanly at thoracic levels, as well as the
hypaxial motor column (HMC), that innervates bodglmmuscles. The lateral motor column
(LMC) innervates limb muscles and, therefore, isegated only at limb levels of the spinal
cord. The LMC can be divided further into a medial digrsi(LMCm), that project axons to
ventrally derived muscles and a lateral divisioM(!), that project axons to dorsally derived

muscles (Dasen and Jessell, 2009; Kania et al()200

Motor neurons are specified into subtypes by reosidal patterning. Hox gene
expression is critical for motor neuron columnaantity, motor pool identity and initial steps of
axonogenesis. Expression of Hox genes definepdbiéion in which distinct motor columns
are generated. For example, Hox6 expression isiatest to brachial level, where LMC is
generated, while Hox9 to thoracic level, where PdB@ HMC are generated (Dasen and Jessell,
20009).

Hox genes function in a combinatorial manner witViLhomeodomain transcription
factors: Islet 1, Islet 2, Lhx1 and Lhx3 to contnobtor neuron subtype identity. There are two
layers of gene regulation to control motor axonjgrtions. One of them is static and specifies
MN subtypes into columns and pools, while the otlagrer changes actively and regulates

motor axon pathfinding (Bonanomi and Pfaff, 2010).

Specific combinations of the LIM homeodomain traion factors, which are static,
identify motor column subtype: Islet 1, Islet 2 adaix3 are molecular markers of the MMC
column; Islet 1 and Islet 2 define the HMC colurtire combination of Islet 2 and Lhx1 identify
the LMCI; Islet 1 and Islet 2 label the LMCm; arslet 1 expression defines the PGC column
(Fig. 1.8) (Dasen et al., 2003; Tsuchida et al94)9

Dynamic regulation of LIM homeodomain transcriptitactor expression guides the
projection of motor neuron axons to specific musckor example, in MMC neurons, Lhx3
controls the expression of fibroblast growth facteceptor 1 (FgfR1), which makes them
sensitive to dermomyotome-derived FGFs that adtrang chemoattractants for MMC axons
(Shirasaki et al., 2006). In LMCI neurons, Liml hasen linked to the control of EphA4
receptor, and in LMCm neurons Isl1 has been linteedEphBlreceptor (Kania and Jessell,
2003; Luria et al., 2008). Also, Lhx3 expressios baen shown to be necessary for MN axons
to exit spinal cord ventrally. Initially, when MN&born, Lhx3 is expressed in all of them for a
short period of time, and then is rapidly downreged! in all except the MMC neurons (Sharma
et al., 1998). Shortly after motor axons exit tleeinal tube they select their innervation targets
(Bonanomi and Pfaff, 2010).
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© MMC: Isl1, Isl2, Lhx3
@ HMC: Isli, IsI2

@ LMCm: Isl1, Isl2

QO LMCI: Isl2, Lhx1

Q PGC: s

Fig. 1.8. Motor neuron columnar organization in the spinal cord. Motor neurons are
segregated into longitudinal motor columns along tbstrocaudal axis of the spinal cord
according to their innervation targets. The medmmtor column (MMC, blue) neurons are
generated at all rostrocaudal levels of the spioatl and project axons to the axial muscles
(dermomytome, dm). The lateral motor column (LM@aisning brachial and lumbar levels of
the spinal cord is further divided into lateral (CW green) and medial (LMCm, purple)
divisions, which project axons to muscles of dorgdlb) and ventral limb bud (vib)
respectively. Preganglionic motor column (PGC, gegmeurons, which innervate sympathetic
ganglia (sg), and hypaxial motor column (HMC, redurons, which innervate body wall
muscles (bw), are located at thoracic levels. Aquei combination of LIM homeodomain
transcription factors identifies motor column sydsty Islet 1, Islet 2 and Lhx3 characterize
MMC column; Islet 1 and Islet 2 are specific foetHMC column; the combination of Islet 2
and Lhx1 identifies the LMCI; Islet 1 and Isletdbkl the LMCm and Islet 1 expression defines
the PGC columnC - caudal. R — rostral (Adapted from Bonanomi Bfaff, 2010).

The third stage starts at about E11.5-12 when LM@hs begin to sort into medial and
lateral divisions and into motor pools. A motor pmoa group of motor neurons that innervate
the same muscle. The existence of a great varfetyuscle groups in the limbs demands an
equivalent diversity of motor pools (Dasen et 2005). Motor pool identity is also controlled

by Hox genes (Dasen and Jessell, 2009).

Once MN axons have arrived at their target, then&dion of synapses begins. Before
an axon terminal has approached, acetylcholinegpters become concentrated in the central
region of the muscle fibre. When the motor axoives; it secretes Agrin into the basal lamina,
which induces clustering of acetylcholine receptansl specialization of muscle cell surface.
Signals from the muscle in turn promote differemtia of the pre-synaptic zone on the axon

terminal and align it with the post-synaptic arBaocess of MN axon projection and synapse
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formation is very accurate, although, some patlifigperrors take place and they are eliminated

by editing during the fourth stage (Colon-Ramo€90

The fourth stage begins at about E12, shortly dftsr axons reach their targets and
includes refinement of synaptic connections throtighelimination of axon branches and cell
death (Yamamoto and Henderson, 1999 ce a motor neuron axon has established a contact
with a muscle cell, it can activate the muscle, tinislis followed by the death of the other MN
that were navigating to the same muscle cell. Nbetrss, some muscle fibres become
innervated by several axon terminals and then cmstections are eliminated by programmed

cell death, until each muscle fibre is innervatgabe axon (Wolpert et al., 2007).

1.4. Fibroblast growth factor signalling system

14.1. Fibroblast growth factors

The mammalian Fibroblast growth factor (Fgf) sigingl system consists of Fgfs that
act as extracellular ligands that bind to and at#ivfour receptor tyrosine kinases termed
FgfR1, FgfR2, FgfR3 and FgfR4 (Eswarakumar et a005). Fibroblast growth factors
comprise a large family of signalling moleculestthave been found both in invertebrates and
vertebrates. The Fgf family consists of 22 memiemouse (Fgf 1-18, 20-23) and in human
(FGF 1-14, 16-23) (Ornitz and Itoh, 2001).

The molecular weight of vertebrate Fgf's variesrfrb7 to 34 kDa. Gene structure and
amino-acid sequence of Fgfs are highly preservéddam vertebrates and all the members of
the family share a conserved 120- amino acid residue core 1@f# to 65% amino acid

similarity (Eswarakumar et al., 2005).

Vertebrate Fgfs can be classified into seven suitieeby phylogenetic analysi§gfl
(1,2), Fgfd (4,5,6), Fof7 (3,7,10,22), Fgf8 (8,18),1Fgf9 (9,16,20), iFgfs (11,12,13,14nd
hFgfs (15, 21, 23fFig 1.9). Members of a subfamily share high segaesimilarity, similar
receptor-binding properties and some overlappites f expression. For example within Fgf7
subfamily, Fgf10 has 60% amino acid sequence igewith Fgf7 and Fgf3, and members of
the Fgf8 subfamily (Fgf8, Fgfli7, and Fgfl8) have-8006 amino acid sequence identity
(Maruoka et al., 1998; Yamasaki et al., 1996).

Fgf family proteins are expressed in many tissims, the patterns and timing of
expression are different. Some Fgfs are expressbdim embryonic tissues (Fgf3, 4, 8, and
17), whereas others are expressed in embryoniadnll tissues. Patterns of Fgfs expression
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suggest that they play vital roles in organism dgwaent and repair. During embryonic
development Fgfs have diverse roles in regulatirgl @roliferation, migration and
differentiation (Ornitz and Itoh, 2001). For examplFgfl0 has been shown to promote
proliferation of epithelial progenitor cells durimgancreatic organogenesis (Bhushan et al.,
2001). Fgf2 and Fgfth vitro stimulate migration of myogenic cells in mouse eyohic limbs
(Webb et al., 1997). Fgfl8 is required for cell lffepation and differentiation during
osteogenesis (Ohbayashi et al., 2002). In the ,aBgfs act as homeostatic factors and play
significant roles in cell differentiation, tissuepair and wound healing (Eswarakumar et al.,
2005; Ornitz and Itoh, 2001). Fgf7 and Fgf10 hagerbshown to play an important role in skin

wound healindKomi-Kuramochi et al., 2005).

Fgf7
Fzfl10 subfamily

Fgf4 rgf7

- - Fgf3
subfamily Fgfs

Fgf6 Fgf22
Fef4 ™~
Fgfi6
ry &P
subfamily
Fgfis Fgr20
Fgf8
b‘f_ . Fgf
subfamily
Fgfl7
Fgfi3
Fefl4
Fgf12
o \7 o * ~
En/ 21 F, ::.ﬂ 1 ng /
Fgf23 o
i Fefl5 subfamily
hFgf ~

subfamily

Fig. 1.9. Phylogenic tree of mousggf gene family. MouseFgf gene family can be divided
into seven subfamilies containing two to four mersteach. Branch lengths are proportional to
the evolutionary distance between each gene (Addpien Itoh and Ornitz, 2008).
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1.4.2. Fibroblast growth factor receptors

In human and mice there are fdegfR genesFgfR1 — FgfR4that encode four FgfR
tyrosine kinase receptors FgfR1-4. FgfRs are ctmsagrof an extracelullar ligand binding
domain that consists of three immunoglobulin-likég-llke) domains (I, I, 1), a

transmembrane domain and a cytoplasmic tyrosirskigmain (Jaye et al., 1992).

A significant characteristic of the FgfR familyasvariety of isoforms that are generated
by alternative mRNA splicing of FgfR 1, 2 and 3t hot FgfR4 transcripts. Alternative splicing
of exons 8 and 9 generates either lllb or llic ésofs of FgfR: splicing of exons 7 and 8
generates FgfR-1lIb isoform, while combination ofoas 7 and 9 generates the FgfR-llic
isoform (Fig. 1.10) (Eswarakumar et al., 2005).

FGFRIIIb [sP} PTK domain
Acid ':',’
Box 2 gw N
,lla S b ¥,
Exons
M N e

FGFRIlic [sP] PTK domain

Fig. 1.10. Structure of FgfR isoforms generated bglternative splicing of FgfR transcripts.
FofR consists of three immunoglobulin-like (lg-llkeomains (1, II, Ill), a transmembrane
domain (TM) and a protein tyrosin kinase domain KRTSP - signal peptide. The b and c
isoforms of FgfR are produced in the result of rakli¢ive splicing of exons 8 and 9.
Combination of exons 7 and 8 generates FgfR-1idioisn, while combination of exons 8 and 9
generates the FgfR-llic isoform. (Adapted from Eakamar et al., 2005).

Consequently, seven FgfR proteins (Fgfrs 1llibjclIRllIb, 2llic, 3llb, 3llic, and 4)
are generated from folfgfR genes. Difference between the isoforms is founthénthird I1g-
like domain and changes ligand-binding specificipar example FgfR2-IlIb isoform binds
Fof7, Fgf1l0 and Fgf22, but not Fgf4 or Fgf6 thaivate FgfR2-llic. The specificity of these
isoforms towards various Fgf ligands is summarized the table below(Table 1.1)

(Eswarakumar et al., 2005).
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Fgfr isoform Ligand specifisity
FgfR1-llIb Fgf1, -2, -3 and -10
FgfR1-llic Fgf 1, -2, -4, -5 and -6
FgfR2-IlIb Fgf 1, -3, -7, -10 and -22
FgfR2-llic Fof 1, -2, -4, -6, -9, -17
FgfR3-IlIb Fgf 1 and -9

FgfR3-llic Fof 1, -2, -4, -8, -9, -17, |-
FgfR4 Fof 1, -2, -4, -6, -8, -9, |-

Table 1.1. Ligand specificities of Fgfr isoforms

1.4.3. Fgf signalling through FgfRs

Fgf family contains 22 members, however, only 18tleém act through FgfRs.
Members of iFgf subfamily (Fgfll-14) do not medittteir response by activating FgfRs and
are called homologous factors (Itoh and Ornitz,2@&mallwood et al., 1996). iFgfs lack signal
sequences and are considered to have an intracelhle (Itoh and Ornitz, 2008). Fgfl and
Fgf2, also, lack signal sequences and hence arseaotted, though, they can be found on the

cell surface and extracellular matrix (Ornitz atah| 2001).

Secreted Fgfs act as signal molecules that bindaatidate FgfRs. FgfRs get activated
when Fgf ligand, bound to heparan sulfate protezagig (HSPG), binds to the receptor causing
its dimerization. HSPG act as a low-affinity reagphat does not transmit signal, but functions
as an accessory molecule and has been shown easecaffinity and half-life of the Fgf-FgfR
complex (Eswarakumar et al., 2005; Ornitz and 1@001). Also, Fgf interaction with HSPG
stabilizes Fgfs to thermal denaturation and prgssl(Ornitz and Itoh, 2001).

FgfRs mediate their signalling by recruiting spiecifroteins that bind to tyrosine auto-
phosphorylation sites on the activated receptor lapdising docking proteins that become
tyrosine phosphorylated in response to Fgf-stinmtatFgf-stimulation of docking proteins of
the FRS2 family results iactivation of the Ras/ mitogen - activated pro{@ditAP) kinase and
phosphatidylinositol - 3 (PI-3) kinase signallingtipwvays (Eswarakumar et al., 2005; Kouhara
et al., 1997)
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1.5. Fqgf signalling in the developing mouse spinabrd

1.5.1. Fgfs and FgfRs involved in the development mouse spinal cord

Fgf signalling plays an important role in the deyghent of the CNS. There have been
multiple studies on Fgf expression during brainadepment, while Fgf contribution to spinal

cord development still has to be described in ndetails (Ford-Perriss et al., 2001).

Three out of four FgfR receptors have been deteictatie developing mouse spinal
cord by Shirasaki in 2006, however, receptor isofrhave not been specified. FgfR1
expression localizes in the ventral horns of thanapcord, while FgfR2 and FgfR3 are
expressed in the ventricular zone (Shirasaki e28D6). Later, Fon Tacer showed in 2010 that
FgfR-llic isoform is predominant in adult mouse CNigluding the spinal cord (Fon Tacer et
al., 2010).

Fgfs are expressed in the spinal cord from the feginning of its formation. Fgfs are
required for the neural induction and generatiomedral tissue (Wilson and Maden, 2005). A
gradient of Fgf8, in particular, is necessary fa induction of Hox genes that are essential for

patterning the rostrocaudal axis of the neural {@vessley and Martin, 1995).

A number of Fgfs have been shown to be express#ueinleveloping spinal cord e.g.
Fgfl, Fgf2, Fgf9 and Fgfl5 (Colvin et al., 1999rd-®erriss et al., 2001). Mouse Fgf2 mRNA
has been shown to be expressed in the neural inddeding the ventricular zone, and within
dorsal root ganglia (DRG) starting from E10, whesumal crest precursors are proliferating
within the DRG and consequently might play a roldhe proliferation of neuronal precursors
(Ford-Perriss et al., 2001; Murphy et al., 1994).

Fgf9 is strongly expressed in the developing magurons from E10 to E14 and its
expression pattern suggests a role in the developame maintenance of motor neurons and a

possible role in skeletal muscle innervation (Qolkei al., 1999; Garces et al., 2000).

Fgfl5 is expressed in the dorsal region of the ldgueg spinal cord from E8 to E14
and may play an important role in regulating célision and patterning within the embryonic
spinal cord (Ford-Perriss et al., 2001; McWhirteale 1997).

Recently, Fgf10 expression has been detected ird¢lweloping mouse spinal cord,

which implicates it in mouse spinal cord developti{enpublished data of M.K. Hajihosseini).
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1.5.2. Fgf10 expression in the developing mouse 1sgi cord

Fgf10 encoding cDNA was originally isolated front eanbryos in 1996 (Yamasaki et
al., 1996). It was soon followed by isolation ofuse Fgf10 cDNA, which encoded a secreted

protein of 209 amino acids (Tagashira et al., 1997)

Fgfl0 has been shown to play diverse roles in teeldpment of many different
tissues. So far, Fgf10 has been shown to playgatitbles in limb and lung development and an
important role in heart development (Abler et aDP9; Kelly et al., 2001; Min et al., 1998;
Vega-Hernandez et al., 2011; Zakany et al., 208i8p, Fgfl10 is essential for the development
of pancreas, white adipose tissue, mammary glaadids, intestine, liver and brain (Berg et
al., 2007; Bhushan et al., 2001; Konishi et alQ&Mailleux et al., 2002; Nyeng et al., 2011;
Sahara and O'Leary, 2009; Tao et al., 2005). Anteantime, studies to determine Fgf10 role
in adult animals are limited, becausgf10knockout mice die at birth (Min et al., 1998).

Fgfl0expression has, also, been detected in the spindlof juvenile and adult mice,
aged 4 and 56 days, respectively (Allen Institude Brain Science database) (Fig. 1.11).
Despite the fact thatgf10 expression has been shown in the mouse spinal abtide moment,

there are no publications related to possible Fgbl€s in that region.

A . B
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Fgfl0 Fgfl0

Fig 1.11 In situ hybridisation of Fgfl0 in 4 days (A) and 56 daysB) old mouse spinal
cord. (A) Transverse section of the spinal cord at thiorével of 4 days old mouse; Fgfl0 is
expressed in the ventral horns of the spinal c@yl.Transverse section of the spinal cord at
thoracic level of 56 days old mouse; Fgf10 expresskells are scattered across the spinal cord.

Recently, Fgf10 expression has been detected biyu hybridisation in the spinal cord

of E12.5 mouse embryo and it is the first evidenicEgf10 expression in the developing mouse
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spinal cord (unpublished data of M. K. HajihosseiAt E12.5, Fgf10 is mainly localized in the
ventral horns of the spinal cord, in the area wineogor neurons normally reside (Fig. 1.12).

Fig. 1.12 In situ hybridisation of Fgf10 in the E12.5 developing mase spinal cord.Please
note that the section has been torn dorsally. Fgffression is shown in red and is mainly
localized in the ventral horns of the spinal cardgublished data of M.K. Hajihosseini).
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1.6. Aims

Molecular pathways of spinal motor neuron developmare among the most
characterized ones. However our knowledge abdenant pathways of MN organization and
differentiation is still incomplete. Recently, stesl have shown that a member of the fibroblast
growth factor family-Fibroblast Growth Factor 1qFgfl10 is expressed in the ventral part of
the developing mouse spinal cord, in the regionre/tmeotor neuron bodies usually are located

(unpublished results of M. K. Hajihosseini).

During embryonic developmenEgfl0 is widely expressed in various tissues of the
mouse organism, and is known to play a key rolg¢h@ organogenesis of various organs,
including lungs, pancreas, mammary glands, limlustaain (Bellusci et al., 1997; Bhushan et
al., 2001; Mailleux et al., 2002; Min et al., 19%xhara and O'Leary, 2009). Until ndwgf10
expression in the developing spinal cord has nehbieported, and nothing is known about its

possible function in that region.

In this report | examine th&gfl0 expression pattern and investigate its role in the
developing mouse spinal cord. Preliminary studiesehshown that the region &fgfl0
expression correlates with where motor neurons albymeside, which lead us to hypothesize

that Fgf10 may be involved in the development dfiglmotor neurons.
Hypothesis: Fgf10 is involved in the developmeninaitor neurons
Aims: To investigate the hypothesis, three aimseveet up:

1) To determine the timing and pattern of Fgfl0 exgims in the

developing mouse spinal cord, across different gobic ages.
2) To determine what cell types express Fgf10; arg th@tor neurons?

3) To investigate how loss of Fgfl0 affects the depelent of motor

neurons and other cell types in the spinal cord.
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2. MATERIALS AND METHODS

2.1. Transgenic mouse lines

All mouse lines were bred on a mixed genetic bamhgd according to the local

regulations for transgenic breeding.

2.1.1.Fgf10-**“* mice

Fgf13d“* (Fgf10-Lac2) transgenic mouse line was originally created bylyiel 2001
(Kelly et al.,, 2001). Fgfl0-LacZ mice carry a heterozygous transgene insertion dingo
nuclearLacZ (nLac2 downstream of th&gf10 promoter and are acknowledged to be a reliable
reporter of Fgf10 expression (Hajihosseini et al., 2008; Kelly et &001). The genomic
structure of theé=gf10-LacZ allele is shown in Figure 2.1LacZ gene encodes an enzyifie
galactosidasepfgal), which in the presence of a substrate X-gallpces a blue precipitate.
Therefore,Fgfl0 expression can be traced either by using $rgial antibodies or by treating

tissue with X-gal solution.

Fgf10Locus

Wild type Promoter Exon 1 Exon 2 Exon 3
Fgfio LacZ Promoter nLacZ Exon 1 f Exon 2 Exon 3
Fgf10
Exon 1 Exon 2 Exon 3 af
mRNA
B-gal
Product
X-gal of blue
colour Fgfl0

Fig. 2.1. Schematic diagram of the genomic structer of wild type (top) andFgf10-LacZ
(bottom) allele. The nucleattacZ (nLac? transgene is located 114 bp upstream offRiid0
gene and is under the control of thgf10 promoter. LacZ gene encodes an enzyfine
galactosidasep(gal), which converts substrate X-gal into a bluecppitate (Adapted from
Kelly et al., 2001).
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2.1.2.Fgf10 " mice

Fgf10-/- (Fgfl0knockout) allele was originally generated by Mmn1998 (Min et al.,
1998). A PGKneo(NEO) cassette was inserted into the region ofiteeexon, which encodes
the translation start site and the putative sigregdtide. The genomic structure of tRgf10
knockout allele is shown in Figure 2.2. This stggteliminated the translation initiation codon
(ATG) and the signal peptide, and inserted multgitgp codons in-frame, as a result, no Fgfl0
protein was produceddomozygoug=gf10 knockout mouse embryoEdf10™) are smaller than

wild type, they do not develop limbs and die attbdue to the absence of lungs (Fig. 2.3).

Fgf10 Locus

Wild type Promoter Exon 1 Exon 2 Exon 3
Targeted
Promoter NEO Exon 2 Exon 3
Fgf10 allele

Fig. 2.2. Schematic diagram of the genomic structer of wild type (top) and Fgf10
knockout (bottom) allele. A neomycin (NEO) cassette is inserted into thst frxon ofFgf10
gene that stops it from being transcribed (Adapteh Min et al., 1998).

Fig. 2.3.Wild type (A) and Fgf10 knockout (B) embryos at E18.5Fgf10 knockout embryos
lack limbs and lungs, and appear to be smalleiz@ sompared to wild type (Adapted from
Min et al., 1998).

2.1.3.FgfR2-I11¢ *'* mice

FgfR2-Ilic * (FgfR2-1llc hemizygotes) mice were originally generated byiltdeiseini
in 2001 through a heterozygou®xP-Cre mediated excision of “floxed” (flanked hyoxP
sequences) exon 9, specific for FgfR2-llic isofdidajihosseini et al., 2001). For the genomic
structure of theFgfR2-Illc deficient allele, please, see Figure 2.4. Abserfcene copy of
FgfR2-llic in mice results in a gain-of-function effect doeat splicing switch in thegfR2-llic
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deficient allele. FgfR2-lllc *"* mice showillegitimate expression of FgfR2-lllb isoform in
mesenchymal and neural tissues along with FgfR2-ITThat makes the relevant tissues
responsive not only t&6gfR2-llic specific Fgfs (Fgfl, -2, -4, -6 and -®yt also to FgfR2-111b
specific Fgfs (Fgf3, -7, -10 and -22). This leadscertain abnormalities, such as bone and

visceral defects, which are reminiscent of Aperidsgme (Hajihosseini et al., 2001).

A Extracellular Intracellular

Exon, Exon, Exon
89! 10 :

~

Kinase H Kinase P_

B FofRzlocus Ila b Ilc ™
Wild type 7 8 9 10 1
Ila b ™
FgfR2-Allic 7 8 10 11

Figure 2.4. Structure of Fgf receptor and genomictaucture of FgfR2 locus in FgfR2-1lic
hemizygote mouse. (A) Schematic structure of FgfR2, which consietsan extracellular
domain, containing three Ig-like loops, a transmemnb (TM) segment, and an intracellular
tyrosine kinase domain. In the result of an altéveasplicing of exons, encoding third Ig-like
loop, either lllb or llic receptor isoforms are geated. (B) Schematic diagram of the genomic
structure of wild type (top) allele arkejfR2allele with excised exon 9 (bottom), that resirits
FgfR2-llic deficiency. Mice deficient in one copy BfjfR2-llic experience a gain-of-function
mutation (Adapted from Hajihosseini et al., 2001).

2.2. Embryo isolation and genotyping

Animals were sacrificed by GQasphyxiation, embryos of the relevant age (tahlg 2
were isolated and their yolk sacs were harvestedydoomic DNA isolation. Genomic DNA
was isolated by digestion by Proteinase K overngglg5C, followed by sample centrifugation
to remove the digested tissue. Genomic DNA was thecipitated with isopropanol and
resuspended in 30% TE buffer in d@HAIl embryoswere genotyped by PCR using genomic
DNA from embryo’s yolk sacs. Embryos were genotygsdPCR using the Expand Long
Template PCR System (Roche), according to manufatsunstructions. For the list of primers

used, please see table 2.2.

30



Genotype
Wild type | Fgf10-#* | Fgf10 ™ FgfR2-Ilic *

Age

E8.5 - 2 - -
E9.5 3 5 - -
E10.5 1 - 1 -
E11.5 - 7 - -
E12.5 3 10 - 1
E14.5 1 1 1 -
E15.5 - 1 - -

Table 2.1. Age, genotype and number of the embryased in this study.

Expected
Allele Primers product/s
(kbp)
(Forward) GCA TCG AGC TGG GTA ATA AGC GTT GGC AAT
LacZ+:0.8
(Reverse) GAC ACC GAC ACA ACT GGT AAT GGT AGC GAC
Fgf10d®?
(Forward) CGA GTG GAG CAT GTACTT CCG TGT CCT GAA wild type:
(Reverse) TCC CTA CCC AGT CAC AGT CAC AGC TGC ATA 0.5
(Forward) CAC CAA AGA ACG GAG CCG GTTG
Fgfl0
Knockout:
knockout | peverse) ACT CTT TGG CCT CTA TCT AG oo
Floxed/+:
2.0
(Forward) CAC TCT ATC AAG GCA TGC AGC AAGC
FgfR2- Wwild  type:
e 1.9
(Reverse) CTG CGG CCG CCA GTC TGC CTG GCT CAC TGCTQ
GCC FgfR2-lllc
+/A 05
Table 2.2. Primers used for genotyping (5'-3).
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2.3. Tissue fixation

Embryos to be immunostained, were fixed with 4%afmmaldehide (PFA) at room
temperature (RT) at least for 30 mins and then aé&h PBS twice for 10 mins. Embryos to be
treated with X-gal were fixed with 0.5% Gluteralgedle and 2% PFA made in phosphate
buffered saline (PBS), and then rinsed in PBS tfocd.0 mins.

2.4. Dehydration and rehydration of the tissue

After fixation, embryos were dehydrated by beingsiaed in PBS twice for 10 min,
followed by washing in ascending series of ethaB0% and 50% ethanol made in PBS, 70%
and 90% ethanol, made in gB| each step being 15 to 30 min long, dependintherage of the
embryos. Dehydrated embryos were stored in absdathianol at +2C until use. Before
sectioning, embryos were rehydrated to PBS by beiaghed in descending series of ethanol
(90%, 70%, 50% and 30% ethanol), followed by wash€xBS, twice for 10 min.

2.5. X-gal staining

X-gal staining was performed to identify the praesenfp-galactosidase. After fixation,
the embryos were incubated at'@7in pre-warmed 0.5 pg/ml X-gal, diluted in X-gahiging
buffer (2 mM MgC}, 5 mM Ks;Fe(CN) and 5 mM KFe(CNY) in PBS) for 2-4 hrs or overnight
(o/n), until a blue precipitate was produced. Téaction was stopped by replacement of X-gal
solution with PBS. The embryos were washed in PBiSet for 10 mins at RT on a rocking
platform, followed by postfixation with 4% PFA fa56-30 mins and switched back to PBS by a
10 min wash. The embryos were then dehydratedemgirated in ascending and desceding

series of ethanol respectively and sectioned oritiratome.

2.6. Tissue blocking

Rehydrated embryos were immersed in molten solai@% agar (made in &) and
placed into the water bath at #8for 15-20 min. Tubes containing embryos were st
every 5 minutes for better agar penetration. Thiergas and agar were then poured into tin-foil
boats, the embryos were orientated into desiratdéipn and the agar was allowed to set. Agar

blocks were kept for 1 hour at RT to allow agaséband then were stored at *tovernight.
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2.7. Tissue sectioning on the vibratome

The tissue was sectioned using a vibratome (mioretaith vibrating blade) (Leica
VT1000 S).Before sectioning, the foil was removed and exegss was trimmed with a blade
from the agar block, leaving a margin of about éhbaround the embryo. The agar block was
mounted onto the specimen disc using superglueshmiias then inserted into the buffer tray.
The buffer tray was filled with ¥£€ PBS, the blade was aligned and then sections eugrat
60-80 um widthSections were collected using a fine paint brusimsferred to wells of 48-well
plates filled with PBS and stored at>€until used.

2.8. Immunostaining of vibratome sections

Immunostaining of vibratome sections was carrietdim@ml glass vials. To block non-
specific binding sites, the sections were incubatedeast for 2 hours at RT on a rocking
platform, with solution containing 20% normal gearum (NGS) and 1% Triton X100, diluted
in PBS. After blocking, the sections were incubaded’C on a rocking platform with primary
antibody diluted in a solution containing 0.2% N&®I 0.1% Triton X100, made in PBS (Table
2.3).

The next day, the sections were washed five timd®Taon a rocking platform, each
wash being an hour long, in 0.2% NGS and 0.1% #irKa00, prepared in PBS. The sections
were then incubated o/n at@ on a rocking platform with the relevant secondamnyibodies
diluted in a solution containing 0.2% NGS and 0/8#40, made in PBS (Table 2.4).

After incubation with a secondary antibody, thetisas were washed six times in PBS
at RT on a rocking platform, each wash being 30sntong. During the last five minutes of the
last wash sections were counterstained with Hoeth4000), to visualize cell nuclei. The
sections were then switched back to PBS by 10 mash and mounted onto the slides with an
adhesive surface using Vectashield mounting medWector Labs). Cover slips were put onto

the slides and immobilized with clear nail varniShdes were stored at@.

If a biotinylated secondary antibody was used te leefore, the sections were washed
five times at RT on a rocking platform, each waeinf an hour long, in 0.2% NGS and 0.1%
Triton X100, diltuted in PBS. The sections werentlecubated at “C on a rocking platform
with tertiary antibody diluted in 0.2% NGS and 0.5¥8-40, prepared in PBS (Table 2.5). The

next day, the sections were washed in PBS, staiftadHoescht and mounted.
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2.9. Immunostaining of tissue previously treated v X-gal

Before blocking non-specific binding sites, thetsets were bleached for 1.5 hours at
RT on a rocking platform, in a solution of 6% hygen peroxide, diluted from 30% stock
solution and made in PBS. Then non-specific bindsiigs were blocked, sections were
incubated with primary antibody and washed thet mimy as described above. The sections
were then incubated o/n at@ on a rocking platform with a Goat anti-Rabbit ®mRadish
Peroxidase (HRP) secondary antibody (1:1000) dilirnied.2% NGS and 0.1% Triton X100, in
PBS. The next day, the sections were washed 6 i1PBS, then 3 x 20 mins in 0.05M Tris-
HCI buffer (0.1 M tris base, 0.1M HCI, ddB®, pH 8). Tris buffer was then replaced with
chilled diaminobenzidine (DAB) staining solutionHgD, H,O,, Tris buffer, DAB). DAB
staining was carried out and monitored under aedigsy microscope. After the stain became
visible in the period from 30 sec to 2 mins, thacteon was stopped by replacing DAB staining
solution with PBS. The sections were mounted asribex] above. All antibodies used in this

study have been summarized in tables 2.3, 2.4 &nd 2

Primary antibodies

Antibody (anti-) | Raised | Dilution Cell type detected Source
in

pB-galactosidase| Rapbit 1:1000 product Olf_ ba;terial gene, Millipore (Chemicon)
ac

product of bacterial gene,
LacZ Sigma, Abcam, Cell
Signalling, DSHB

B-galactosidase
Mouse | 1:50-1:300

BLBP Rabbit 1:200 Radial glial cell marker Abcam
GFAP Rabbit 1:1000 Astrocytes Chemicon (Millipore)
GFAP Mouse 1:800 Astrocytes Chemicon (Millipore)
Islet 1 Mouse 1:100 | Differentiated motor neurons DSHB

(except LMCI neurons)
Lhx3 Rabbit | 1:400 MMC neurons and V2 Abcam

interneurons

Nestin Mouse 1:100 Neural precursors DSHB
NeuN Mouse 1:1500 Postmitotic neurons Chemiconlighdite)
Olig2 Rabbit 1:500 Oligo precursors Chemicon (\itlre)
TuJl Mouse 1:1500 Differentiated neurons Chemisdiliipore)

Table 2.3. Primary antibodies used for immunostaimg.
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Secondary antibodies
Antibody Raise Conj Diluti Source
mouse Goat Alexa 488 1:1000 Invitrogen
mouse Goat Alexa 568 1:1000 Invitrogen
rabbit Goat Alexa 488 1:1000 Invitrogen
rabbit Goat Alexa 568 1:1000 Invitrogen
mouse IgG Goat Biotinylated 1:300 Jackson
Immunoresearch
mouse IgG1 Goat Biotinylated 1:300 Jackson
Immunoresearch
rabbit Goat HRP 1:1000 Vector Laboratories

Table 2.4. Secondary antibodies used for immunostsng.

Tertiary reagents
Antibody (anti-) Dilution Source
Streptavidin-Texas-red 1:800

Jackson Immunoresearch

Table 2.5. Tertiary antibodies used for immunostaiing.

2.10. Microscopy

Sections immunostained with fluorescent antibodieere imaged on a Zeiss
Axioimager M2 microscope with an Apotome attachme&ections immunostained with HRP
antibody and/or stained with X-gal were imaged onuaright microscope using differential
interference contrast (DIC). Images were acquitgdguAxiovision 4.8 software and processed
using Adobe Photoshop. Cells in the sections wewated using Fiji software.
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3. RESULTS

3.1 Fgf10 is expressed in the ventral horns of the developgmmouse

spinal cord during neurogenesis

Previous unpublished studies from our laboratoryehshownFgf10 expression in the
developing mouse spinal cord at E12.5ibwitu hybridisation (Fig. 1.12). The first aim of my
project was to examine the timing and patterr-gf10 expression in the developing mouse

spinal cord across different ages.

Presently, commercially-available anti-Fgfl0 antiles do not work well in
immunohistochemical reactions, henégfl0-LacZmouse embryos were used. This mouse
line carries a heterozygolscZ transgene insertion downstreamFaff10 promoter (Kelly et
al., 2001).LacZ gene codes for an enzymagalactosidasefgal), which converts substrate X-
gal into a blue precipitate. In this moufegal has been shown to be a faithful reporter 1&g
expression (Kelly et al., 2001; Hajihosseini et28108). However, it is not known how staBle
gal is, therefore, it might be detected not onlyFgfl0 expressing cells, but also, in their

descendants.

Embryos ranging from E8.5 to E15.5 were isolatednfFgf10-LacZmice, treated with
X-gal andLacZ positive embryos were sectioned on the vibratome itransverse plane.
Sections were mounted onto slides in the anatonsigatession and imaged on an upright

microscope with DIC filter.

It was found thap-gal positive -gal +) cells were present in the ventral regiorhef
developing spinal cord from E 8.5 to E15.5 (Fid. 8nd 3.2). At E8.5 only one or twegal+
cells could be detected per section, and they weximly located laterally in the spinal cord
(Fig. 3.1).p-gal expressing cells were found in more rostrgiae, while in the caudal region of
the spinal cord nd-gal positive cells were detected. These resultgested that Fgfl0

expression started at E8.5 in the rostral regiath@fpinal cord.

At E9.5, B-gal+ cells were detected at all the levels ofghmal cord (Fig. 3.1). There
were morep-gal+ cells than at E8.5, and organized in “banast restricted to the ventral
region of the spinal cord. Consistent wifgal expression pattern at E8.5, in the caudal gfart
the spinal cord there were less cells detectedgeion, than in the rostral part. These findings
are consistant with downward displacement of cellsnormal spinal cord development.
Neurogenesis begins rostrally in the spinal cord eostral part is more mature than caudal
(Nornes and Carry, 1978).
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Fig. 3.1. Transverse sections of the spinal cord d&8.5 and E9.5Fgf10-LacZ embryos

treated with X-gal solution. X-gal is converted into a blue precipitate in gresence of an
enzymef-gal, encoded bizacZ gene -gal is a reporter of Fgf10 expression. At E8.5(R")
there are a fe\§-gal positive cells (blue) per section, locate@dally in the rostral region of the

spinal cord. At E9.5 (E - H’) the number [pfgal positive cells increases and they can be

detected throughout the whole spinal cord. Scats: l§aA-D; E-H) 100 um; (A-D’; E’-H") 50

um.
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At E12.5,B-gal expression appeared to be present througheuvhole spinal cord, as
at E9.5. However, at this stagegal+ cells were found clustered in the ventralnisoof the

spinal cord (Fig. 3.2).

At E14.5,B-gal expression pattern in the spinal cord changedpared to E12.5 (Fig.
3.2).B-gal+ cells were still located in the ventral hoafighe spinal cord at more rostral regions,
but also, new zones @fgal expressing cells emerged in the dorsal regfdhe spinal cord, on
either side of the ventricular zone. By E14-8al expression was discontinued in the caudal

region of the spinal cord.
At E15.5,B-gal expression pattern was very similar to E1#i§.(3.2).

Knowing thatp-gal is a reliable reporter of Fgf10 expressiomsthresults suggested
that Fgfl0 expression started at E8.5 in the rbedgion of the spinal cord, continued during
E9.5 to 14.5 throughout the whole spinal cord i ¥bentral horns and expired from the caudal
part of the spinal cord by E14.5. At least from BEldew zones of Fgf10 expression emerged in

more rostral part in the dorsal region of the spiioad close to the ventricular zone.

Pattern off-gal expression in the developing spinal cordrgf10-LacZmice has been
summarized in a schematic diagram (Fig. 3.3). Tgwhp-gal and, therefore, Fgf10 expression
appeared to correlate with the period of neurogeniesthe spinal cord and its expression
pattern resembled the location of motor neuron démdiuring spinal cord development.
Consequently, the next step was to determine thetg@henotype of Fgfl0 expressing cells or

their descendants in the developing spinal cord.
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Figure 3.3. Schematic diagram of-gal expression in the developing spinal cord d¥gf10-
LacZ reporter mouse from E8.5 to E15.5At E8.5B-gal is expressed in the rostral region of
the spinal cord. At E9.5 to EXR2gal is present throughout the whole spinal cotdEA 4.5 and
E15.5B-gal expression is present rostrally. Please, nbtg,3-gal is expressed in the ventral
region of the spinal cord, unless otherwise nofetierics (*) indicates thgt-gal is expressed in
the ventral and dorsal regions of the spinal cord.
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Fig. 3.2. Transverse sections of the spinal cord &12.5, E14.5 and E15.5-gf10-LacZ
embryos treated with X-gal solution.X-gal is converted into a blue precipitate in ffresence
of an enzymé-gal, encoded bizacZ gene -gal is a reporter of Fgf10 expression. At E12.5 (A
— D) B-gal positive cells (blue) are present throughbetwhole spinal cord and are located in
the ventral horns. At E14.5 (E — H3)gal expression expires from caudal region, whilethe
rostral region it is present in the ventral horngl @ new area d¥-gal expression emerges in
dorsal part of the spinal cord on either side, lts the ventricular zone. At E15.5 (1 — L")
pattern off-gal expression is very similar to the one at E1&¢&ale bars: (E-H; I-L) 200 pum;

; °-L7) 100 um; (A™-D") 50 pm.
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3.2 Fafl0 is expressed by a subset of spinal motwurons from the
early stage of their differentiation

3.2.1. Rb-antiffi-gal provides specific staining in the developingmnal cord of
Fgf10-LacZ mice

In order to determine what cell types expredgal, | investigated potential
colocalization of antp-galactosidase antibody (afftigal) with various neuronal markers using
double-immunostaining technigue. Double-immunostgimequires that primary antibodies are
raised in different species. Given that primaryiteoties against neuronal markers, we were
interested in, were raised in rabbit (Lhx3) andiouse (NeuN and Isletl, TuJ1), both ghgal
antibodies (rabbit-anfi-gal and mouse-anfi-gal) were needed to examine potential

coexpression db-gal with each neuronal marker.

First, sections of the spinal cord at E9.5 were imostained with different anfii-gal
antibodies to show thdi-gal could be detected by immunohistochemistry. Eod were
isolated fromFgfl0-lacZ mouse, genotyped for the presenceLatZ gene and thehacZ
positive embryos were sectioned in a transverseepl8ections of a brain derived frdracZ
positive adult mouse were used as a positive cofirg for the tissue, because it was shown
previously to contain areas df-gal expression, e.g. in hypothalamus and hipocaamp
(Hajihosseini et al., 2008). Spinal cord and bss#ntions were then immunostained with $Ati-
gal, raised in rabbit or in mouse, and imaged oisZ&xioimager M2 microscope with an

Apotome attachment.

Immunostaining with rabbit-anfi-gal (rb-antig-gal) provided specific staining both in
the K+ and in the spinal cord sections, while nafemouse-antp-gal (ms-antiB-gal)
antibodies worked. Four ms-afiigal antibodies (Abcam, Sigma, Cell Signalling and
Developmental Studies Hybridoma Bank) were usedcuddferent conditions and in various

concentrations, but all of them failed to provieey ataining.

The pattern of3-gal expression at E9.5 provided by immunostainiras consistent
with the one detected in tissue treated with X-géthough, in immunostained sections there
were les$-gal expressing cells per section compared to Xeddlssue (Fig 3.1 and 3.4). This
could be explained by the fact tigagal expressing cells are lying on different lewglthin the
section and it was not possible to image fatial+ cells at once in immunostained tissue,
because some would be out of the plane of focimis,TX-gal solution could be more sensitive,

than antiB-gal antibody.
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Fig. 3.4. Transverse sections of the spinal cord &9.5Fgf10-LacZ embryo immunostained
with rb- anti- p-gal antibody. p-gal (green) is a reporter of Fgf10 expressiggal positive
cells can be detected throughout the whole spimra. cThe pattern df-gal expression detected
by immunostaining is consistent with the one detdy X-gal solution. Scale bars: (A-D) 100
pum; (A-D7) 50 pm.
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These results suggested that rb-grgial antibody provided specific staining and could
be used in double-immunostaining in combinatiorhvehtibodies raised in mouse, while ms-
antif-gal antibodies could not be employed in this stuldy order to investigate potential
coexpression op-gal with those neuronal markers, antibodies againfsch were raised in
rabbit, staining with Horse Radish Peroxidase (HRB3 employed. X-gal stained tissue was
immunostained with relevant primary antibody andntlwith secondary HRP antibody, the

colour was developed using DAB staining solution.

3.2.2. Motor neuron and oligodendrocytgrogenitors do not express Fgfl0 in the
developing mouse spinal cord

Previously, it was shown thtgal expression in the spinal cord starts at thgnineng
of neurogenesis at E9.5. To sedifjal is expressed in the ventricular zone cells @élis),
sections ofLacZ positive embryos aged E9.5 were immunostained vhitanti- B-gal and rb-
Olig2 antibody. At E9.5 Olig2 is a marker of bothotor neuron and oligodendrocyte
progenitors; oligodendrocytes are generated lateda.5-13.

As B-gal and Olig2 (rb-Olig2) antibodies were both egisn rabbit and could not be
used together for double-immunostaining, adjaceatiens were immunostained with each
antibody separately (Fig. 3.5). Analysis showed fhgal expressing cells lie within the domain
of MN/OL progenitors and possibly coexpress Olig2.

To see if it was the case, sections of X-gal sthimmbryos at E9.5 were stained with
rb-Olig2 and HRP secondary antibody, and colour tes developed using DAB staining
solution (Fig. 3.6). Sections were imaged usindgifimmicroscope with DIC filter. Consistently
with previous resultg-gal+ cells lay within the Olig2 domain, howevdrey did not appear to
coexpress Olig2. In more rostral region of thenapcord the number @ gal+ cells increased,

and more of them were lying out of Olig2 domain.

These results suggested that Fgfl0 was not expreBsemotor neuron and

oligodendrocytgrogenitors
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B-gal
Fig. 3.5. Transverse sections of the spinal cord &9.5Fgf10-LacZ embryo immunostained
with rb-anti- B-gal (A) and rb-Olig2 (B) antibodies. $-gal (green) is a reporter of Fgfl0
expression, while Olig2 (red) marks motor neurod aligodendrocyte progenitors. Domain of

B-gal positive cells appears to correlate with tbendin of motor neuron and oligodendrocyte
progenitors. Scale bars: (A, B) 50 pm.
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Fig. 3.6. Transverse sections of the spinal cord #fgalled E9.5Fgf10-lacZ embryo stained
with rb-Olig2 and Horseradish Peroxidase $-gal (blue) converts X-gal to a product of blue
color, and is a reporter of Fgf10 expression. Olgarks motor neuron and oligodendrocyte
progenitors.p-gal positive cells lie within Olig2 domain, althgluf-gal expression does not
colocalize with Olig2 expression. In more rostrattions more-gal positive cells lie out of
Olig2 domain. Scale bars: (A-D) 50 um; (A*-D") 281
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3.2.3. A subset of differentiated neurons expresseégfl10 in the developing mouse

spinal cord

As B-gal expression appeared to be absent from VZ,delis still was located very
close to the progenitor domain, there was a higssipdity that it would be expressed in

differentiating neurons.

To see iff-gal was expressed in neurons, double-immunostainas performed using
rb-antif-gal antibody and TuJ1 (Neuron-specific class3#tlibulin) antibody raised in mouse
(ms-TuJl), that is expressed in neurons in CNS RN& from the early stage of neural
differentiation and onwards. Transverse sectidns5 LacZ positive embryos were double-
immunostained and imaged using Zeiss Axioimager M&roscope with an Apotome

attachment. It was shown that glbal+ cells expressed TuJ1 (Fig. 3.7).

However, immunostaining with TuJ1 antibody did mdibw to distinguish between
early born neurons and more mature ones. In oalemderstand if Fgf10 was expressed in
postmitotic neurons, NeuN antibody raised in mo(g®s-NeuN), a marker of postmitotic

neurons, was used in double-immunostaining in coatlwn with rb-antig-gal.

According to the literature, all neurons migrateé ofithe ventricular zone when they
exit their cell cycle (Wolpert et al.,, 2007). Howee, not all the neurons outside ventricular
zone were positive for a marker of postmitotic iomgt i.e. NeuN. That suggests that NeuN is
expressed in more mature neurons, and those wdi&hiNeuN expression are in the early stage
of differentiation. It was shown thgi-gal expression colocalized with a subset of NeuN

expressing cells, although there wpgrgal expressing cells that did not express NeuiN &i8).

B-gal expression and, therefore, Fgfl0 expressi@s, detected in a subset of neurons
at the early stage of differentiation, as wellras isubset of postmitotic neurons. However, one
would have to take into consideration that @agjal antibody could be labelling Fgf10+ cells

and/or their descendants.
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E9.5

Fig. 3.7. Transverse sections of the spinal cord &9.5Fgf10-LacZ embryo immunostained
with rb-anti- p-gal and anti- ms-TuJ1.B-gal (green) is a reporter of Fgfl0 expression and
TuJ1l(red) marks neurons from the early stage oir tiéferentiation and onwards3-gal
expression colocolizes with TuJ1 expression. Skbafts: (A) 100 um; (B) 50 um; (C) 25 um;
(D, E) 10 pm.

E12

Fig. 3.8. Transverse sections of the spinal cord &12 Fgf10-LacZ embryo immunostained
with rb-anti- p-gal and anti- ms-NeuN.B-gal (green) is a reporter of Fgf10 expression and
NeuN(red) marks postmitotic neurons. A subset ofiMgositive cells expresg-gal. Scale
bars: (A) 100 pm; (B) 50 um; (C, D, E) 10 pm.
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3.2.4. A subset of motor neurons expresses Fgf10tire developing mouse spinal

cord

Fgfl0 was shown to be expressed by differentiatedrans and the pattern of its
expression, as discussed previously, “mimicked” Idwtion of motor neurons in the spinal
cord. To see if Fgf10 was expressed in motor neyjrdauble-immunostaining was performed
using rb-antiB-gal antibody and motor neuron markers Isletl aha3L Isletl is a LIM-
homeodomain protein initially expressed in all nmateurons immediately after they exit the
mitotic cycle, but later it is restricted to spéciotor neuron subtypes (MMC, HMC, PGC and

LMCm), while Lhx3 is a marker of MMC neurons and Wiferneurons.

Initially, staining with anti-Isletl antibody raiden mouse (ms-Isletl) was perfomed on
sections olLacZ positive embryos aged E9.5, while sections of oltabryos (E12) were used
as a K+. Ms-Isletl provided specific staining i thpinal cord at E12, however no specific
staining was detected in sections of embryos age8l @lata not shown). The reason could be
that it was too early for Isletl to be expressedats, yet. Consequently, sections of E12

embryos were used for immunostaining with motoraeunarkers.

Double-immunostaining with rb-anfi-gal and ms-Isletl was performed on sections of
LacZ positive embryos and imaged. It was found thatesdmt not alB-gal+ cells coexpressed
Islet 1 (Fig. 3.9).

These results showed that Fgfl0 was expressed siybset of motor neurons that

expressed Isletl, i.e. all neuronal subtypes eXdeil.

Lhx3 antibody was raised in rabbit (rb-Lhx3), herataining with HRP on X-galed
embryonic tissue was employed. Sections of E12 yoshireated with X-gal were stained with
rb-Lhx3 and HRP secondary antibody, and colour W) developed by DAB staining
solution. Sections were imaged using an uprigltrasicope with DIC filterp-gal+ cells were
mainly located in the ventral horns of the spinaid; where MMC neurons normally reside.

Some, but not at-gal+ cells coexpressed Lhx3 (Fig. 3.10).

Acquired results suggested that Fgf10 was exprdssadsubset of MMC neurons.
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B-gal Isletl

E12

Fig. 3.9. Transverse sections of the spinal cord &12 Fgf10-LacZ embryo immunostained
with rb-anti- B-gal and anti- ms-Isletl.p-gal (green) is a reporter of Fgfl0 expression and
Isletl(red) marks all motor neurons, except LMCunoms. A subset of Isletl positive cells
expres$-gal. Scale bars: (A) 100 um; (B) 50 um; (C, D2B)um; (F) 5 um.
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Fig. 3.10. Transverse sections of the spinal cord ¥-gal stained E12Fgf10-LacZ embryo
stained with rb-Lhx3 and Horseradish Peroxidasep-gal (blue)converts X-gal into a product
of blue colour and is a reporter of Fgf10 exprassichx3 marks neurons of medial motor
column and V2 interneurons. A subset of Lhx3 pesitiells expresg-gal. Scale bars: (A) 100
pm; (B) 50 um; (C) 10 um.
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3.3. Functional analysis of Fgfl10 in the developinspinal cord of Fgf10

knockout mice

Fgfl0 was shown to be expressed in spinal motoronsuduring neurogenesis.
Therefore, it might have a role in motor neuronalepment, which includes MN migration,
differentiation into particular subtypes, segregatinto motor columns, axon projections,

synapsing and MN survival during cell death.

To investigate the role of Fgf10 in the developmehspinal motor neurong;gfl0
knockout mice were used (Min et al., 1998). Theogesm of Fgf10 knockouts contains a PGK-
neo cassette inserted into the region of the firstnembFgfl10 that encodes the transcription
initiation site and the putative signal peptide.isThesults in disruption of the translation
initiation codon (ATG), thus, no functional Fgfl@opein being produceddomozygoud-gf10
knockout mouse embryoBdf10™) are smaller than wild type, do not develop lindsg die at

birth due to the absence of lungs (Fig. 2.3).

Fgfl0 knockout and wild type embryos were sectioned intransverse plane,
comparable sections of the same level were thesech(based on spinal cord and ventricular
shape), immunostained and imaged. Sectionsght0 knockout and wild type embryos at
E10.5 and E14.5 were immunostained with variousaraal and glial markers e.g. Lhx3, NeuN,

Isletl, Olig2, and compared to elucidate potentiaiation between them.

3.3.1. Loss of Fgf10 does not appear to affect spirmotor neurons at the
beginning of neurogenesis

Fgfl0 expression was shown to begin at E8.5, hdocsee if Fgfl0 played a crucial
role in the beginning of neurogenesis, immunostainias performed on embryos aged E10.5.
Sections ofFgf10knockout and wild type embryos were immunostaiéd ms-NeuN in order
to see potential differences in number or locatibrpostmitotic neurons, as well as with rb-

Lhx3 to see if there were any differences in MM@rno&s and V2 interneurons in particular.

There were no obvious differences in the pattertNefiN expression betwedrgfl0

knockouts and wild type embryos at E10.5 (Fig. .11

Lhx3 expression pattern Fgfl0knockout and wild type embryos was very similan. O
gross examination it seemed thatHgf10 knockouts there were more Lhx3 positive (Lhx3+)
cells than in wild type. Lhx3+ cells were countadBirepresentative sections and numbers were
compared between sections of the same level intydd andFgf10 knockout embryos (Table
3.1). However, it appeared that the number of Lhx3ts per section did not differ
significantly in the comparable sections of wilgp¢yand Fgf10 knockout embryos (Fig. 3.12).
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NeuN

Fgfl0+/+

E10.5

Fgf10-/-

Fig. 3.11. Transverse sections of the spinal cord wild type and Fgf10 knockout embryos

at £10.5 immunostained with ms-NeuNNeuN marks postmitotic neurons. Loss of Fgfl0
expression does not appear to affect pattern oNNexpression. Scale bars: (A, B) 100 pum;
(A",B") 50 um.

Lhx3

Fgfl10+/+

E10.5

Fgf10-/-

Fig. 3.12. Transverse sections of the spinal cord wild type and Fgf10 knockout embryos
at E10.5 immunostained with rb-Lhx3.Lhx3 marks neurons of medial motor column and V2
interneurons. Loss of Fgf10 expression does noeapfp affect pattern of Lhx3 expression.
Scale bars: (A, B) 100 um; (A",B") 50 pm.
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Section 1 2 3 A
No
Wild type 144 150 164 83
Fgf10 -/- 140 154 166 85

Table 3.1. Amount of Lhx3 positive cells per sectioin the transverse plane (width 70 um)
in wild type and Fgf10 knockout embryos aged E10.5.

Obtained results suggested that at the beginningheafrogenesis loss of Fgfl0
expression did not drastically affect time of newslodifferentiation i.e. timing of NeuN

expression, the number of MMC neurons and V2 imterons and migration of neurons.

3.3.2. Loss of Fgf10 expression does not appearatfdect motor neuron and

oligodendrocyte progenitors at the beginning of newgenesis

Fgf10 is a signalling molecule and at E9.5 it whasven to be expressed in cells lying
within or very close to domain of motor neuron ahidodendrocyte progenitors. Consequently,

it could play a role in the development of neuralgenitors.

To see if there was any difference in neural pragemattern in the spinal cords of
Fgf10 knockout and wild type embryos, comparable sestioh Fgf10/- and wild type
embryos aged E10.5 were immunostained with Olig2marker of motor neuron and
oligodendrocyte progenitors. The pattern of Olig8ipve (Olig2+) cells appeared to be similar
in Fgf10 knockout and wild type embryos (Fig. 3.13). Olig2ells were counted in four
representative sections and the number of Olig2ls ae Fgf10 knockouts was very close to

their number in wild type (Table 3.2).

SectionNe 1 2
Genotype

Wild type 34 33

Fgf10 -/- 35 33

Table 3.2. Amount of Olig2 positive cells per seain in the transverse plane (width 70 um)
in wild type and Fgf10 knockout embryos aged E10.5.
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Fgf10+/+

E10.5

Fgf10-/-

Fig. 3.13. Transverse sections of the spinal cord wild type and Fgf10 knockout embryos
at E10.5 immunostained with rb-Olig2 and counterstaned with Hoechst. Olig2 (green)
marks motor neuron and oligodendrocyte progenitdo&chst marks cell nuclei. Loss of Fgfl0
expression does not appear to affect number anerpatf Olig2 + cells. Scale bars: (A, B) 100
pum; (A,B%) 50 pm.

Achieved results suggested that Fgf10 expressiannes necessary for regulating the
number and position of motor neuron and oligodecyte progenitor cells at the beginning of

neurogenesis.

3.3.3. Loss of Fgfl10 does not appear to affect abdendrocytes and spinal

motor neurons at the end of neurogenesis

Fgfl0 loss did not appear to affect MMC neurons &f2dinterneurons, as well as
MN/OL progenitors at the beginning of neurogenediswever, according tB—gal expression
detected in the developing mouse spinal cord fréd Eo E15.5, it might be too early for the
consequences of Fgfl10 loss to become obvious abEH@nceFgf10 knockout and wild type
spinal cord sections were compared at E14.5, Brgal expression disappears from the caudal
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region of the spinal cord. By that time, normallpsh of spinal motor neurons are born and

segregated into motor columns.

Comparable transverse sections Fff10 knockouts and wild type embryos were
immunostained with various neuronal (NeuN, Islétix3) and glial cell (Olig2) markers. Olig2

at this stage is a marker of oligodendrocytes pritges and precursors.

The expression patterns of NeuN, Isletl and Oligthé spinal cord dfgf10knockout

were similar to wild type and no major differencesild be detected (Fig. 3.14).

However, there seemed to be a difference in Lhy#ession pattern (Fig. 3.15). In
Fgfl0knockouts, the number of Lhx3+ cells located ia #entral horns of the spinal cord and
making up medial motor column seemed to be highan in wild type. Cell counting showed
that the number of Lhx3+ cells in the ventral hgpes 50 um was the same in wild type and in
Fgf10 knockout embryos (Table 3.3). Although, the numbEneurons turned out to be the
same, Lhx3+ motor neurons appeared to be morerdegbanFgf10knockouts. This could have

been a reason for assumption that there were nfatteem in Fgf10 knockouts, than in wild

type.

ectionNe 1 2 3 4
Genotyp
Wild type 23 18 16 13
Fgf10 -/- 21 20 16 12

Table 3.3. Amount of Lhx3 positive cells per sectioin the transverse plane (width 50 pum)

in wild type and Fgf10 knockout embryos aged E14.5Please note that not all Lhx3+ cells
were counted per section, but only Lhx3+ cellsteltesd in a column in one of the ventral horns
of the spinal cord.

Obtained results suggested that Fgf10 loss dichfiett generation and maturation of
Lhx3+ neurons in the spinal cord, as there washwioos difference between NeuN expression
patterns in-gf10 knockout and wild type embryos. Oligodendrocytaegation and distribution
did not seem to be affected by Fgfl0's absenckereiFgf10 loss did not appear to affect
process of motor neuron segregation into distinatomcolumns according to their subtype,

however, MMC neurons seemed to be more dispersegfiro knockouts.
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E14.5

Fgf10 +/+ Fgf10 -/-
A

NeuN

Isletl

Olig2

Fig. 3.14. Transverse sections of the spinal cord wild type and Fgf10 knockout embryos

at E14.5. Sections were immunostained with various neuranal glial markers: ms-NeuN, a
marker postmitotic neurons (A and A") ; ms-Isldtigt marks marks all motor neurons, except
LMCI neurons (B and B); rb-Olig2, a marker of moteuron and oligodendrocyte progenitors
(C and C"); All sections were counterstained wittethst, staining specific for cell nuclei. Loss
of Fgfl0 expression does not appear to affect ese pattern of postmitotic neurons, Isletl+
MN and oligodendrocytes. Scale bars: (A-C*) 100 pum.
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Lhx3

Fgf10 +/+ Fgfl10 -/-

Rostral

N
7

E14.5

Caudal

Fig. 3.15. Transverse sections of the spinal cord wild type and Fgf10 knockout embryos
at E14.5 immunostained with rb-Lhx3 and counterstaied with Hoechst.Lhx3 is a marker
of medial motor column (MMC) neurons and V2 intammens. Hoechst is a dye, specific for
cell nuclei. Absence of Fgfl0 expression does ppear to affect number of MMC neurons,
however in Fgf10 knockout embryos MMC neurons appedorm more dispersed columns
than in wild type. White arrowheads point at MMCaf bars: (A-D") 100 pm.
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3.3.4. InFgf10 knockout mice axons of motor neurons are misrouted

Previous results showed that the absence of Fgfifession did not affect the number
of motor neuron and oligodendrocyte progenitorsiegation and migration of motor neurons,
as well as MN differentiation and segregation idittinct motor columns. The next step was to

see if Fgf10 was involved in axonal outgrowth aypdagpse formation.

Fgf10 knockout and wild type embryos at E10.5 were egeti in a transverse plane
and immunostained with cytoplasmic Tuddtibody, which marks neuronal bodies and their
processes from the early stage of neuronal diffeéon and onwards. Sections of wild type
andFgf10 knockout embryos were lined up according to thieadpord and its lumen shape to

make sure they were compared at the same level.

It was shown that ifrgf10 knockouts at brachial level, where normally lindevelop,
axons of LMC neurons failed to branch into LMCI drddCm divisions and formed a cluster of

misrouted axons (Fig. 3.16).

These results could suggest that Fgf10 plays mleMC branching into divisions,
although, LMC axons could be misrouted, due to mbsef their innervation target, as Fgf10

knockout mice do not have limbs.

At thoracic level, axons of MMC, HMC and PGC newgomere present and project
precisely to their targets, dermomyotome, body wallscles and sympathetic ganglia
respectively. However, in th&gfl0 knockouts MMC axonal terminals appeared to be

disordered and in some sections even formed didinanches (Fig. 3.17).

Obtained results could suggest that Fgf10 playgleain LMC branching and synapse
formation between MMC and dermomyotome, althoughe®gf10 knockout embryos have to
be studied (Table 2.1).
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TuJl
Fgfl0 +/+ Fgfl10 -/-

MMC
dh /" Lvcl

dib LMCm /
\
vib

Forelimb level

E10.5

Hindlimb level

Fig. 3.16. Transverse sections of the spinal cord wild type and Fgf10 knockout embryos
at E10.5 immunostained with ms-TuJ1 and counterstaied with Hoechst.TuJ1 (red) marks
neurons from the early stage of their differentiatand onwards. Hoechst is cell nuclei specific
dye. In Fgfl0 knockout embryos, LMC neurons, thatmmally innervate limbs, fail to branch
into LMCm and LMCI divisions. dm- dermomyotome; dibrsal limb bud; vib —ventral limb
bud; MMC-medial motor column; LMCI- Lateral devisi®f lateral motor column; LMCm —
medial devision of lateral motor column. Scale bé#sB", D, D) 500 um; (C, C’, E, E’) 100
pm.
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TuJl
Fgfl0 +/+ Fgfl10 -/-

E10.5

Fig. 3.17. Transverse sections of the spinal cord wild type and Fgf10 knockout embryos
at E10.5 immunostained with ms-TuJ1 and counterstaied with Hoechst.TuJ1(red) marks
neurons from the early stage of their differentiatand onwards. Hoechst is a dye specific for
cell nuclei. In Fgf10 knockout embryos, all subtymd motor neurons present at thoracic level
are able to project axons to their targets, i.e. ®Aptojects to dermomyotome; HPC to body
wall muscles; PGC to sympathetic ganglia; Howewersome sections of Fgf10 knockout
embryos MMC neurons appear to branch and axonalinats seem to be disordered. dm-
dermomyotome; sg-sympathetic ganglia; bw- body walkcles; MMC-medial motor column;
HMC-hypaxial motor column. Scale bars: (A) 500 B} 250 um; (C-D*) 100 pum.
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3.4. Development of neurons and progenitors celdgpear not to be

affected in FafR2-111¢"™ mice

FgfR2-11Ic" mice were used to investigate Fgfl0 signallinghi@ developing mouse
spinal cord (Hajihosseini et al., 2001). Thesedgamic mice lack one copy &HfR2-llic that
results in a gain-of-function mutation due to adpg switch withinFgfR2-1lic deficient allele.

In FgfR2-11Ic" mice, Fgfr2-ilb isoform is illegitimately expressed along wiggfr2-liic at the
sites, where normally onlygfR2-llicis present. That makes the relevant tissues resjgotasa
broader range of Fgfs than they would normally oespto. FgfR2-1llc”* mice show Apert
syndrome-like phenotype that includes defects énditvelopment of several visceral organs and

bones (Hajihosseini et al., 2009).

It was hypothesised that if Fgfl0 was expressatiénsomas, then some abnormalities
in the development oFgfR2-11Ic”* mouse spinal cord were likely to be seen, dueh® t
upregulation of FgfR2llIb isoform in neural tissues, which is otherwise absgM. K.

Hajihosseini personal comments).

Embryos aged E12.5 were isolated, genotyped, ard type and FgfR2-Ilic"
embryos were then sectioned in a transverse pl&eetions of the spinal cord were
immunostained with various neuronal markers, e.guMW marker for postmitotic neurons;
Olig2, marker for motor neuron and oligodendrocptegenitors; Lhx3, marker for MMC

neurons and V2 interneurons.

Patterns of NeuN, Olig2 and Lhx3 expression ingpmal cord were very similar in
wild type andFgfR2-1lIc”® embryos (Fig. 3.18). That suggests that the timohgieuronal
maturation, generation of MN/OL progenitors andc#pgation of neurons into MMC neurons

and V2 neurons was not affectedrigfR2-111c”* mice.

Obtained results suggest that in the developingsaapinal cord, Fgfl0 is either
transported to neuronal axons or is expresseddrstimas and acts in receptor independent

manner.
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E12.5
wild type FgfR2-lllc +/A

NeuN

Olig2

Lhx3

Fig. 3.18. Transverse sections of the spinal cord wild type and FgfR2-111¢c +/A mouse
embryos at E12.5.Sections were immunostained with ms-NeuN, a maf@erpostmitotic
neurons (A and A’); rb-Olig2, a marker for motouren and oligodendrocyte progenitors (B
and B"); rb-Lhx3 a marker for MMC motor neurons avil interneurons (C and C°). All
sections were counterstained with Hoechst, cellengpecific dye. No difference in expression
pattern of NeuN, Olig2 and Lhx3 could be detectetiveen wild type andrgfR2-1lic +/A
mouse embryo at E12.5. Scale bars: (A-C") 100 pm.
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4. DISCUSSION

Fgf10 has already been shown to be a multitaskiolgenle that is of high importance
for the normal development of the mouse organignpldys key roles in limb and lung
development, as well as it is very important foe tiormal development of heart, pancreas,
intestine and brain (Bhushan et al., 2001; Kellyalket 2001; Min et al., 1998; Nyeng et al.,
2011; Sahara and O'Leary, 2009). Fgf10 expressiondiso, been detected in the spinal cord of
4 and 56 days old mice (Allen Institute for Braini€hice database). However, at present,
nothing is known about its role in the developmehthe spinal cord. Fgfl0 expression has
been detected recently by situ hybridization in the spinal cord of E12.5 mousebey,
suggesting it does play a role in development. Basethat knowledge, a research project was
set up to investigate timing and pattern of Fgfipression and its potential role in the

development of mouse spinal cord.

4.1.B-gal as a reporter of Fgfl0 expression in Fgf10-Lacmice

Currently, commercial anti-Fgf10 antibodies do pobvide any staining. Hence, to
examine Fgfl0 expression pattern in the developnogise spinal cordrgf10-LacZreporter
mice have been used. This transgenic mouse liméesaa nuclear targeteldacZ transgene
insertion downstream dfgf10 promoter. Hence, the product of the transgeneyrseg-gal,
functions as a reporter 6fgf10 expression and is present in cells expressing FgfDtheir
descendants (Hajihosseini et al., 2008; Kelly gt24101).5-gal is expressed in the cell nucleus
and can be detected either enzymatically by a matbsK-gal, which is converted into a blue
precipitate byp-gal, or by immunostaining with an afiigal antibody. Rb-ant#-gal antibody
(Millipore) has been shown to provide specific sitag in the developing mouse spinal cord and
can be used to dete@tgal by immunohistochemitry (Hajihosseini et alQ08 and our

unpublished data).

It is necessary to remember tifiagjal expression ifrgf10-LacZmice is nuclear, while
Fgf10 molecule could be localized anywhere in tké#, éncluding axons and its terminals,

where from it might be secreted later.

In the developing mouse spinal copdgal expressing cells were detected from E8.5 to
E15.5, although, it is not known how stalfiigal is and there is a possibility that product of
LacZ gene may be detected after Fgf10 stops being ssge Therefordi-gal expression may
not accurately reflect the timing of Fgf10 mRNA exgsion.
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It is possible to tackle this problem either byrdpa series ah situ hybridizations for
Fgf10 at various stages of embryonic developmarityaising tamoxifen induciblEgf1d~¢=""™
:: ROSA26 Lac4nouse line (S. Bellusci and M.K. Hajihosseini peedocommunication). In
this transgenic mouse line cytoplasmic expressfdraoZ gene is induced in Fgfl0 expressing
cells by tamoxifen. In contrast Egf10-LacZmice, inFgf10~"*=""%: ROSA26 LacZnice,LacZ
expression is not discontinued when Fgfl0 stopsgoekpressedrhat allows to inducéacZ

expression irFgf10-eeR™2;

: ROSA26 Lacznice at certain stages of preghancy, then saerific
mice and X-gal embryos in order to sed.@cZ was expressed at the relevant developmental

stage.

B-gal can be detected not only in cells that expoesssed to express Fgfl0, but also, in
their descendants. However, in the developing o, f-gal was detected in neurons, but
not in their progenitor cells. According to thestéture, neurons do not divide anymore after
they migrate out of the ventricular zone (Wolpérale, 2007). Therefore, it seems very unlikely

to detec3-gal expression in descendants of Fgf10 expressltg in the spinal cord.

4.2. Pattern of Fgf1l0 expression in the developimgouse spinal cord

A clear expression of Fgf10 has been observedarnvéimtral horns of the developing
mouse spinal cord from E9.5 up to E14.5 (Watsoalet2008). From at least E14.5, Fgf10
expression disappears completely from caudal regidhe spinal cord, while it is maintained
rostrally, and new areas of its expression appgametrically on either side in the dorsal
region of the spinal cord. Conversely, studies heh@wvn the presence of Fgfl0 expression in
the spinal cord of juvenile and adult mice, 4 dagd 56 days old, respectively (Allen Institute
for Brain Science database). In the spinal cord ffvenile mouse Fgfl0 expressing cells are
concentrated in the ventral horns of the spinall @ithe caudal region, while in the spinal cord
of an adult mouse Fgfl0 is expressed along theeestiinal cord and Fgfl0 positive cells are
scattered around the grey matter. These obsergdtiditate that Fgfl0 might be expressed in a

mixed cell population and play diverse roles atedént stages of development.

Fgfl0 may be expressed in at least two differert pepulations. One of them
originates at about E14.5 in the dorsal regiontratig in the spinal cord. As Fgfl0 expressing
cells are located close to ventricular zone it gstg they recently migrated out and are
differentiating. It is known that 80% of oligodendyte precursors (OLP) are generated at
E12.5-13 from the MN/OL progenitor domain, locatedhe ventral region of the spinal cord.
However, the remaining OLP are produced later dt% from the progenitor domain located in
the dorsal region (Cai et al., 2005; Li et al., P01Also, it has been shown previously, that
certain Fgfs, e.g. Fgf2, are required for oligodengte generation from the dorsal domain of

progenitorsin vitro (Chandran et al., 2003). These facts suggestHdfaD expressing cells in
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the dorsal domain could possibly be newborn oligddecytes. Double labelling at this stage

would help to confirm this relationship.

This report focused on the other Fgf10 expresseigpopulation that originates from
the ventral region at E8.5 and later settles invtietral horns of the spinal cord. It has been
noticed that Fgf10 expression in the ventral haoiselated with neurogenesis pattern in the
spinal cord, and with the time and pattern of mokeuron generation in particular. MN are first
neurons to be born and they are generated in thieav@egion of the spinal cord from E9.5 to
E13.5, then migrate laterally and settle in thetnadrhorns of the spinal cord (Watson et al.,
2008). Fgf10 expression in the spinal cord resethtiles pattern very much. In addition, first
neurons are born rostrally and there were mored~gkbressing cells in rostral region, which is

more mature region of the spinal cord, than ca(&ainan and Bayer, 1984).

Indeed,-gal has been detected in early differentiated eoveuand in motor neurons in
the developing spinal cord &igf10-LacZmice. It is not known, whethégal positive mature
neurons still express Fgfl0, but it is nice to sgete that Fgfl0 could be expressed in
postmitotic cells. Previously, Fgf10 was mainlpaged to be involved in cell proliferation and
progenitor domain maintenance, e.g. in white adigasue and intestine (Konishi et al., 2006;
Nyeng et al., 2011; Nyeng et al., 2007).

4.3. Potential roles of Fgf10 in the development mhouse spinal cord

In the developing mouse spinal cord Fgfl0 expressias been detected in early
differentiated neurons and later in motor neurdie timing of Fgf10 expression in the ventral
region of the spinal cord correlates with motornoalbirth and maturation. These observations
suggested Fgfl0 has a role in the developmenteof/¢imtral region of the spinal cord and in
MN generation and differentiation in particular.fEg could be involved in transition from
progenitor cells to mature neurons; MN differemtiatinto particular subtypes; segregation into
motor columns; axonal outgrowth and/or navigatiorstibtype specifc targets; synaptogenesis

or cell death.

4.3.1. Potential role of Fgf10 in MN identity and leir transition from progenitor

cells to motor neurons during neurogenesis in theeveloping mouse spinal cord

Initially, Fgf10 expression in the spinal cord istected in early differentiated neurons,
which lie in motor neuron and oligodendrocyte pmiggr domain. That suggests Fgfl0

expression enables motor neuron progenitors tothgit cell cycle and become early born
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motor neurons, in such a way regulating identityrmftor neurons, as well as timing of their

generation and their quantity.

Obtained results show that Fgfl0 expression ismemessary for motor neurons to
become postmitotic and it does not seem to plag imIMN identity. In the absence of Fgfl0
expression neurons were able to exit their cellecgnd MMC neurons were generated at the

same time and quantity as in wild type.

Also, it was hypothesised that if Fgf10 was involvia motor neuron identity, in the
spinal cord of Fgfl0 knockouts fate switch mighketgplace, i.e. progenitors that were meant to
become motor neurons, might differentiate into adigndrocytes that are generated from the
same progenitors domain. Results show that Fgflinidkely to play role in motor neuron
identity, because in Fgfl0 knockouts at E10.5 afid.®= amount of MMC neurons and OL

progenitors and precursors was the same as inypi&d

However, not all MN subtypes were visualised anthgared during this study and
there is a possibility that there might be a fatéch in motor neuronal subtypes. To exclude or
confirm Fgf10 role in motor neuron identity, furthesearch should be performed with all MN

subtypes included into the study.

4.3.2. Potential role of Fgf10 in MN differentiatian into particular subtypes and
segregation into motor columns

Fgfl0 expression has been detected in differengjatind mature motor neurons that
suggested its role in motor neuron differentiatiand migration to their final positions
according to their neuronal subtype. Achieved tesshow that in the absence of Fgfl0

expression motor neurons are able to migrate asddregate into distinct motor columns.

Fgf10 expression has not been assigned to angpartMN subtype, but at E12 it was
mainly detected in MMC neuron domain, which suggets role in the development of this
particular type of MN. However, Fgf10 absence did affect MMC subtype generation and

migration to the final position medially in the el horns.

Interestingly, at E14.5 MMC neurons in Fgf10 knoateoseemed to be more dispersed
than in wild type. That suggests Fgfl10 role eitinetiming of MMC neuron migration to their

final position or organization of MMC neurons irgaliscrete column.
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4.3.3. Potential role of Fgf10 in axonal outgrowtland guidance of motor neurons
to innervation targets according to their subtype

B-gal faithfully reports Fgf10 expression in a peutar cell, however, the site of Fgf10
localization in the cell can not be detected thiopgyal expression. Fgfl0 molecule could be
located and secreted from any part of the motorameuncluding axons. That suggests Fgf10
role as a guidance molecule and its involvementha outgrowth of motor axons and their
projection to specific muscles. Fgfs have been shopreviously to play role of
chemoattractants, e.g. Fgf8 has been shown toctatt®1C neurons to the dermomyotome
(Shirasaki et al., 2006); Fgfl0 has been showndoas a chemoattractant for the lung
epithelium during development (Park et al., 1998)f10 could play a role of the guiding

molecule for motor neuron axons.

Axonal projections of all motor neuron subtypescept LMC neurons, were able to
develop, exit ventrally of the spinal cord and potjto their target muscles according to their
subtypes. At the limb level, LMC neurons that irvade limb muscles failed to branch into
LMCI and LMCm divisions and formed a cluster of afisered axonal terminals. Possible
explanation could be that Fgf10 knockout embryosxdbhave limbs and LMC neurons lack

their innervation target in this mutant.

These results suggest that Fgf10 is unlikely toehavrole in axonal outgrowth and
guidance to their innervation targets. Further ismidising limbless Fgfl0 expressing mutant

mouse as a positive control would be necessary.

4.3.4. Potential role of Fgf10 in synapse formatiobetween terminals of MN axons

and their target muscles

In the spinal cord of Fgf10 knockout embryos LMGurans fail to branch and instead
form a disordered cluster of axonal terminals. didiion, axonal terminals of MMC neurons
appear to look disordered and in some sections lesaarch out. Fgf 22 and its closest relatives
(Fgf7 and Fgf10) have, already, been implied a molsynapse formation in the mammalian
brain and it is very likely that Fgf10 may be inwedl in synaptogenesis in the spinal cord
(Umemori et al., 2004).

In addition, Fgf10 expression has been detectéukeiventral horns of the spinal cord in
a juvenile mouse, aged 4 days. Knowing that maturatf a neuromuscular junction takes up to
3 weeks in rodents, it can be suggested that FHgfitWolved in synapse maturation postnatally
as well (Wolpert et al., 2007)
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Further research on Fgf10 role in synaptogenesisttvde performedh vivo andin
vitro. For example, coculture primary motor neuronsmfr@mbryonic mouse spinal cord, and

myoblasts, to investigate Fgf10 role in synapsméiionin vitro.

4.3.5. Potential role of Fgf10 in motor neuron sunval during cell death

Neuronal death is a natural event occurring aboeititne when motor neuronal axons
are reaching their target muscles, and that coesimven after synapses have been established,
until each muscle fiber is innervated by axon teats from one motor neuron (Wolpert et al.,
2007). As Fgfl10 is expressed in a subset of mogurans during their differentiation that
includes cell death, it could be involved eithepiomoting neuronal cell death or play role in

MN survival.

It has been shown in chicken, that the number ofigng motor neurons depends on
the amount of limb musculature, in the absencéheflimb bud the amount of motor neurons
decreased severely (Lanser and Fallon, 1987). AsOHghockout embryos are limbless and,
therefore, lack targets for axonal projectionswids hypothesised that in Fgfl0 knockout
embryos there should be less motor neurons prdsento enhanced cell death, even if Fgf10 is
not involved in MN survival. Surprisingly, in linkss mouse embryos the amount of motor

axons did not seem to be reduced.

These results could suggest Fgf10 role in promatglbdeath, however further studies
are necessary. Employing another limbless mutamtekampleLefl(-/-)Tcf1(-/-) as a positive

control, would be an advantage (Galceran et a@919

4.4. Fgfl0 signalling in the developing mouse spiheord

B-gal is a faithful reporter of Fgf10 expressionHgfl0-LacZmice. However, it does
not provide information in which part of the ceifffO is expressed. It could be expressed either
in the cell bodies located in the grey matter @f $pinal cord or in the neuronal axons. FgfR2-
llic isoform has been shown to be predominant énatlult CNS, including the spinal cord (Fon
Tacer et al., 2010). In the developing mouse spined FgfR2 isoform has not been identified,
but it is known that in the other parts of develgpiCNS, FgfR2-llic isoform is abundant
(personal communication with M. K. Hajihosseiniherefore, it has been assumed that in the
developing mouse spinal cord FgfR2-llic isofornpresent. If Fgf10, which normally signals
through FgfR2-1llb isoform, was expressed in th# bedies, most probably it would have

signalled independently of the receptor.
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To investigate Fgf10 signaling in the developingus® spinal cordrgfR2-111c" mice
were used. These mice, due to a gain-of-functiotatimn, express both FgfR2 isoforms in

neural and mesenchymal tissues, where normallyfegii2-1llc would be expressed.

It was predicted that if Fgf10 molecule was sed@tehe spinal cord, then there would
be some differences in neuronal and/or MN/OL pritgerexpression pattern iRgfR2-1l1c”/
mice compared to wild type, because it would attivegfR2-IIb isoform that normally is not

present.

FgfR2-11Ic" mice showed no abnormalities in the spinal cotds Thdicates that Fgf10
is either expressed in motor neuron bodies andtifumg in receptor-independent manner, or

transported to the motor neuronal axons or theiniteals.

Further work has to be performed to characterizently Fgf10 mediates its signalling
in the spinal cord. For example, to identify FgfR2Zeptor isoform in the developing mouse
spinal cord through RT-PCR or immunohistochemistrithe wild type and ifFgfR2-111c"*

mice.

4.5. Future directions

Fgfl0's role still has to be elucidated and itfisigh importance to continue research
about Fgf10 involvement in the development of mogp&al cord and motor neurons in
particular. It has already been shown that Fgfl0eipressed during motor neuron
differentiation and maturation, and may have a k&g at one of the stages, for example in
synapse formation. If its role during normal depahent will be determined, it potentially can
further our understanding of the mechanisms of ogegenerative diseases, such as ALS, and
promote clinical therapies for patients with spioatd injuries or suffering from motor neuron
diseases. In addition, knowing Fgf10 role in norrivill development could provide novel

insight into stem cell differentiatian vitro into distinct neuronal subtypes.
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