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Abstract

Cranial placodesare specializedareasof thickening of the early embryonic
ectodermattheheadandgiveriseto sensoryrgansandganglia.In vertebrateshe
inner ear is derived from one of theseplacodes,the otic placodeAll cranial
placodesarisefrom a commonregionof origin, the preplacodakctoderm(PPE),
determinedby the expressionof EyalandSixlgenes.Eyal and Six1 were
previouslyshownto play a crucial role both for the maintenancef proliferating
progenitorsandfor neuronaldifferentiationin cranialplacodesncluding the otic

placode putthe mechanismsrrestill obscure.

The main aim of this study is elucidate the role dfyalduring neurogenesis in
the developing inner ear (otic vesicle)X@nopus laeviwith a particular focus on
the role of Eyal for cell proliferation, the formation of progenitors and
differentiating neurons as well as for thetdbution of cell polarity proteinduring

otic vesicle development.

Since otic neurogenesis Xenopushas not yet been studied in any detail, the first
part of this study uses immunostaining and confocal microscopy to provide a
detailed description aftic neurogenesis Menopusilt is shown that the otic vesicle

of Xenopusomprises a pseudostratified epithelium with apicobasal polarity
(apical enrichment of Par3, aPKC, phosphorylated Myosin light chatadKerin)

and interkinetic nuclear migratio(apical localization of mitotic, pHpositive

cells) A Sox3immunopositive neurosensory area in the ventromedial otic vesicle
gives rise to neuroblasts, which delaminate through breaches in the basal lamina
between stages 27 and 39. Delaminated cellsgregate to form the
vestibulocochlear ganglion, whose peripheral cells continue to proliferate
(incorporate EdU), while central cells differentiate into Isleifithunopositive
neurons (stage 29) and send out neurites (stage 31). The central part of the
neurosensory area retains Sox3 but stops proliferating from stage 33, forming the

first sensory areas (utricular/saccular maculae).



Since only the expressionof Eyal mRNA but not of Eyal protein has been
previouslyanalysedthe second part of the study therovides a detailed analysis

of the subcellular distribution of Eyal protein during development of the otic
vesicle and its distribution in relation to markers of proliferation, progenitors and
differentiating neurons using &enopusspecific Eyal antibady, double
immunostaining with other antibodies and confocal microsc@&yal protein
localizes to both nuclei and cytoplasm in the otic epithelium, with levels of nuclear
Eyal declining in differentiating (Isletl/2+) ganglion neurons and in the developing
sensory areas. The distribution of Eyail other cranial placodesthroughout

embryonicdevelopmenis alsocharacterized.

Finally, in the third part of the study Eyal and Six1 gain and loss of function
experimentsdlemonstratedhat Eyal and Six1 are esential for cell proliferation,
progenitor maintenanceand neuronal differentiatiom the epithelium of the
developing otic vesicle. Eyal is also required to establisha proper apical
distributionof cell polarity proteinsandof N-cadherinin the otic epithelium. This
suggests that Eyal plays an important role for maintenance of epithelial cells with
apicobasal polarity during otic neurogenesis. Further studies are needed to elucidate
whet her and how this role is Ilferatidhed t

and neuronal differentiation.

(0]
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Chapter-1 Introduction

The vertebrates are a huge tavaod consist of all animals that have backbones.
Currently, 54,807 species are described (Table 1). Hwolutionary success of
vertebrates as evident from this large diversity has been attributed to the evolution
of a ANew Heado wi t,barspnese)asdea pretectiveskul layn s
vertebrate ancestors (Northcutt and Gans, 1983). However, despite their central
importance for vertebrate evolution, the development of many vertedpatdic

sense organs is still poorly understood. This projectigses on the development

of the inner ear. This will be studied in frogs, which are the most diverse group of
amphibians (Pyron and Wiens, 2011) and are particularly well suited for

embryological studies.

In the last century, most embryological studesre done on the common frog
Rana(Eriksson, 2019). However, since the 1950s, most experiments focused on
another frog that iXenopus laeviéSouth African Clawed Toad). Scientists shifted

to studyXenopus laevifor several reasons. Firstenopus laegiis aquatic and a

very suitable animal to breed, which can live for more than 10 years in the
laboratory. Secondly, a small dose of gonadotropic hormone is enough to induce
spawning, as was discovered in the 1930's. Thid#lyelopment can be followed
because Xenopusembryos develop externally. Fourthly, each ovulation can
generate hundreds of egg#th, Xenopus laeviss considered as very good model

for different study purposes such as molecular studies and experimental
embryology (Amaya et al., 189Kay and Peng, 199XKhokha et al.2002 Pike et

al 2019).

Here, | will use embryos oKenopus laeviso address the development of the

sensory neurons of the inner ear from the otic placode.

10
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Table 1.1.The number of vertebrates described and evaluated2dy(ROCN RED list,
2021).

Number of % of described
species evaluated | species evaluated
by 2021 by 2021
(IUCN Red List (IUCN Red List
version 2021-1) version 2021-1)

Estimated
Number of

described
species

VERTEBRATES

Mammals 6,513 5,940 91%

Birds 11,158 11,158 100%

Reptiles 11,341 8,492 75%

Amphibians 8,309 7,212 87%

Fishes 35,797 22,005 61%
Subtotal 73,118 54,807 75%

1.1 Cranial placodes

Thesecal | ed ANew Heado hypothesis, which
unigue and distinguished from other Chordata was published nearly three decades
ago. Northcutt and Gans (1983) first pointed out that vertebrate head is an
evolutionarynovelty with many structures developing from two novel embryonic
tissues that are the neural crest and the neurogenic placodes (Baker and-Bronner
Fraser, 2001; Diogo et al., 2015; Northcutt and Gans,1983: Schlosder an
Northcutt, 2000; Schlosser, 2014). When the neural tube is closed, neural crest cells
emerge from the ectoderm at the border of the neural plate. Neural crest cells
produce bone, cartilages, secretory cells, pigment cells, glia cells and sensory
neurons.Also, it is associated with connective tissues. Thickenings of the
embryonic ectoderm region are termed the cranial sensory placodes and they give
rise to different types of cells such as sensory neurons and associated sensory
receptors cells. Both neuralest and cranial placodes are very important tissues to
build a vertebrate head (Diogo et al., 2015; Graham and Begbie, 2000; Manni et
al., 2004, Schlosser, 2018ullivan et al., 2019

11



Cranial placodes are specialized areas of the early embryoadeatt and often
characterized as a distinct thickening. After neural tube closure, cranial placodes
invaginate and give rise to the paired sensory organs of the vertebrate head and
contribute to cranial gaglia and the pituitary gland geenohypophysis). Ab, all
placodes give rise to many nepidermal cell types such as secretory cells, neurons
and glia (Bailey and Streit, 2005; Baker and Brorfeser, 2001yon Kupffer,

1895; McCabe and Bronné&iraser, 2009; Pieper et al., 2011; Sdeannet and
Moody, 2014; Schlosser and Ahrens, 2004; Schlosser and Northcutt, 2000;
Schlosser, 2002 a, 2003, 2010, 2014; Van Wijhe, 1883). Previous studies used the
thickened area of the embryonic ectoderm and interruptions of the basement
membrane as guides to identifyetbranial placodes (Pieper et al., 2011; Schlosser
and Northcutt, 2000; Schlosser, 2006).

1.1.1 Origin of cranial sensory placodes

Fate maps in teleost (Dutta et al., 2005; Kozlowski et al., 1997), amphibian
(Eagleson et al., 1995; Carpenter, 1937; Piepak,2011; Schlosser, 2006, 2010)
and amniote embryos (Streit, 2002; Xu et al., 2008) confirmed that all cranial
placodes have a common origin from a cressbaped area that surrounds the
anterior neural plate and is distinguishedSayl andEyalgenes which is called
pre-placodal ectoderm (PPE) or panplacodal primordium region (PPR) in the early
stages (Fig. 1.1) (Schlosser, 2006, 2010).

During subsequent embryonic development, the PPE breaks up into distinct
placodes. InXenopus laevisthe cranihplacodes comprise the following types:
olfactory placoe, lens placode, otic placode,dénohypophyseal placode,
profundal placode, trigeminal placode, epibranchial placodes, hypobranchial
placodes, and lateral line placodes (Ahrens and Schlosser, 2@88r Bnd
BronnerFraser, 2001; McCabe and Fraser, 2009; Pieper et al., 2011 8anmet

and Moody,2014; Schlosser and Northcutt, 2000; Schlosser and Ahrens, 2004;
Schlosser, 2002 a,b, 2003, 2006, 2010; Schlosser et al., 2008phniotes, the

12



profurdal placode is known as the ophthalmic placode and the trigeminal placode
as the maxillomandibular placode of the trigeminal nerve (Schlosser and Northcultt,
2000; Schlosser and Ahrens, 2004) (Fig. 1.2).

Whereas cranial placodes originate from a deep ty@ecursor cells, other types

of placodes emerge from the superficial ectodermal layer, such as hairs, feathers,
scales, and teeth in chick (Biggad Mikkola, 2014; Dhouailly, 2009; Mikkola,
2007) and cement and hatching glands in amphibian (Schl@&), Sive and
Bradley, 1996).

Slug, FoxD3
Six1, Six4, Eyat

Fig. 1.1. Fate maps showing the origin of cranial placodes from panplacod:
ectoderm (PPE).Border of the neural tube is indicated by k&o line.(A): Chick
embryo at 61 somite stage(B): Salamander embrydC): Preplacodal ectodern
(red) is distinguished by Six1, Six4 and Eyal expression and the neural crest b
FoxD3 expression (reproduced from Schlosser, 2010).
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and at tailbud stagexénopusembryo).(C): Different cranial placode give rise to various

cell types (reproduced from Schlosser, 2010).
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1.1.2 Neurogenic placodes

The ectodermal regions, which give rise to sensory neurons, glial cells and ciliated
sensory receptor and nonepidermal cell types are called neurogenic placodes (Baker
and BronneiFraser 2001; Northcutt, 1996; Schlosser, 2003). To identify
neurogenic cranial placodes specifically, different genes involved in the regulation
of neurogenesis can be used, includdyal, Six1 Neurogl, Neurog2NeuroD1,

MyT1, andDelta-1 (Brugmann et a) 2004; Nieber, et al., 2009; Pandur and Moody,
2000; Schlosser and Northcutt, 2000; Schlosser, 2006, 2014; Schlosser, et al.,
2008).

In Xenopus laevigjeurogenic placodes comprise the olfactory placode, profundal
and trigeminal placodes, otic placodepibranchial placode, hypobranchial
placode, and lateral line placode, i.e. all cahrplacodes excluding lens and
Adenohypophyseal placode (Ahrens and Schlosser, ZB@iker andBronner

Fraser 2001; Pieper et al., 2011; Schlosser and Northcutt, 200l0sSer, 2003,

2010, 2014). In most vertebrates, most of these cranial placodes are present but
there are differences between groups in the number of epibranchial and lateral line
placodes (Schlosser and Northcutt, 2000; Schlosser, 2002b; 2006).

The devéopment of neurogenic placodes was studied in detail and their positions
determined from the time of neural tube closure to larval stagésriapus laevis
(Schlosser and Northcutt, 2000).

The olfactory placode iXenopus laevis found in the rostralide of the head and
located anterior to the @p vesicle and lateral to thed&nohypophyseal placode.

In the early stage (stage 14), the olfactory placode is recognizgdurgg2(= X-
NGNR1) expression and individualized cleary at stage 24. During 2tage 40,

the olfactory placode size and position are maintained (Brugmann and Moody,
2005; SairtJeannet and Moody, 2014; Klein and Graziadei, 1983; Pieper et al.,
2011; Schlosser and Northcutt, 2000; Schlosser, 2014). The olfactory placode gives

15



rise toolfactory and vomeronasal sensory neurons that populate the epithelium of
the nose, which are important to detect odors and pheromones, respectively. Also,
olfactory placodes generate a number of additional cell types, for instance
supporting cells, mucusroducing cells and migratory cells, which migrate into the
forebrain and form the ganglion of the terminal nerve and produce gonadetropin
releasing hormone GnRH (Baker and BrorRmaser, 2001; Bailey and Streit,
2005; Brugmann and Moody, 2005; Fornatoak, 2001; Klein and Graziadei,
1983; SaintJeannetand Moody, 2014; Schlosser and Northcutt, 2000; Schlosser,
2010; Whitlock et al., 2006).

The profundal and trigeminal placodes are recognized at an early stage (stage 21)
with the profundal (or ophthaiic) placode localizing dorsally of the optic vesicle,
whereas the trigeminal (or maxillomandibular) placode is found posterior to the
optic vesicle inXenopus laevigFig. 1.2 B) (Baker and Bronnéiraser, 2001;
Davies et al., 1982; Pieper et al., 201¢hi8sser and Northcutt, 2000; Schlosser,
2006, 2010, 2014). The profundal and trigeminal placodes generate neurons, which
form the profundal and trigeminal ganglions and give rise to the profundal and
trigeminal nerves (Andermann et al., 2002; Brugmannhaddy, 2005; Graham

and Begbie, 2000; Northcutt and Brandle, 1995; Schlosser and Northcutt, 2000;
Schlosser and Ahrens, 2004; Schlosser, 2006, 2010, 2014).

The otic placode is derived from the posterior placodal area (also known-as otic
epibranchial pleodal precursor domajrand is located posterior to the trigeminal
placode and adjacent to the central hindbrain in all vertebrates (Alsina et al., 2009;
Baker and BronneFraser, 2001; Bailey and Streit, 2005; Gallagher et al., 1996;
Graham and Begbie, 200Northcutt et al., 1994, 1995; Northcutt and Bréndle,
1995; Northcutt. 1996; Schlosser and Northcutt, 2000; Solomon et al., 2003).
During development of the inner ear of most vertebrate species, the first
morphologically visible structure is the otic ptale, which emerges from a
thickening of embryonic ectoderm. Subsequently, the otic placode invaginates to

form the otic cup, which invaginates completely from the ectoderm to form the otic

16



vesicle (Fig. 1.3 1.4. From the otic vesicle originate diffetetypes of cells,
including the epithelial supporting cells, endolyrg@treting cells as well as the
mechanosensory hair cells, which are secondary sensory cells (without an axon)
(Fig. 1.4) In addition, the sensory neurons delaminate from the mediahre§

the otic vesicle to form the vestibulocochlear ganglion of the eighth cranial nerve
and innervate the hair ce(lBig.1.4) The inner ear is very important for vertebrates
and it is responsible for hearing and bala@&lsina and Whitfield 2017; B&er

and BronnefFraser, 2001; Brugmann and Moody, 2005; Freter et al., 2008; Groves
and Branner Fraster, 2000; Gallagher et al., 1996; Maroon et al., 2002; Northcutt
et al., 1994, 1995; Northcutt and Bréandle, 19981cBezGuardado et al., 2014;
Schloser and Northcutt, 2000; Schlosser, 2010, 2014; Schwarzer et al., 2017,
Solomon et al., 2003; Wright and Mansour, 2003).

The lateral line placodes are sensory placodes that are originally part of the
posterior placodal area, which gives rise to sevatatal line placodes, including

the anterodorsal, anteroventral, middle and posterior lateral line placode (Van
Wijhe, 1883). A fifth lateral line placode, the supratemporal lateral line placode
develops inXenopus laeviat later stages (Fig. 1.2 B). ($abser and Northcutt,

2000, Schlosser, 2006, 2010, 2014; Winklbauer and Hausen, 1983). All lateral line
placodes form ganglion cells in the early stages. In later stages, lateral line placodes
give rise to the sensory ridges or migratory primordia. Thiee, lateral line
ganglion sends out neurites, which associate with both sensory ridges and migratory
primordia. They elongate or migrate in limited ways in the head and trunk of the
embryo to form sensory organs, which are the neuromasts or ampullargrausib
organs. These organs comprise secondary sensory cells (hair cells) and supporting
cells. Neuromasts are s very important for detecting water movements while
ampullary or tuberous organs detect electric fieeignipel et al., 20QIMetcalfe,

1989; Nothcutt, 1992, 1997; Schlosser, 2002a; Schlosser, 2006, 2010, 2014;
Winklbauer, 1989)In vertebrates the number of lateral lines is different between
families and they are lost in amniotes (Baker et al., 2008; Raible and Krust, 2000;
Schlosser, 2002b, 2018chlosser and Northcutt, 2000).
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4-5 10-s 16-s 55 hr
=0 o o

epithelial elongation invagination closure

Fig. 1.3. Early development of the chick inner ear Formation of the otic vesicle from
thickened otic placodes. Preplacodal region (BRIRR) expresses Pax2 and gives rise to

the oticepibranchial placode domain (OERIDY somite stage. At 10 somites stage, the
epibranchial placode precursor cells are separated form otic placode precursor cells. Next,
the otic placode invaginates to give rise to the otic vesicle at the 16 somites stage
(reproduced from Alsina and Whitfid, 2017).

Epibranchial and hypobranchial placodes the last group of placodes originating
from the posterior placodal arean Xenopus laevishere arefive epibranchial
placodes the facial epibranchial placode, the glossopharyngeal epibranchial
placode, and three vagal epibranchial placedmsd two hypobranchial placodes
(Schlosser and Northcutt, 2000; Schlosser, 2002a, 2003, 2006, 2010, 2014).
Epibranchial and hypobranchial placodes are related to pharyngeal pouches and
their location is determeed dorsally and ventrally to pharyngeal pouches (Fig. 1.2
B). All epibranchial placodes give rise to viscerosensory neurons and ganglia of the
branchiomeric cranial nerves (Fig. 1.2 B) (Baker et al., 2008; Northcutt, 2004;
Schlosser et al., 1999; Schlosaad Northcutt, 2000; Schlosser, 2002a; Schlosser,
2010, 2014).
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Fig.1.4. Schene ofembryonic development inXenopus Main events of otic development as described in the present study are indicatgdgs
and sages ardased on Nieuwkoop and Fal{2967).
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1.1.3 Eyes absent homologl (Eyal)

TheDrosophilaeyes absent gegyaparticipates in the formation of the regulatory
network (SixEya-DachPax), which is necessary for the development of normal
eyes inDrosophila(Kumar, 2009; Schlosser, 2006; Silver et al., 20&3ga has
homologous genes in many species of invertebraisertebrates. While a single
Eyagene is recognized in most invertebrates, four different typegasre present
(Eyal4) in vertebrates. All Eya proteins are characterized by a highly conserved,
271 amino acid Eya domain on the&@minus (Abdelhak &dl., 1997a, b; Borsani

et al., 1999; Kalatzis et al., 1998; Xu et al., 1@%immerman et al., 1997). In
addition, Eya proteins have a ft{erminal domain, which is important for
transactivation coupled with the-t€rminal Eya domain (phosphatase activity
localization) (Li et al., 2003; Li et al., 2010; Ohto et al., 1999; Schlosser, 2010;
Silver et al., 2003)Eyalacts both a transcriptional coactivator of the transcription
factor Six1 and as a phosphatase (Li et al., 2003; Schlosser, 2010, 2014 Silver and
Rebay,2005Xu, 2013). The interaction between Eya and Six proteins is essential
for the recruitment of Eya to the nucleus (Ohto et al., 1999; Schlosser; 2010; Zhang
et al., 2004).

Eyalplays an important role in the embryonic development of cranieb@és and

other tissues for instance the eye (in invertebrates), ear, kidney, heart, branchial
arches, muscles, secretory cells, and trunk skeleton. Furthermore, interactions
betweerEyalandSixlare required to regulate cell fate specification (proltfera

or differentiation) and maintaining the balance between the proliferation of
progenitor cells and differentiation of neurons (Ahmed et al., 2012a, b; Pieper et
al., 2012; Schlosser et al., 2008; Schlosser, 2010, 2014; Wong et al., 2013; Wu et
al., 205; Xu, 2013; Xu et al., 1999; Zou et al, 200Byal expression is found
initially throughout the preplacodal ectoderm (PPE) at neural plate stage (Fig. 1.1)
and is maintained in placodes during neural fold stages and organogenesis
(Abdelhak et al., 1997bAhmed et al., 2012b; Baker and Bromkaaser, 2001;
David et al., 2001; Ishihara et al., 2008; Xu et al., BYXIthoughEyagenes are
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present in all vertebrates includidXg@nopusz e br aysh and mammal s,
Eyaexpression in placode derivatives are different from one species to another. In
Xenopus laevisEyalis present in all neurogenic placodes, but it is absent in the
profundal and trigeminal placode of zebrafish and seoun turn, th&eya2gene

expressed in the trigeminal and in the epibranchial ganglia of mabselhak et

al., 1997a, b; Ahmed et al., 2012a; David et al., 2001; Ishihara et al., 2008; Sahly

et al., 1999; Schlosser and Ahrens, 2004;&der et al., 208; Xu, 2013;Xu et

al., 199%; Xu et al., 1999; Zou et al., 2004).

Eyal knockdown inDrosophila causes absent of eyes, while ectopic retinal
development is induced yal misexpression (Bonini et al., 1993; Chen et al.,
1997; Pappwand Mardon, 2004; Pup et al., 2001). IiXenopus laevis, Sixdnd
Eyalknockdown leads to defects in ear development, such as a reduction in its size.
In addition, NeuroD1 gene expressiofa neuronal differentiation marker) was
reduced byEyalmutation in neurogenic placod@s et al., 2010; Schlosser et al.,
2008; Schlosser, 2010). Similarly, in mouse and zebrdiil loss function
causes a reduction in expression of neuronal determination and differentiation
genes and a reduction in proliferation in the olfactory, epirial, and otic
placode (Ahmed et al., 2012b; Kozlowski et al., 200%jtfield, 2002; Zou et al.,
2004, 2008). In additionEyal mutants present defects ind@nohypophysis
development of zebrafish (Nica et al., 2006). Additionally, detynyogenesis

ard poor muscle development in mice are a resuliyafl mutation Grifoneet al.,
2007). MoreoverEyal mutation leads to renal abnormalities, loss of hearing and
thyroid hypoplasia or thyroidysgenesis which is distinguished by a reduction of
thyroid lobesize and parafollicular cel®ong et al., 2013; Xu et al., 1999,2002;
Xu, 2013).

In human patientsEyal mutation causes different diseases in the developing
embryo, for example, branchaio (BO) and branchioto-renal syndrome (BOR)
including deafnss, renal malformations and many defects in the nose and eye lens
(Abdelhak et al., 1997b; Ishihara et al., 2008; Li et al., 2DL&harraf et al., 2014;
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Orten et al., 2008; Schlosseat al., 2008; Xu et al.,, 199%u et al., 2002).
Additionally, otofacia@ervical (OFCS) syndrome symptoms include facial
problems, ear defects and mild intellectual disability (Pohl et al., 2013). In humans,
Eyalmutation is common in BOR syndrome and more than 80 mutations have been
documented (Orent et al., 2008).

Taken bgether, these previous studies show clearly that Eyal is required for
progenitor proliferation and neuronal differentiation in placodes, but the underlying
mechanisms are poorly understood. Since Eyal together with Six1 promotes both
cell proliferation ad neuronalifferentiation in placodes ofenopus laeviin a
dosagedependent way, it appears to be able to regutsebalancebetween
progenitors and differentiating neuronsin placodes (Schlosser et al., 2008;
Riddiford et al., 2017). Previous studiegve suggested that this may involve the
direct transcriptional regulation of two sets of target genes, those promoting
progenitor maintenance and proliferation (e.g. Sox2/3, Hes5) as well as those
promoting neuronal or sensory differentiation (e.g. Nglu®, Atohl, POUA4f1,
Islet2) (Ahmed et al., 2012, i Riddiford et al., 2016; Li et al., 2020). However,
Eyal has also been shown to directly dephosphorylate cell polarity proteins such as
atypical protein kinase C (aPKC) in the cerebellum, thereby affeapicobasal

cell polarity (see section 1.3) and changing the balance between proliferating and
differentiating cells by controlling the proportion between symmetric and
asymmetric cell divisions (Merk et al., 2019). Another study (El Hashash et al.,
2011) reported a similar role of Eyal in the lung epithelium but was subsequently
retracted (El Hashash et al., 2017). To test, whether Eyal may fulfill its function in
the inner ear by similar mechanisms, | have investigated in this study the role of
Eyalfor cell proliferation, the formation of progenitors and differentiating neurons
as well as for the distribution of cell polarity proteins during otic vesicle

development irKenopus laevis.
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1.2 Neurogenesis

In vertebrates, neurons are produced in three viimya:the neuroepithelium of the
neural tube, from the neural crest and from ectodermal cranial placodes. The
neurogenic cranial placodes are specific epithelial cells, which contain neural
progenitor cells and give rise to the sensory neurons of thehpeaipnervous
system (Freter et al., 2013; Graham et al., 2007; Lassiter et al., 2014). Different
sensory cell types are generated from each placode, for instance, the olfactory
placode gives rise to the primary sensory cells (with an axon) and otiataral |

line placodes produce secondary sensory cells (without an axon) and sensory
neurons. Likewise, the profundal/trigeminal and epibranchial placodes give rise to
sensory neurons but not sensory cells (Andermann et al., 2002; Barber, 1982; Cau
etal., D02; Dhallan et al., 1990; Fritzsch et al., 2002; Schlosser, 2006, 2010, 2014).
Overall, the process of neurogenesis in placodes, neural crest and central nervous
system is regulated by similar mechanisms, which | will briefly review in the

following secton.

1.2.1 From progenitor cells to neuronal differentiation

There are a huge number of neurons involved in the functioning of the nervous
system (Baker and Brown, 2018; White, et al., 1986). Several genes are involved
in regulating specification and differeation of neurons and sensory cells during
embryonic development. These genes encode transcription factors including
members of the SoxBl group and proneural basic Helop-Helix (bHLH)
transcription factors. The bHLH gene family in vertebrates comphisel§, Atohl

and NeurogeningNeurog3 related to thédrosophilaproneural genesa¢haete
scuteandatonal) which are expressed in proliferating progenitor cells and induce
the expression of another bHLH gendeuroD] in differentiating neurons
(Andermannet al. 2002; Baker and Brown, 2018; Cau et al., 2@&net al.,

2008; Kamachi and Kondoh, 2013; Sarkar and Hochedlinger, Bxifosser et

al., 2008; Schlosser, 2010). In addition, neuronal differentiation of neurogenic
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placodes is regulated biyal and Six1 in a concentration dependent way
(Christophorou et al., 2009; Schlosser et al., 2008; Schlosser, 2010; Zheng et al.,
2003; Zou et al., 2004).

TheSoxgene family encodes a large number of transcription factors that contain a
highly conservedHigh Mobility Group (HMG) domain and are related to the testis
determining gen&ry. The SoxB1 subfamily includeSox1 Sox2and Sox3(and

Sox19 whichwas found in fish species only). The three SoxB1 genes were found
to have overlapping functions with someeassion differences between vertebrate
groups(Collignon et al., 1996; Jiang et al., 2019; Kishi et al., 2000; Laudet et al.,
1993; Rogers et al., 2008; Sarkar and Hochedlinger, 2013; Wegner, 1999; Zaouter,
2017).

Previous studies provided evidence tBaix1l, Sox2 and Sox3 are expressed in
neurogenic and neneurogenic cranial placodes at the early stages of many
vertebrate embryos (Schlosser and Ahrens, 2004; Meuleana@nBronnetFraser,

2007). In addition, Sox2 and Sox3 expression were fourekpossed in neural
progenitor cells and Sox3 misexpression leads to ectopic expression of Pax6 and
Eyal and induces Sox2 expression in-nearogenic domain of otic placode as
well as a defect in the sensory organ (Abelld, 2010;-Blmagd, 2001; Collignon

et al., 1996; Kishi et al., 2000 and Koster et al., 2000)s suggests th&ox3plays

a central rolen the otic neural fate decisions and sensory organ development.

SoxB1 factors play a crucial role in neural and neurogenic aneh@armgenic
placodes development. First, they act to maintain progenitor cells in the
proliferative state and keep them undifferentiated (Bylund et al., 2003; Graham et
al., 2003). And second, they control terminal differentiation and bias the
development of cells into neur®ror sensory cells (Abklmagd et al., 2001;
Dvorakova et al., 2019; Panaliappan et al., 20R8yny andPlaczek, 2005;
Schlosser and Ahrens, 2004; Schlosser et al., 2008; Wegner and Stolt, 2005;
Wegner, 2010).
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SoxBlgenes directly activate the Notch sadjing pathway in CNS and placodes
which is important for the maintenance of undifferentiated neural precursors cells
at early stages (Cau et al., 2002; Holmberg et al., 2008; Panaliappan et al., 2018).
In addition, in order to block neuronal differentmati in Notchindependent
pathways, SoxB1 activates many genes involved in progenitor maintenance and
signaling pathways such as the hedgehog and the epidermal growth factor (EGF)
pathway (Favaro et al., 2009; Holmberg et al., 2008).

SoxB1 (Sox1, Sox2, arfslox3) transcription factors promote neuronal and sensory
cell development, directly and indirectly. SoxB1 maintains progenitor cells in an
undifferentiated state directly by reducing proneural bHLH neuronal transcription
factors activity (Neurogl, Neurog®euroD1) or indirectly by modulating the
activity of signaling pathwaygHolmberg et al., 2008; Kamachi and Kondoh, 2013;
Kuwabara et al., 2009Ross et al., 2003; Zhou et al., 2016).

Downstream of SoxB1, neuronal differentiation is determined bygunal bHLH

genes inDrosophila and vertebrates?roneural bHLH transcription factors are
essential to promote cells to leave cell cycle during neurogenesis and to activate the
expression of neuronal genes in the central and peripheral nervous system and
cranial placodes (Bertrand et al., 2002; Hoémbet al., 2008). Proneural bHL
proteins are divided into two major groups: th&chaeteScute related proteins
(e.g.Ascll) and the Atonal related proteins (ARPSs), which include Atoh@l(1),

the Neurogem group Neurogl/NeurogRand NeuroBElike proteins NeuroDJ)
(Andermann et al., 2002; Baker and Brown, 2018; Cau et al., 2002).

The expression of proneural bHIH proteins is found in several placodes in different
patterns (dependent on species) (Cau.eR02; Schlosser and Northcutt, 2000).
The production of neurons or sensory neurons is inhibited after knockdown
mutations of proneural genes. For exampleurog2(Atoh4 mutation led to an

absence of sensory ganglia and elimindtediroD1expression irplacodal cells
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(Cau et al., 2002; Fode et al., 1998). Also, a loss of functiMashlandNeurogl

in mice resulted in a reduction of the generation of the olfactory sensory neurons
(Cau et al.,, 2002; Fode et al.,, 1998). In addition, injection of marghol
oligonucleotides foNeuroglin zebrafish blocked the differentiation of all cranial
ganglia, which derived from the trigeminal, lateral line, epibranchial and otic
placodes (Andermann et al., 2002). In contrast, overexpression of proneural bHIH
genesnduces ectopic neurons and activates Notch signaling (Cau et al., 2002). In
the brains of mice, activation of the expressiomAetl1 and Neurog2converts
astrocytes into neurons (Masserdotti et al.,, 2015). In the mammalian auditory
system, overexpressiaf Atohlconverts norsensory cells (supporting cells) into
sensory hair cells (Izumikawa et al., 2005; Walters et al., 2017). Interestingly, there
are complex mechanisms by which proneural genes promote the transition between
progenitors and neuronal tfentiation. For instances, dephosphorylatioAsxfl1
(proneuraltranscription factor) decreases the cyclin dependent kinases (CDK)
activity, then promotes neuronal differentiationjanopusembryos.By contrast,

a highly phosphorylated form of Ascll DK maintains proneural proteins in
progenitor cells (Ali et al., 2011, 2014).

In the cranial placodes, both SoxB1 and proneural bHIH genes are regulated by the
transcription factor Six1 and its cofactor Eyal (Ahmed et al., 2012a, b; Baker and
Brown, 20B; Zou et al., 2004). A previous study suggestedShdtandEyalare

direct regulators to SoxBl geneSok2, SoxBand proneural genesAtohl,
Neurog) to induce neuronal or sensory differentiatiorXenopus laevismbryos
(Riddiford and Schlosser, 26)L In addition, in mic&Six1andEyaltogether with
Sox2were shown to directly activa#tohlduring hair cell formation (Ahmed et

al., 2012a). On the other harglxlandEyalmutations compromise Neurogl and
NeuroD1 expression, which can lead to loEsemsory neurons in the otic vesicle

of mice (Zou et al., 2004).
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1.2.2 Neuronal migration through the basal lamina

The basal lamina is a thin layer of extracellular matrix generated by epithelial cells.
It is located on the basal surface of théleghial cells in front of the basement
membrane. It comprises two layefibronectin (basal) and laminin (apical).
Generally, the role of basal lamina is to support and regulate the interaction between
cells in the tissues during embryonic developmentiamelps to maintaithe final

form of organs (Brownell and Slavkin, 1980arlssoret al., 1981; Slavkin et al.,
1983).

Neuronal migration through the basal lamina is documented in a number of
previous studies using immunostaining to trace the basainda during the
migration of neurons. In the early chick embryo, the neurons of the cechlea
vestibular ganglion (CVG) migrate from the ventral region of the otocyst
epithelium (Whitehead and Morest 1985 a, b). When CVG migration is complete,
ganglion cellssend their axons to innervate the receptor hair cells. However, the
basal lamina has appeared before CVG cell migration with two basal lamina
associated glycoproteins (fibronectin and laminin) completely surrounding the otic
vesicle adjacent to the neutabe (Hemond and Morest, 1991). In the epibranchial
placodes, laminin was then shown to be downregulated in the region underlying
neuroblast migration region similar to what was observed during neural crest
delamination (Graham et al., 2007). This resuljgests that the basal lamina was

broken down at the region of the neuronal migration from the epithelium.

There is no evidence to suggest that basal lamina is interrupted before CVG
migrations, but immunostaining showed that several fragments dflbiasiaa are
pushed out by cell migrations (Hemond and Morest, 1991). However, it is not
known if cell migration forces are coming from epithelial cells or the migrating
cells itself (Hemond and Morest, 1991). Many mechanisms were implicated in the
neuronamigration from otic epithelium through the basal lamina. Probably, there

is chemical degradation of the basal lamina by mesenchymal cells which are located
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outside of the otocyst and causes weakening of the basal lamina barrier (Hemond
and Morest, 1991)In addition, Carney and Silver (1983) suggested that the
disruption of the basal lamina in otic epithelium of mice is due to different enzymes
released from the epithelial cells of the otic vesicle. The third mechanism may
involve epithelial cells that pduce a force that helps the CVG cells to migrate
outside the otic epithelium (Hemond and Morest, 1991). For example, increased
numbers of mitotic cells lead to increasing pressure in one zone (physical force)
(Hemond and Morest, 1991).

On the other handchanges in the basal lamina may also affect other processes
beyond cell migration. Local reductions in the basal lamina location were also seen
to be correlated with increased mitotic activity of adjacent otic epithelial cells
suggesting the possibilityhat reductions in basal lamina stimulate mitoses in this
region Graziadei and Graziadei, 1949emond and Morest, 1991). However, this

speculation needs to be further tested.

1.2.3 Otic neurogenesis

The generation of the vestibulocochlear ganglibthe eighth cranial nerve from

the otic vesicle in vertebrates is already briefly described above (1.1.2). Otic
neurogenesis initiates by generating a division in the otic vesicle between a
neurosensory domain, which generates neurons of the Vllith garagid sensory

hair cells and a neneurosensory domain (Andermann et al., 2002; Maier et al.,
2014). In order to distinguish between rnogurosensory and neurosensory
domains in otic placodes, several mechanisms interact (FEp.(NMaier et al.,
2014). h otic placodes of chicks and mice, the im@urosensory domain is located
posteriorly and the neurosensory domain is anterior (Big(Galvez et al., 2017;

Raft et al., 2007; Maier et al., 2014; Neves et al., 204@Never, sensory hair cells
were gengated in both anterior and posterior domains of the otic vesicle in fish
(Haddon and Lewis, 1996).
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Tbx1 is a transcription factor, which is expressed in thenemosensory domain
and which plays a very important role to control the extent of the rensory
domain characterized by SoxB1 expressidixlmutation causes extension of the
neurosensory domain in the mouse (Raft et al., 2004). Hdsd (Hairy and
enhancer of split 1) gene encodes a transcription factor whickeispressed with
Thx1 and ao expands the neurosensory domain when mutated (Radosevic et al.,
2011). Later,Tbx1plays a role in sensory cell development (cristae, cochlea) and
in the otic vesicleTbxlexpression is complementaryNeurogl(Raft et al., 2004).
Another transcriptio factor, which plays a role in restricting the neurosensory
domain to the anterior otic vesicle, isLmx1b, which is located in the ectoderm
adjacent to neural tube and its expression is induced in the -dued&l and
posterior regions of the otic vesi¢kbell6 et al., 2007, 201@jdigam et al., 2015).

placode

neurogenic
ogenic

Genetic network:

Eya?l se—f Thx1

N\

Six1 -<g=p S0Xx2 Her9

N\

neurogenic

Fig. 1.5. Signaling pathways and gene regulatory networks
participating in the establishment of the neurosensory
(=neurogenic) domain in the otic placode.a: anterior, p:
posterior (reproduced fronMaier et al., 2A4).
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In addition to these transcription factors, there are several signaling pathways that
play an important role to regulate the boundaries betweememmsensory and
neurosensory domasnn the otic placode such as retinoic acid (RA) which acts on
the anterioiposterior axis of the otic vesicle and is released from the mesoderm
around otic vesicle. Also, RA plays a role in regulating Thx1 expression in otic
placode (Bok et al., 2011). Adionally, Hedgehog (Hh) signaling regulates Thx1
expression, with overexpression of Hh leading to the repression of Tbx1 and Hh
inhibition inducing Thx1 in zebrafish (Hammond et al., 2010; Radosevic et al.,
2011).

During inner ear development, neurosaysprogenitors generate neuronal or
sensory precursors. Once neurons have delaminated from neurosensory epithelium,
hair cells and supporting cells develop from the progenitor cells timatimen the
epithelium (Fig. 1.5 (Gélvezet al., 2017). Notch ghaling plays important roles

in these two sequential decisions by two different mechanisms that are lateral
inhbition and lateral induction. Lateral induction is associated with prosensory
specification and lateral inhibition is essentialdetermine haicells (Fig. 1.6
(Galvezet al.,, 2017; Hartman et al., 2010). In mammals, there are four Notch
receptors (Notch#t) and five Notch ligands (Deltal,3,4 and Jagged1,2) (Kiernan,
2013). These ligands are membrane bound proteins which interact with the Notch
transmembrane receptor on the surface of neighbouring cells. This interaction
leads to proteolytic cleavage of Notch allowing the intercellular domain (NICD) to
move to the nucleus and bind with RBR family proteins to form a transcriptional

activator.

Two basic Helixloop-Helix (bHLH) proteins are important to regulate the
differentiation of neurons and hair cells; these are Neurod Aoh1, respectively

(Fig. 1.9 (Galvezet al., 2017). In the inner ear, Sox3 and Sox2 activate Neurogl
to show posite signal in neurosensory domain of otic vesicle. These cells
subsequently delaminate and upregulate NeuroD1 and other neuronal
differentiation genes (Fig. 1.6Galvezet al., 2017; Fritzsch et al., 2010; Raft et al.,
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2007). In the neurosensory domairitted otic vesicle, the Neurogl positive domain
becomes reduced, while Atohl is upregulated in a complementary domain, which
will form the sensory patches of the inner ear (Raft et al., 2@AiE) neurogenesis

in mammalian and zebrafish embryos is knowbealetermined by the proneural
gene Neurogl (Ma et al., 1998;Andermann et al., 2002; Cau et al., 2002).
Similarly, in Xenopus laevis, Neuroddut not theNeurog2orthologuexXngnrlis
expressed in the otic and lateral line placodes (Schlosser and Nipr2aQo;
Nieber et al., 2009).

Proneural genes activate the expression of Notch ligands such as Deltal resulting
in lateral inhibition. During lateral inhibition, Notch signalling activates target
genes such ddeslandHes5in adjacent cells, which regss the transcription of
Ascll, Neurogl/2or other proneural genes and then inhibits the differentiation of
neuronal cells. Importantly, this lateral inhibition process is important to prevent
the differentiation and maintain a progenitor state in adjamdis (Liu et al., 2014:
Petrovic et al., 2014).

Notch mediated lateral inhibition is also involved to decide between hair cells and
supporting cells. In terminal mitosis, prosensory cells initiate Atoh1 expression that
promotes the formation of haiells. After expression of Atoh1, Jagged2 and Deltal
that are members of Notch pathway initiates in hair cells, they interact with the
Notch receptor to activate Notch signaling. As a result, Hes1 and Hesb is expressed
in adjacent cells whictwill form supporting cells (Laford et al., 2000; Liu et al.,
2014).

Those cells, in which Notch signaling is inhibited escape lateral inhibition and
initiate neuronal differentiation. In chicks, differentiation of neurons starts in cells
expressing high levels of Nebgl and Deltal, which subsequently activate
NeuroDland NeuroM (Bell et al., 2008)NeuroD1lis a neuronal differentiation
gene and plays a role in neuronal formation and differentiation (Bell et al., 2008).

In XenopusNeuroD1is expressed in scatteredlls that stopped division within
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the inner ectodermal layer and is seen in all of plactatzzed ganglion cells as
well as in cells that migrate away from the placode (Brugmann and Moody, 2005;
Schlosser and Northcut00Q Schlosser et al., 2008). Siarly, in mouse
NeuroDl1expression was found in cells that have stopped division and migrated to
form neurons in different placodes, including olfactory, epibranchial and otic
placodes (Bell et al., 2008; Fode et al., 1998; Suzuki et al., 2003).

In addition to SoxB1 and bHLH transcription factors, there are several transcription
factors expressed strongly in otic placode or vesiclesfopus laevisncluding

Six1, Six4 and Eyal which play a role in otic neurogenesis (Schlosser and Ahrens,
2004). Previoustudies confirmed thd&yalandSix1play important roles in otic
neurogenesis by regulating the expression of SoxB1 genes as well as neuronal
differentiation (Zou et al., 2004; Schlosser et al., 2008; Ahmed et al., 2012b;
Riddiford et al., 2016, 2017; Xet al., 2021).
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Fig. 1.6. Development of neurons and sensory cells in the inner eak:
Diagram of chick inner ear with sensory patches indicated in red: ac: an
crista; bp: basilar papilla; Ic: lateral crista; ml: lagenar macula; ms: sac
macula; mu: utdular macula; pc: posterior cristB: Development of the
inner ear in the chick from embryonic days (EY 2The neurosensory (NS
domain is established early, before invagination. It subsequently gives
the hair cells and supporting cells of tleasory patches (red) and the neurc
of the vestibulocochlear ganglion (blu€). Specification of neurons (blue
and hair cells (red) during inner ear development. After induction by F
Sox2 and Sox3 in the neurosensory (NS) domain promote express$iotin ¢
Atohl and Neurogl. Subsequently, neurons (specified by Neur
differentiate first and delaminate from the neurosensory domain, followe
the differentiation of hair cells (specified by Atoh1). During both steps, ¢
expressing the proneural gen(Pron) i Neurogl or Atohl - repress
differentiation in adjacent cells via Notch mediated lateral inhibition (ins
This allows, first, to single out neuronal precursors from cells remainir
the neurosensory domain argkcond, to decide between rhaells and
supporting cellsA, B: Reprintedrom Neves et al. 201Z: Reprintedfrom
Galvezet al.,2017
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1.3 Proteins involved in apicobasal (ab) cell polarity

Epithelial cells have an intrinsic asymmetry in their structures and shapes which is
referred to as apicobasal cell polarity. Cell polarity is important for several cellula
functions and is based on the specific distribution of several molecules such as
phospholipids and protein complexespical, basal and lateral regions of the plasma
membrangKnoblich, 2010; MartirBelmonte and Perddloreno, 2012Noatynska et

al., 2aL3). In bothvertebrates and invertebrates, a conserved set of polarity proteins
including Partition defective 3 (PAR3) (= BazookaDrosophilg, PAR6,aPKC,

Dlg, Scrib, Lgl, and PAR are involved in controlling epithelial cell polar{f@hen

and Zhang, @13). The PAR3/PAR6/aPKC complex together with its interacting
proteins has the most central role in epithelial cell polarity. Previous studies
demonstrated that PAR3, PAR6 and aPKC are required to establish anterior
posterior polarity and regulate diffetedevelopment stages of polarizationGn
elegansandDrosophilaembryos(Kemphues et al200Q Tabuse et al., 1998). In
addition, the PAR3/PAR6/aPKC complex plays an important role in regulating
asymmetric cell division obrosophilaneuroblast and estlishment of the axdn
dendrite polarity of neurons (Shi et al., 2003; Wodarz et al., 1999).

Additional proteins that affect api¢dlasalpolarityin epithelia are myosin light
chain and Ncadherin.Myosin light chain (MLC) is a motor protein and plays a
very important role in many processes including apical cell contraction and cell
division. It also regulates the polarity of epithelial cells, cell migration, protrusion
formation and adherens maturation (Gutjahr et al., 2005; Viddateanares and
Horwitz, 2010).

Finally, cadherins are a large family of glycoproteins which are essential for the
calciumdependent celtell adhesion mechanism and are often distributed in a
polarized manner. They are divided into subclasses such, &,BN-cadherins

(Takeichi et al., 1988). Ncadherin, which is concentrated in adherens junctions, is

a cell adhesion protein implicated in the maintenance of cell polarity in the neural
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tube and in polarizing migrating neurons (Jossin and Cooper, 2011; Miyamoto et
al., 2015;Lele et al., 2002Rousso et al., 20)2

1.3.1 Functions of apicobasal cell polarity

Different regions can be recognized in the plasma membrane of epithelial cells
including an apical region that faces the external environment, a lateral region
adjacemnto neighboring cells and a basal region adjacent to the extracellular matrix
(ECM). The lateral and basal membranes together are referred to as basolateral
membrane. IiDrosophilg the lateral region of plasma membrane contains septate
junctions (SJ) anddherens junctions (AJ), while the lateral region of plasma
membrane in vertebrate contains tight junctions (TJ) and adherens junctions (AJ).
Tight junctions involve the localization of proteins in a region of contact between
adjacent cells (tight junctis) where they prevent transmembrane diffusion
(Assématet al., 2008;,Coopmanand Djiane., 2016;Johnston and Ahringer, 2010;
Noatynska et al., 2013). Tight junctions, thus, act as barrier to control the passage
of ions and molecules between neighboringtheial cells, while dherens
junctions initiate celcell contacts and maintain the contact between neighboring
cells HartsockandNelson 2009 (Fig. 17). In addition, the polarized distribution

of molecules in the plasma membrane of epithelial c@ltsvs them to adopt
different shapes (Harris & Tepass 2010; Tepass, 2012; Nance & Zallen 2011).
Polarity proteins in the plasma membrane of epithelial cells are kept in place by
cytoskeletal proteins and are transferred from incorrect positions on tmagla
membrane to the right location by vesicl€@dpmanand Djiane.,, 2016.Johnston

and Ahringer, 2010).

35



Apical Apical

PKC{
Par-6 Crb Tight Paré 1
aPKC aPKC Junctions PKC( "
-
- . I g cat ROCK— (@
Adhm.'ens G Rok—i Baz | =3 Adherens = P 1}
Junctions p120-Ctn -[ = Junctions i p120-Ctn '[
Scrib Scrib
Septate Dig Par-1 Dig Par1
Junctions Lal Lal

Basal Basal

Drosophila epithelia Mammalian epithelia

Fig. 1.7. Polarization of the Drosophila and Mammalian Epithelial Cell.
Adherens junctions, (shown in red) are localized between the apical sald
membranous domains characterized by two different protein complexe:
apical PAR6/PK@ (green), and the badateral Dlg/Lgl/Scrib/PARL (blue
complex (reproduced fro@oopmarandDjiane, 2016).

Apicobasal cell polarity is also important during cell division to regulate the
balance between the proliferating and differentiating aeltsany tissues by either
producing similar daughters (symmetric cell division; often resulting in two
progenitor cells) or daughters with different fates (asymmetric cell division; often
resulting in one progenitor and one differentiating cell) (Vorhaaysh Niessen,
2014; Noatynska et al., 2013).

Asymmetric cell division requires the asymmetric segregation of cell fate
determinants into the two daughter cells driven by the polarized distribution of cell
fate determinants in the cell and the orientabérthe mitotic spindle along the
apicobasal axis (Charville and Rando, 2013). This has been studied in great detail
in the Drosophila neuroblast which divides to generate another neuroblast
(progenitor cell) from the apical position and a ganglion motk#r(small cells)

from the basal position that produces neuron or glia (Goodman and Doe, 1993;
Knoblich, 2010) (Fig. B). During delamination of the neuroblast, the Baz/PAR3
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PARG aPKC proteins localizes apically in the neuroblast (Petronczki and
Knoblich, 2001; Rolls et al., 2003). The apical aPKC/PAR3/PAR6 complex then
recruits adapter proteins (Inscuteable (Insc) and L@igether with Gl to the

apical cortex. LGN then binds to Mud/mNuMA, which helps to align the spindle
position along the apié¢dasal axis. In addition, phosphorylation of Miranda
(adapter protein) and the cell fate determinant Numb (a Notch inhibitoBP K¢ a
changes their localization to the basolateral membrane. As a consequence, the
differentiation promoting Numb protein is only inherited by the basal daughter cell,
while the apical daughter cell will be devoid of Numb and retain progenitor status
(reviewed in Chen and Zhang; 2013; Knoblich, 2010; Tepass, 2012).

a Type | neuroblast

0—9—

Type | GMC Neuron
neuroblast
5 Apied Centrosome %l/\
/ —Microtubule / \
—_— | | |
. , \ /
\ DNA
Basal
PAR3, PAR6 and aPKC Inscuteable Numb, BRAT
| ™= PINS, Go, and MUD PON and Miranda and Prospero

Differentiation

Fig.1.8. Models for asymmetric cell division (a): Drosophila neuroblast divides
asymmetrically into one neuroblagtrogenitor cell) from thepical positionand a
ganglion mother cell (GMOh basal position that produces neur): After mitosis,
Numb and other molecular act together to preventreeéwal andsegregated intc
one of daughter cellgeproduced froniKnoblich, 2010.
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1.3.2 Establishment of cell polarity

The apicebasal epithelial cell polarity irDrosophila is established by the
interaction of several proteins, in particular PAR1, PAR2, PAR3 (knaw
Bazookai Baz 1 in Drosophilgd, PAR6 and atypical protein kinase C (aPKC)
(Benton and Johnston, 2003; Doe and Bowerman, 2001; Nance and Zallen, 2011).
The proteins PAR3, PAR6 and aPKC are all bound to each other. PAR3 is found in
the adherens junctiobelow PAR6 and aPKC, which expand into the apical surface
(Harris and Reifer, 2004(Fig. 1.7. This interaction between PAR6, aPKC and
PAR3 is important to form the PAR complex and is required to establish the
recruitment of PAR6/aPKC to the apical meaare (Horikoshi et al. 2009)n the

PAR complex, PARG6 acts to control aPKC activity and its position in the apical
membrangAtwood et al. 2007). While, the interaction between PAR6 and active
(GTP-loaded) Cdc42 is also important to apical recruitmedtfanction of PARG,

it is not known how Cdc42 is recruited at the apical membrane of the epithelial cell
(Atwood et al. 2007, Hutterer et al. 2004). In order to place PAR3 at the adherens
junction and PAR6/aPKC on the apical membrane, the PAR complexbaust
dissolved by the phosphorylation of PAR3 by aPKC (Chen and Zhang, 2013:
Horikoshi et al. 2009). In addition, the interaction between PAR6 and Crumb
enhances the apical recruitment of PAR6/aPKC (MataiSa et al. 2010; Chen

and Zhang, 2013)Crumb praeins (CRB) are located on the apical region and
regulate the expansion of the apitatkral surface (Macara, 200Qcumb mutants

lead to loss of apical membrane indicating that they are regoifedn the apical
domain(Wodarz et al. 1993).

Another protein complex with an important role for apicobasal polarity is
Lgl/Scrib/Dlg, which is located on the basolateral side and conserved between
nematodes, flies, and mammals (Chen and Zhang, 2013). Apical polarity proteins
of the PAR complex play an imgant role to exclude basolateral proteins from the
apical domain such as Scribble (Scrib) (Bilder et al. 2003). In epithelial cells, aPKC
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phosphorylates many target proteins relating to polarity (Suzuki et al. 2004).
Previous studies demonstrated that libthbasolateral proteins Lgl and PAR1 are
phosphorylated by aPKC to prevent them from associating with the apical
membrane (Suzuki et al. 2004; Tepass, 2012). Conversely, PAR1 phosphorylates
PAR3 to prevent the PAR3/PAR6/aPKC complex from accumulatinghet

basolateal side of the epithelial cell.

1.3.3 Role of apicobasal cell polarity in vertebrat@eurogenesis

The PARprotein complex including PAR3, PAR6 and aPKC plays a crucial role
in generating the polarity of neuronal cells in vertebrates likgrasophila(Chen

et al., 2013; Goldstein and Macada, Matos Simdest al., 2010Kemphues, 200;

Shi et al., 2003) (Fig. 1)7In vitro, knockout ofPAR3led to deficient polarity of
hippocampal neurons (Chen et al., 2013; Hapak et al., 2018). In additio
mammalian PAR3 and PARG6 are found polarized in a new axon and are considered
as regulators of the actin cytoskeleton in this future axon (Zhang and Macara,
2008). Furthermore, mammalian PAR3 and PARG are involved in the regulation of
microtubule dynami in neurons and future axons (Chen et al., 2013). Defects in
the localization of PAR3 or PARG6 disrupted the stability of microtubules, neuronal
polarization and axon specification (Chen et al., 2013; Shi et al.,, 2003). Cell
polarity proteins are also negsary in CNS development, for example during
neurogenesis of specialized neuroepithelia and neurite outgréWwéinfersetal.,

2005 Sabherwal et al., 2009; Solecki et al., 2006). Also, polarity proteins play
important roles in formation of synaptic cants and during neuronal migration
(Solecki et al., 2006). Finally, like iDrosophilg the PAR complex and other
proteins involved in apicobasal cell polarity are also involved in the regulation of
asymmetric cell division in the vertebrate CNS, therefigcting the balance
between progenitor proliferation and neuronal differentiation (e.g. Costa et al.,
2008; Farkas and Huttner, 2008; Bultje et al., 2009; Alexandre et al., 2010;
Willardsen and Link, 2011).
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The role of cell polarity proteins during eargurogenesis has been particularly
well studied inXenopus In Xenopusneurogenesis, superficial layer cells are
polarized and remain as progenitor célavidsonandKeller, 1999, while deep

layer cells are not polarized and generate the primary nearahprecursorsf
secondary neuror{fSabherwal et al., 2009. previous study has shown that aPKC

is localized on the apical side of the membransugierficial layer celleand Lgl2

is localised to the basolateral sideh@imerset al., 2005. However,there is no
distribution of aPKC and Lgl2 in the membrane of deep layer (&tibherwal et

al., 2009) In order to examine the effect of cell polarity proteins on cell fate,
aPKCoverexpression was examined in deep cells X#nopusctoderm.
Overexpressio of a membranéethered form of aPKC induced the proliferation of
cells and inhibited the generation of primary neurons (Sabherwal et al., 2009).
Conversely,lossof-function experimentdy usingaPKC morpholinos oother
means of inhibiting aPKC promotethe differentiation of primary neurons
(Sabherwal et al., 2009). Taken together, these results demonstrated that activation
of aPKC in progenitor cells reduced differentiation of neuroix&mopusalthough

details of the mechanism involved remain unclea

1.4 Aims of the project

The main aim of this Ph.D. project is to study the rolEya1during neurogenesis
in the otic vesicle oKenopus laeviwith a particular focus on the role of Eyal for
cell proliferation, the formation of progenitors and diéfietiating neurons as well
as for the distribution of cell polarity proteidaring otic vesicle developmerithis

project is divided into three parts.

Since otic neurogenesis Xenopudas not yet been studied in any detall, the first
part of the projetcaims to provide a detailed description of this process, elucidating
(a) the spatiotemporal pattern of otic neurogenesis as judged by the delamination
of neuroblasts through gaps in the basal lamina; (b) the organization of the

neurogenic otic epitheliunmcluding the subcellular distribution of cell polarity
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proteins; and d) the changing distribution of cell proliferation, neurosensory
progenitors, and differentiating neurons during development of the otic vesicle.
Immunostaining with different antibodievas used in combination with confocal
microscopy to determine the distribution of basal lamina (laminin), cell polarity
proteins(aPKC, PAR3, MLC and Madherin) cell proliferation (pH3 and EdU
incorporation) and the localization of progenitor cellsx®oand differentiating
neurons (Isletl/2, acetylated tubuliir). order todemonstrate the distribution of
proteins in relation to the cell membrane more precisely, immunostaining was
performed in embryos that had been injected with memksaned GFP athe 2

cell stage.

The second part of the project seeks to characterize the localizagalgrotein

during different stages iXenopus laevishecause only the distribution &yal
MRNA has been previously described (David et al., 2004¢. specifidy of the

Eyal antibodies used was confirmed by using a Western blot experiment and a
peptide competition assay. The subcellular distribution of Eyal protein during
development of the otic vesicle and its distribution in relation to markers of
proliferation, progenitors and differentiating neurons was then characterized by
doubleimmunostaining and confocal microscopy. Th&ribution of Eyal protein

was also clarified for all other cranial placodesX&nopus laevisrom early

embryonic stages (stage 1b6)early larval stages (stage 40).

The third and final part of this study aims to understand the rdtgatfor cell
proliferation,progenitor formation, neuronal differentiation as well aslier
proper distribution of cell polarity proteins in thécotesicle using gain or loss of
function experiments. At the @Il stage, embryos were injected wial
antisense morpholino oligonucleotide, a dominaggative Six1 construct avith
Eyal and Six1 mRNAs. Subsequently, the otic vesicle was analyzed by

immunostaining for the various markers mentioned above
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Chapter-2 Material and Methods

2.1 Animal Housing

The African clawed frogenopus laegi was used as a model organism in this
project.Xenopus laegifrogs were imported from Nasco (Fort Atkinsdfi, USA).

Irish and European legislation was followed on all experimental processes that were
performed and covered under the project licedde€10125/P019})o Dr. Gerhard
Schlosser. Furthermore, all experiments have been approved by the NUI Galway
Animal Care Research Ethics Committé€REC: 14/Dec/01)

2.2 Embryo Incubation and Microinjection

2.2.1 Human Chorionic Gonadotropic (HCG) Hormones Injection and Egg

Collection

HCG hormone was used to induce egg laying in feidal®pus laevisOne week
prior to egg collection foin vitro fertilization, two female frogs were injected with

50 units HCG each into dorsal lymph shicynyk et al.,2018). One day before egg
collection, injection was repeated for each primed female frog with 750 units HCG.
Frogsinjected with HCG were kept in 18 °C incubator overnight, beforatiagro

fertilization experiment.

2.2.2 Microelectrode Needle Puller

A Narishige electrode puller (Cat. No. 1) was used to produdeng, sharp
microcapillary needles for microirgeon. Needle puller machine was adjusted to
standard work condition@eat 98.1 °C, sub magnet 22.0, main magnet 9dr1)
the pulling. Then glass capillary (Narishi@at. No. GD1) was inserted and melted
by the electrically heated platinum heater. Hyyahe glass capillary is pulled by
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electromagnetic force to produce a micropipette. After pulling, the tip of the

micropipette was broken to approximaté1 5 e m i nner tip di ame

2.2.3In Vitro Fertilization (IVF) of Xenopus laeviEmbryos

For in vitro fertilization day, female frogs were transferred from 18 °C to room
temperatureRT) and placed into 1x MBSH (@pendix A.1). Frogs were kept in

a quiet place. Subsequently, an adult male frog was anaesthetized in 0.1% MS 222
(Tricaine methane suhate) in tap water with a pH 7.4. After-38 minutes, testes

were removed by microdissection. The testes were transferred to a small petri dish
with 1x MBSH and stored at 4°C.

Every hour, eggs were collected by plastic transfer pipette and placedjipetri

dish. IVF was initiated by adding a small piece of macerated testis using two
forceps. In each dish, 300 to 500 eggs were taken to fertilization. The Fertilization
was activated y 0.1x MBS hypotonic solution (#pendix A.1) at RT. After 20

min. the buffer was discarded and replaced by 2% Cysteine ino@pvith a pH=8

(see Appendix A.1) for dejellying. After completion of dejellyingl@ min.),
embryos were rinsed with 0.1X MBS for 4 times and kept on a 14°C cold plate.
After one to two hours2- or 4-cell stage embryos were taken for microinjection of

various constructs (MO, GRIRNA injection).

2.2.4 mRNA Synthesis for Microinjectio

The synthesis of mMRNA was done using the Ambion mMessenger Machine Kit
(Ambion, Cat. No. AM1340). This mRNAwas used for the microinjection into
Xenopusembryos. Before mMRNA synthesis, the target plasmid was linearized by

the appropriate restriction enzymes.

To |linearize plasmids for mMRNA synthesi

and 5 pl restriction enzyme were added into an Eppendorf tube. For some restriction
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enzymes, 0.5 ul BSA was added to the enhancement of the restriction enzyme
digestion procesf\lso, 5 i of restriction buffer was added and 40 pl of@Hhbith

mixing the mixture well by pipetting up and down. The mixture was incubated
overnight at 37° C. Once the restriction enzyme digestion was over, the linear
plasmid was purified by RPCR puification using the protocol described in
2.6.2).

MRNA was then synthetized using the Ambion mMessage Machine kit. A 20 pl
reaction mixture was prepared for 1 ug of linearizledmid by the following steps

in a new Eppendorf tube, 3 pl linearized andifped plasmid (0.33 pg/pl) was
added to 3 pl nuclease free® 2 pl 10x transcription buffer, 10 pl 2xNTP and 2

pl RNA polymerase (SP6). The reaction mixture was mixed well by pipetting up
and down, and also spun briefly. Then, the mixture was incuf@até8 min at 37°

C.

Using the RNeasy Qiagen Kit (Qiagen, Cat. ND4104) the mRNA was purified.

In order to bring the volume of the mMRNA synthesis mixture to 100 pl, nuclease
free O was added. Before adding 250 ul of 100 % EtOH , 350 pl of buffér RL
was added into the mixture and mixed well by pipetting. Next, the reaction mixture
was applied to the RNeasy column, spun for 15 seconds and the flow through was
discarded. The column was transferred to a new collection tube, 500 ul of buffer
RPE was aded, and centrifuged again for another 15 seconds and the flow through
was discarded. Again, 500 pl of buffer RPE was added and spun for 2 min, the flow
through was discarded. The column was transferred again to a new collection tube
and centrifuged for inin, discarding the flow through and the collection tube. For
the final elution, the column was transferred to a collection tube. Elution was done
with up to 30 pl RNAse free water by spinning for 1 min. To get a high
concentration of mMRNA, the volume ofNRse free water used ranged from-36

pl. The concentration of the collected samples was meddyrusing a Nano Drop
ND21000.

44



2.2.5 Microinjection of Morpholino Antisense Oligonucleotides (MO) or
MRNAs

Embryos were injected with 5 nl of the followingiRNAs at different
concentrationsnGFP. 50 n g/ SREnRS)3: 01 OpOgn)g;/ € Eyak 500 pdg
myc: 100 n gByaHGR ( 510000 pngg)/ ;e | Eyd:MOB-MQ2g ) : an
(Eyal MO1l: 5S5NJACTATGTGGACTGGTTAGATCCTGS3; Eyal MO2:
56ATATTTGTTCTGTCA GJ, CSehhesex Gt @l.,, 2008) were

injected in conc. 25 €M (1 ng), 50 &M
experiment, a s t-GOTCETACCTCAGTIACAATTTAVAO ( 5 Nj
3Nj, Schlosser et al., 200CGBPHEOwa@0py ed in

were ©-injected for lineage tracing.

For microinjection of probes, embryos were placed into 4% agar dishes along with

5% Ficoll in 0.1x MBS. The microelectrodes {16 ¢ m) wer e connec
microinjector (Narishige;cat no.: IN00) for microinjections. Theize of the

droplet injected was calibrated to 5 nl by injecting water into oil on top of a-micro

ruler.

Injected embryos were kept in 5% Ficoll for the quick healing from microinjection.
After completing the injection, embryos were transferred to adlistr containing

4% ficoll. Cold plate temperature was set at 4#Culture the embryos overnight.
The following day, the Ficoll solution was changed to 0.1x MBS and dead embryos
were removed immediately. Stages were determined according to Nieuwlkibop an
Faber, 1967.
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2.3 Immunohistochemistry

All immunohistochemical experiments were done in at least five embryos per
marker analysed; functional studies followed by immunostaining were done in at

least three embryos per marker analysed.

2.3.1 Fixatin

Embryos were fixed by using 4% paraformaldehyde (PFA) in phosphate buffer
(PB) (Appendix A.1) for overnight at 4C. On the next day, embryos were rinsed

in PB twice for 10 minutes, and 50 % EtOH one time for 5 minutes. Embryos were
stored in 70 % Et@ at 4°C.

Some embryos were fixed in Dent's fixative for immunohistochemistry (N
Cadherin antibody) experiments. Dent's fixative was made by adding 80%
methanol and 20% dimethyl sulfoxide (DMSO).

2.3.2 Cryosections

Before cryesectioning, embryos weme-hydrated one times for 10 min in 50%
EtOH, then PB. Thereafter, embryos were incubated in 20% sucrose (in PB).
Finally, prior liquid was removed and replaced by 20% sucrose for overnight at
4°C. Next day, embryos were embedded in mounting medium (OcGtiipound,
VWR) for cryotomy that was added to rubber forms. Embryos were oriented to get
transverse sections and shock frozenime2hylbutane cooled with liquid nitrogen.
Rubber forms were kept in cryostat at least 20 min before cutting and cooled
forceps, different sizes of brushes, and razor blades were also cooled to the same
temperature as the cryostat (LEICA, CM1850). The blocks were initially cut at 20
pm thickness, the angle of the knife was adjusted to zero degree and the temperature
was reducetb -19°C. Once the sample was reached, the thickness was changed to

10 um. Sections were picked up by using Super frost slides (Thermo scientific). In
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preparation for immunostaining, slides were labelled by marker pen (Super PAP
Pen) (Daido Sangyo Co.td, Tokyo, Japan) to prevent running off the solution.
Slides were dried at least -30 min at room temperature or overnight before

continuing with immunostaining.

2.3.3 Immunohistochemistry on cryosections

Proteins were visualized and analyzed by gisintibodies as follows. On the first

day, sections were washed three times for 10 minutes each by phosphate buffer
saline (PBS) (Appendix A.1). To prevent the interaction between the specific
antibody and unspecific proteins, 3% Bovine Serum AlbuminA)B®locking

buffer) in PBS (Sigma) was added for one hour at room temperature. This was
followed by another blocking buffer to make sure nonspecific binding sites are
blocked by Normal goat serum (Sigma). For each slide, 250 pl was added (5 pl
Normal goaserum in 245 pl PBS). The primary antibody was diluted in PBS/BSA
with 5% dimethylsulfoxide (DMSO) (Fisher Scientific). To each slide, 100 pl of
primary antibody was added and the slide was then covered by a coverslip and
incubated overnight in wet chanrka room temperature. The primary antibodies

usedare listedn Table 2.1.

On the second day, slides were washed with PBS for 10 minutes three times before
incubating the slides with secondary antibody diluted in PBS with 5% DMSO and

4 Ngiaénidino2-phenylindole DAPI, 100500 ng/ ¢ | diluted fro
eg/ ml ). For each slide, 100 Ol of seconc
Alexa488conjugated artmouse antibody (Molecular Probes: Product number:
A11001); Alexa594conjugated amntmouseantibody (Molecular Probes: Product

number: A11005); Alexa488onjugated antrabbit antibody (Invitrogen: Product

number: A11008); Alexa59donjugated antrabbit antibody (Invitrogen: Product

number: A11012). The slides were covered by coverslipsrenubbated in a dark

wet chamber at room temperature for at least 2 hours. To remove the cover glass

and secondary antibody, slides were washed three times with PBS for 10 minutes
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each. Finally, three drops of Fluoroshield (Sigma: F6182) were used to bever t
slide with a coverslip leaving it to harden betweed days in dark room at room

temperature. Finally, the coverslip was sealed with transparent nail polish.

Table 21. Antibody table. Details of sources and concentrations of antibodies that w
used for Immunohistochemistry in this study.

Antibody Supplier, Product number Species Dilution
Laminin Sigma, L9393 RabbitPolyclonal 1:25
Phospho Histone 3 Merck, 06570 RabbitPolyclonal 1:100
(pH3)
GFP Santa Crus Biotechnology, | RabbitPolyclonal 1:1000
NC, s¢8334
GFP Abcam, 9F9.F9 MouseMonoclonal 1:1000
Tubulin, Acetylated Sigma, T6793 MouseMonoclonal 1:1000
N-cadherin (CDH2) Abnova,PAB7876 MouseMonoclonal 1:200
Myosin light chain Abcam, ab2480 RabbitPolyclonal 1:200
(phosph S20)
Atypical protein Santa Crus Biotechnologge RabbitPolyclonal 1:200
kinase (aPKC) 216
Partitioning -defective M Millipore: 07-330 Rablit-Polyclonal 1:200
3 (PAR3)
Eyal (Ahrens and Schlosser, 2004 Guinea pig 1:50
Polyclonal
Sox3 (Zhang et al., 2004) RabbitPolyclonal 1:250
Islet-1/2 DSHB, 39,4D5 MouseMonoclonal 1:200
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2.3.4 Immunohistochemistry on sections with Tyramide Signal

Amplific ation

Tyramide Signal Amplification (TSA) is #&chnique using a biotinylated tyramine

to detect specific proteing/here tyramide, a phenolic compound, has the ability to
bind to the electron rich surface of targets. In this technique, immunostaining is
performed with antibodies coupled with horseradish peroxidase (HRP), an enzyme
thatcatalyzes the covalent reactiohtyramine to tyrosine residueghe reaction

with fluorescent tyramide causes large numbers of fluorescent dye molecules to be
depositedn the vicinity of the antibodygeneratinga higher density of a target
protein compared to conventional immunofluorescence which allows to increase

the signalbackground ratio (Fig. 2.1).

This is a tweday experiment, using tHESA plus Cyanine 3/Fluoseein System

kit (Perkin Elmer Cat. No.NEI753001kT) On the first day, slides were incubated

in 3% Hydrogen peroxide (¥D.) in PBS for 30 minutes to quench endogenous
peroxidase activity. Then slides were washed three times with PBS for 10 min each.
Furthermore, 3% Bovine serum albumin was prepared in PBS and slides were
incubated for one hour followed by incubation in normal goat serum (20 pl /ml) for
30 minutes.The primary antiboés (PAR3, aPKC, MLC, Eyallsletl/9 were
diluted in PBS/PSA with 5% DMS and 100 pl was added for each slide and
covered by coverslip. Slides were incubated overnight in a humidified chamber.
There are different antibodies that were used with TSA (Table 2.1).
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Fluorescent dye
or hapten

@ ; Inactive tyramide
+ H202
Secondary
antibody Q
/ \ Active tyramide

Primary
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Epitopes Protein tyrosine sidechains

Fig 2.1.Schematic presentation of tyramide signal amplification (TSA)
(reproduced from Biotium Glowing products for science).

On the second day, slides were washed by using PBS threeftinie® minutes

each. TNB blocking solution (1.5 %, Perdtmer) was added to prevent
nonspecific background for 30 minutes an@ pbfor each slideThen the blocking

buffer was removed and slides were incubated with the following secondary
antibodies:HRP-coupled goat arntiabbit antibody(Invitrogen, Product number:
G56120, 1:500);HRP-coupled goat antiguinea pig(Abcam, 6771,1:500) and
diluted in PBS wi-diamidito2ph&npitdole PARIA1004 Nj, 6
500 ng/ ¢l di | ut ed . Eachoshde was incubatecowfith 1000 ¢ g /
of antibody solution and covered by coverslip overnight in wet and dark enamb

On the next day, the secondary antibody and coverslip were removed, and slides
were washed by PBS buffer three time for 10 minutes ddcobroshield (Sigma:
F6182)was added and slides were covered by coverslip. Slides were left for two

days and seatkewith transparent nail polish.
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2.3.5 Microwave treatment and multiplex immunostaining on section with

Tyramide Signal Amplification

This method has two main advantages. First, by using multiplexed antibodies from
the same host or different host, nplk antigens can be detected in the same tissue
sections. Second, this method can reducebtiekground from antibody cross
reactivity. Because this process depends on signal amplification in first staining,
slides were stained with the first primary @otly on the first day followed by
horseradish peroxidase enzyriRP-coupled secondary antibody and tyramid
signaling amplificationon the second day. Then, slides were immersed in a
microwaved boiling sodium citrate buffer for 8 minutes to strip the aghisaused

to detect the first antigen, while the insoluble fluoropkHgramide deposition is
retained on the tissue. This allows to stain the slides with antibodies directed against
another antigen in a second step (FraneGua et al., 2020; Lyu et aR020; Toth

and Mezey, 2007).

For staining with the first antibody, slides were placed in a Coplin glass jar (115
mm x 90 mm) and filled with 70 ml of boiling sodium citrate buffer (10 mM, pH
6.0) for 2.5 minutes. Then the jar was covered with a lidraindowaved for an
additional 8 minutes in a 700 W microwave oven. The lid was removed to allow
slides to cool down in the buffer at room temperature for 25 minutes. Next, sodium
citrate solution was replaced by 3B¢drogen peroxide (¥D.) in PBS for 30
minutes to quench endogenous peroxidase activity. Subsequently, slides were
washed with phosphate buffer saline (PBS) for 10 minutes three times (Appendix
A.1). and stored between 1 to 2 days at 4°Slides were then incubated in a 3%
Bovine Serum Albunm (BSA) (blocking reagent) in PBS (Sigma) and stored at 4
CCfor 2 days. Slides were then incubated with the first primary antibodyEgafi

GP1 (1:50, anti guinea pig polyclonal; Ahrens and Schlosser, 2005) diluted in
PBS/BSA with 1% Triton X100 (Sigmdor 1 day in a humidified chamberhe next
morning slides were rinsed three times by PBS fomilnutes each.in order to

prevent nonspecific background. Sections were then incubated in TNB blocking
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solution (1.5 %, Perkiilmer) for 30 minutes and 250 ubrf each slide. For 2

hours, slides were incubated with secondary antibody: horseradish peroxidase
enzymeHRP-coupledgoat antiguinea pig(Abcam, 6771,1:500) and diluted in

PBS with1% Triton X100 (Sigmaand4 Ngiaénidino2-phenylindole DAPI, 100

500 ndg ¢ | di l ut ed f r o.mBaclsdide was incubated Woith 108 | / ml )
of antibody solution and covered by coverslip for 2 hours in a wet and dark
chamber. Then coverslips and secondary antibody were removed by immersion in
PBS and slides were rinseg¢ BBS buffer three time for 10 minutes each. The
fluorophoré tyramide was diluted in its buffer (1:50) according to the
manufacturerdéds instructions (PerkinEI me
with coverslip for 1 hour in humidified and dark chaml&#ides were rinsed three

times for 10 minutes each by PBS and kept ah&ween 2 to 3 days before

moving to next step.

The second step required stripping the first antibody by using heating so, slides
again were placed in a Coplin glass jar (11% m 90 mm) filled with 70 ml of
boiling sodium citrate buffer (10 mM, pH 6.0) for 2.5 minutes. Then slides were
immersed in this buffer solution with a lid and microwaved between 6 to 8 minutes
in a 700 W microwave oven. The lid was then removed to coshdbe solution

at RT for 25 minutes. Next, sodium citrate solution was replaced by phosphate
buffer saline (PBS) (AppendixA.1) and slides were rinsed three times for 10
minutes each. At the same step, slides with PBS were kept in a glassJ&fat 4

2 days. Subsequently slides were incubated in a 3% Bovine Serum Albumin (BSA)
(blocking reagent) in PBS (Sigma) and stored at#%€1 day. For each slide, 250

pul was added (5 pl Normal goat serum in 250 ul PBS). The second primary
antibody, Sox3 was llited to 1: 100 (rabbipolyclonal; Zhang et al., 20D3n
PBS/BSA with 1% Triton X100 (Sigma). To each slide, 100 ul of primary antibody
was added and the slide was then covered by a coverslip and incubated 2 days in
wet chamber at room temperature. Afteait slides were rinsed three times for 10
minutes each. Slides were incubated with secondary anti body (1:500, Alexa594

conjugated amtrabbit antibody; Invitrogen: Product number: A11012) and the
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biotinylated secondary antibody was diluted in PBS/BS#&wio Triton X100
(Sigma) for 2 hours at RT in a humidified and a dark chamBkdes were
transferred to a Coplin jar containing PBS and washed three times with PBS for 10
minutes eachFluoroshield (Sigma: F618®%as added and slides were covered by

coverslips. Slides were left for one day and sealed with transparent nail polish.

2.3.6 Peptide Competition Assay (PSA)

The peptide competition assay was done with guinea pigEgati antibodies to
confirm their specific binding in immunohistochetnys The specifi€yalpeptide
against which these antibodies were originally raised was synthesized
(RLSGSGDSPSGTGLDNSHINSC, Eurogentec: product number: LAB2032) and

co-incubated with the antibodies.

To prepare the blocking peptide solution, 1 mg of ipepwvas diluted in 1 ml PBS.
Three tubes for each Eyal antibody were then prepared. The first tube contained
only the antibody not princubated with peptide and in the two other tubes the
antibody was préncubated with peptide solution at two differeatios (5:1 &

10:1). Tubes were mixed gently and incubated &iC 4overnight.
Immunohistochemistry was then performed using tyramide signal amplification.
Finally, the staining pattern was compared between the blocked and unblocked

antibody.

2.3.7 EdU (5ethynyl-20-deoxyuridine) labelling and detection

Cell proliferation is very important for normal tissue development. In this study,
the thymidine analog -Bthynyl2 -Ngoxyuridine (EdU) was used to label cell
proliferation cells. EAU can be incorporatedoi@NA during different stages of
the cell cycle (including the S phaseof@uch et al., 2017; Okada a8di, 2017).

In addtion, EAU can be combined withther methods of staining such as

immunohistochemistry and in situ hybridization (Okada and Shi, 2017)
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The stock solutions were prepaweztording taClick-iT Plus EAU Alexa Fluor 594

and 488 Imaging Kit (Thermo Fisher Scientific). A 10 mM stock solution of Edu
was prepared by adding 8@0 0.1 MBS solution to 5 mg of EdU powder and
mixing well until theEdU was fully dissolvedBetween 25 to 30 embryos were
incubated in a 48vell plate with 50Qul of EAU working dilution (20Qul stock
solution of EAU and 30Ql of 0.1 MBS) for 16 hours on cold plate at 15° C prior

to fixation at stages 26, 28, 29 and Bbr double immunostaining with EdU, first
embryos were cryosectioned and immunostaineith membrane GFP or Sox3
antibodies (see sections 2.3.2 and 2.3.3) (Table 2.1) before starting the EdU
reaction. After incubating slides with secondary antibody2féwours, each slide

was washed twice with 39 of 3% BSA in PBS for 30 minutes at RT. The wash
solution was removed to incubate each slide in permeabilization buffer; 500 ul of
0.5% Triton X100 in PBS for 20 minutes at RT. After removing of
permeabilizéion buffer, slides washed twiedth 300ul of 3% BSA in PBS for 20
minutes at RT. Click it reaction cocktail was prepared according t&lbk-iIT

Plus EdU Alexa Fluor 594 and 488 Imaging Kit (Thermo Fisher Scienfiff@gn

the wash solution was remavand incubated with 250 pl of CliddT reaction
cocktail in each slide for 30 minutes at RT in dark chamber. Next, CIiEk
reaction cocktail was removed and sections were incubated oncg0@ijthof 3%

BSA in PBS for 30 minutes at RT for washing. Raclear staining, DNA staining

was proceeded by removing the wash solution and adding each slide 250 pl of
DAPI that was diluted in PBS (1:200). Each slide was washed three times for 10
minutes with300 ul of PBS. Fluoroshield (Sigma: F6182yas added andlides

were covered by coverslip. Slides were left for one day and sealed with transparent

nail polish.

2.4 Imaging and Data Analysis

2.4.1 Microscopy
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An Olympus SZX7 stereomicroscopas used to determine the quality and stage

of embryos. However, emyos that were injected by mGFP were checked for
fluorescence using an Olympus SZX16 microscope equipped with a DP71 camera.
Some images were taken using an Olympus BX51 compound microscope equipped
with different fluorescent filters. The Olympus Cell Dfte@re package was used

to adjust light balance and scale bar.

2.4.2 Confocal Microscopy

Images were taken using @lympus Fluoviewl000Confocal Microscope to
visualize fluorescence usimgo or three Diode lasers control d lasers lines that are
405 nm(blue), 448 nm or 473 nm (green), 559 nm or 635 nm (red). Two different
oil immersion objectives were used (20x Fluor 0.85 NA working distance 2.0 mm
and 60x Fluor 1.35 NA working distance 2.0 mm). For visual observation
transmitted light observation wased at Olympus software (Olympus Fluoview
FV1000). The brightness and contrast in every channel were adjusted as
appropriate. The distribution of immunostained proteins was also followed by using
z-stack technigue. Images were scanaletg the zaxis ushg astep size between

0.1 um to 1 pm. The images were saved in TIF and JPG files. Finally, orientation,
brightness and contrast were adjusted by importing the images into Photoshop CS5
(Adobe).

2.5 In situ hybridization

Three embryos were anayzed ictsans afterm situ hybridization foNeurog1l

2.5.1 Synthesis of mMRNA Probes for in sithybridization

Antisense oligonucleotide probes for in situ hybridization experiments were
synthesized from 1 pug of a P@Roduct amplified from a plasmid, whiclasthe
gene of interestNeurogl inserted (Table 2.3). The antisense RNA probe was
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synt hesi zed using the DI'G RNA Labellir
instructions (Roche; cat no.: 11175025910). In a 1.5 ml Eppendorf cup, 3 ul
linearized and purifiegplasmid (0.33 pg/pl), 10 pl DEPEO, 2 pl 10x NTP

labeling mixture, 2 pl 10x transcription buffer, 1 pl RNAse inhibitor (RNAsin) and

2 ul RNA polymerase (T7) were added, mixed well and spun briefly. Then the
reaction mixture was incubated for 2 hrs at @72 pl DNAsel (kit) was added

after 2 hrs of incubation to remove the linear plasmid and was incubated for 15min

at 37°C.

Synthesized probes were purified using the RNeasy kit according to the
manufacturer s i nst r-w4l04) anddduted tQ a &irgle n , Ce
concentration of 100 ng/ul with hybridization buffer and storee@t C (Table

2.3). The quantity and quality was tested using the NanoDrop ND100 machine.

Table 2.3.Vector and probe synthesis information for constructs used

Gene Vector Linearize probe source
Neurogl pCS2+ PCR from T7 Nieber et al.|
pCS2+ 2009

2.5.2 Whole mount in situ hybridization

All the information on solution and buffers used in in situ experiments are given in
Appendix A.2.

In order to avoidRNAse contanination, insitu-hybridization experiment was
conducted under carefully controllecbnditions(gloves, use of DEP@eatedand
autoclavedsolutions until end of hybridizationRFA-fixed embryos, which had
been transferred to 70% EtOH for long term at@rwere rehydrated in 50% EtOH
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and 30% EtOH (made up with DEREGO) for 5 minutes each, and washed three
times for 5 minutes in Ptw (1x PBS + 0.1% Twf)). Then the embryos were
treated with Proteinase K for 4 minutes and washed two times in 0.1 MI&8A (
step in 4 ml) for 5 minutes each. Then embryos were rinsed again twice for 5
minutes each with 0.5 ml TEA/acetic anhydride (250 pl acetic anhydride in 10 ml
0.1 M TEA). This was followed by washing two times in Ptw for 5 minutes each
and fixation in MEMFA for 20 minutes at RT becausenbryos are fragile after
Proteinase K treatment and have to be fimetl. The embryos were 5 times
washed with Ptw for 5 min each time and transferred to scegwed tubes with 1

ml Ptw, during last wash. In each tu2&0 pl hybridization buffer was added and
was removed when all embryos were settled in the tube bottom. Then a further 250
pl hybridization buffer was added and incubated for 10 minutes at 60° C. The
hybridization buffer was again removed and each tubetines incubated for 6
hours in 250 pl of fresh hybridization buffer at 60° C. Hybridization buffer was
then replaced by the 250 pl of digoxigeitabelled RNA probes diluted 1:100 in
hybridization buffer and returned to 60°C overnight.

After overnight incibation, the probe was replaced with 200 ul hybridization
buffer, and embryos were incubated at 60°C for 10 minutes before washing each
vial with 1 ml 2x SSC three times for 20 minutes at 60° C. The embryos were
incubated for 30 minutes at 37° C with figsprepared 2x SSC + RNase A (10 ul

of 2 mg/ml stock) + 0.1 pl RNase T1. Embryos were then washed with 1 ml of
2xSSC for 10 min at RT, twice in 0.2x SSC at 60° C for 30 minutes each and twice
in MAB for 10 minutes total at RT. Embryos were then-ip@ibaed in MAB +

2% BBR for 1 hr at RT and then in MAB + 2% BBR + 20% HIGS for 1 hour.
Finally, the embryos were incubated overnight in MAB + 2% BBR + 20% HIGS
with 1:1000 ARcoupled, antdigoxigenin antibody (Roche) in the dark at 4° C (0.5

ml/vial).

On the3rd day, the antibody solution was removed, and embryos were washed with

1x MAB five times for 1 hour each at RT. The embryos were again washed two

57



times in freshly prepared AP buffer for 5 minutes each. The embryos were then
incubated in 0.5 mlI NBT/BCHolution (AP buffer + NBT (4.5 pl [100 mg/ml] in

10 ml AP buffer) + BCIP (35 pl [50 mg/ml] in 20 ml AP buffer) and incubated at
RT in the dark until the staining was apparent. Once the embryos were well stained,
embryos were washed by 1x MAB for 3 timesmin each, at RT to stop the
reaction Finally, Embryos were réxed overnight in Bouin solution without picric

acid at 4° C (2.5 ml Formaldehyde; 0.5 ml glacial acetic acid; 7.0 p®)3H

On the fourth day, background staining was removed by washib@0ot EtOH

two times for 30 minutes each, and 70% EtOH, 50% EtOH for 5 minutes each. To
remove pigmentation, embryos were bleached in bleaching solution at RT for
overnight. Finally, embryos were washed in 1x SSC for 5 min, and then in 50 %
EtOH for 5 min @ch and stored at 4° C in 70% EtOH.

2.5.3 Vibratome sections

To prepare the specimens for sectioning, 4% Agar was dissolved in 100 ml of
phosphate buffer (PB) (Appendi.3) using machine hot plate to bring Agar to
boiling point. The Agar wasthen leftightly to cool again before pouring into
weighing boats. During the time, embryos were rehydrated from 70 % EtOH, via
50 % EtOH for 10 minutes and incubated in PB for 30 minutes. Carefully, each
embryo was dried with a tissue paper and then embeddedwatheagar for 20

minutes.

After the agar solidified, it was trimmed and cut atS20um with the vibratome.
Sections were collected on super frosted slides. Sections were left to dry 2 hours
and cover slipped with Fluoroshield (Sigma: F618&) coverspped.Each side

of the cover slip was fixed with nail polish to protect the embryo.
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2.6 Generating a construct with a hormone inducible dominant- negative
from of Six1 (GR-EnR-Six1)

2.6.1 Sub-Cloning of Hormone Inducible Gene (GR) to pCSZ2EnR-Six1

Plasmid

In the sub cloning process, the hormone inducible glucocorticoid receptor (GR) was
removed from the pCSZLR-Sox3GFP plasmidZhang andlymkowsky, 2007)

by restriction digestion with with Hindlll and Clal and was sltned into the
correspondingites of the expression vector pGEAR-Six1 plasmid(Brugmann

et al., 2004)which contains the Engrailed repressor domain (EnR)tla@ Six1
DNA-binding domain.

2.6.2 Restriction enzyme digest of insert and plasmid

In order to avoid enzyme incompatibjlin the digestion process, single restriction
enzymes were used for the restriction digestion followed by another enzyme. When
the restriction digestion reaction was completed, the digested plasmid and inserts
were taken into purification using the HPCR purification Qiagen kit to clean the
reaction mixture. After second restriction digestion, the restriction digestion was
confirmed by running 1 % agarose gel electrophoresis. Once the restriction
digestion was confirmed, the plasmid and insert werentakto the ligation
reaction. On the first day, the standard 50 pl units of the reaction mixture were
prepared by adding 10 pl plasmid/inserts (of 1 pg/ul) into 30 O nd then
adding 5 pl of restriction enzyme A rfdoth plasmid/insert (Hindlll)5ul of
restriction buffer A (10X R Buffer) After mixing, the reaction mixture was left at

37° C for overnight.

On the second day, the digested DNA was purified using tHBGRI purification kit
(Qiagen). 25@! buffer PB was added to 50 pl restriction reacéiad transferred to a column
that was applied to a nelsppendorf tube. Then column was spun at maximal speed
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(12,000rpm) and the flow through was removed. The column was put back in same tube, ad

was spun again at max speed (12,000rpm) and the flow thnaggremoved, 750 ul PE

buffer was added. Again, column was put back and spun anther time, removing the flow
through. The columnwastherr ansf erred to a coll ection tt
buffer EB (10mM Tris, pH 8.5).

Next,a5 0 €| waesa optrieqgrar ed by addi ng -Ga)andr est r i
5¢l restriction buftther 4B. THe leGckr Bxduefvasr Tan

mixed and left at 37° C for overnight.

2.6.3 Gel electrophoresis and DNA purification by Gel Extaction

On the third day, the restriction reaction was run on a large 1% Agarosgngel
1% Agarose gel was prepared in 1x TAE buff@8(ml 50x TAE or 1.6 ml for
Fisher minichambers) (Appendif.4) with 2 pl SybrSafe (10000x; Invitrogen)
added at appsomately 50°C. The gel was left to coolamamber for around 30
minutes. Then 1x TAE was addado chamber and comb was removed. Gel was
loaded with DNA (1 pl loading buffer + 10 pul DNA pl 1kb DNA ladder(Fisher,
Cat.N65M0311). Gels were run at 90 Yor approximately 45 minutes (or until

lower blue bands approached the end of the gel).

A gel extraction kit (Qiagen, Cat. N88706) was used for DNA extraction. The
proper bands were cut out (GR insert region and-Eix® plasmid) from the gel

slab ad taken into Eppendorf tubes. The bands were then weighed (weight in mg
= approx. volume in ul)Three volumes of buffer QG wadded to gel bands and
heated at 50° C for 10 min until the gel was dissolved by shaking it every 2 min.
Then one volume of igwwopanol was added and mixed. After applying the mixture
to Qiagen quick spin column, it was centrifuged at 10,000 rpm for 1 min and the
flow through was discarded and then 0.5 ml of buffer QG was added and then
centrifuged again at 10,000 rpm for 1min.wWash the spin column, 0.75 ml buffer

PE was added and incubated for three minutes and then centrifuged at 10,000 rpm
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for 1 min. To remove all the rest of PE buffer, the flow through was discarded,
centrifuged again at 10,000 rpm for 1min. 30 ul nuclease Water was added in

the spin column for elution and incubated for 1 min and then centrifuged at 10,000
rom for 1min. NanoDrop ND1000 was used to check the sample quality and

guantity and the sample was then store@@& C.

2.6.4 Ligation

The insertof interest (GR) was ligated or joined to tHandlll and Claldigested
pCS2EnR-Six1 plasmid using the T4 ligase enzyme (NEB, Cat-M0202S).

The insert of interest was used at approximately 1 to 6x times the concentration
than the plasmid (e.g. 10 ngsert with 50 ng plasmid in a 10 pl reaction). The
ligation reaction mixture was prepared by adding 1 ul eluate of target and then 14
pl eluate of insert was added. Finally, 0.4 ul T4 ligase and 2 pl T4 buffer were
added followed by adding 2.6 ul with d8. Then the reaction mixture was
incubated for overnight at 8T.

2.6.5 Transformation and plating of bacteria

2.5% Luria Broth (LB) was prepared in distilled®(dHO) in 100 ml Erlenmeyer

flasks, sealed with aluminium foil and autoclaved. 9.25 gqg8r was added in 250

ml dH2O, and supplemented with an appropriate antibiotic (e.g. ampicillin 100

pg/ml) then was taken for autoclaving. When LB agar was cold enough to touch,

LB agar was poured in agar plates up to cool at RT and plates were stadsd ups

down at 4°C. XL1Blue competentE. coli cells (Agilent; cat no.: 200249) were

t hawed on ice and transformed according
XL1-Bl ue competent cells were aliquoted i
1. 4 2-ma¥cagioethanol (kit; toxic! fume hood)waseddl t o 100 €l bac
10 minutes incubation. Then 2.5 ¢l of
on ice. Heat shock was given to the bacteria for 45 seconds at 42° C using a

preheated thermal block and they were then transferred to the ice for Aftar
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heats hocki ng the bacteria, 900 ¢l LB medi
recover at 37AC for one hour. Two plate
of recovered bacteria were added onto the first plate and spread with a sterile tool.
The remaining 900 €l of recovered bactert
the upper 800 pl LB media were removed, the bactersuspended in the

remaining 100 pl, and plated on the second agar plate by spreading with a sterile

tool. Plates werancubated upside down at 37° C overnight.Once the colonies were

grown on the next day, they were taken into Mini Prep or Midi Prep.

2.6.6Plasmid Extraction from Bacteria by Mini Prep Protocol

The TELT Mini Prep protocols was used for small quantity DiNaterial, while
for larger quantity, the Macherey Nagel NucleoBond Midi Prep Kit (Cafi No
740410.10) were used (see 2.6.7).

A single colony was picked with a sterile pipette tip (only touched with sterilized
forceps that has been dipped into 70% EtOH #amed)inoculating 10 ml LB
containing the antibiotic ampicillin (f
cultured at 37 °C overnight on shaker. 1.5 ml of this bacteria culture were taken and

centrifuged for 5 min at 5000 rpm. The supernatant eamved.

The pellets were rsuspended in the 100 pl TELT buffer (Appendix5) and
vortexed for mixing and 10 pl lysozyme (10 mg/ml) was added to the pellet and
incubated for 10 min at RT. At 100 °C (heating block or water bath), the pellets
with lysozyne were boiled for two minutes in a Eppendorf cup with a perforated
lid, then they were kept on ice for 2 min for cooling. Next, the pellets were
centrifuged for 10 min at maximum speed of 13,000 rpm. The safaens were
transferred into anew reaction the and the pellets removed with a sterile
toothpick.100 pl isopropanol was added to the supernatant and incubated for 10
min at RT and then, the supernatant was centrifuged for 10 min at maximum speed

to precipitate the DNA pellet and the supernatant vissadded. The DNA pellets
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were washed in 0.5 ml 70 % EtOH and again centrifuged for 5 min at max speed.
The supernatant was removed and the DNA pellets were dried inside a fume hood.
Finally, the pellets were fsuspended in 50 pl DERB2O. the pellets we
confirmed by running a 1% 1x TAE agarose gel for the DNA quality. The

guantification and quality controlag done using a NanoDrop ND100.

2.6.7 Restriction test digest and Midiprep

The presence of an insert of the proper length was confirmed byiprepgr a 1 0 ¢ |
restriction reaction (double digest) fo
addingl ¢l restriction enzyme A (Hindl]I
restriction buffer ( 10.XhisBvadldftatr37°Tdon go) a

several hours or overnight andadyzed by gel electrophoresis.

Minipreps confirmed by restriction digestion colonies were were then used to
inoculate Erlenmeyer flasks containing 100 ml LB supplemented with the
appropriate antibiotic (ampicillin; 200giml). Bacteria were cultured overnight

shaking (250 rpm) at 37° C. Plasmids were extracted using the NucleoBond® Xtra

Mi di Kit according to the nNagducatac:t ur er 6
740410.10) Pelleted DNA was dissolved in 100 p@Hard transferred to labelled

Eppendorf tubes.

The subcloned plasmids were confirmed by sequencing by LGC Genomics
(http://www.lgcgroup.com/ouscience/genomicssolutions/ VsHh68c3Rtl). The

sequences were analysed using the Geneious Software 59).

2.7 Western Blot

Western blot analysis allows to confirm the presence or absence of an individual

protein and its expression level by using an antibody. Furthermore, from many
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thousands of proteins, western blot can identify a single protein within a cell or

tissue lysate.

2.7.1In vitro Transcription and Translation

A Promega TNT coupled reticulocyte lysate kit (Cat. No. L4600) was used. The
following solutions were mixed to prepare the reactions: 12.5 pl, TNT buffer 1
RNA pol ymer agd amno&id énpemet. Ibi oen i, amind ackH5 ¢
leucin 0.25¢el, RNAsin 0.5¢l. 2 eg pCS2Eyal alphan DEPGH20 (Appendix

A.2). Reaction solution was spun briefly, and incubated for 2 hour$@t Bhally,
synthesized RNA was stored-a0°C.

2.7.2 PAGE (Polyacylamide Gel Electrophoresis)

PAGE (catalogue number: PCG2010EA) was performed by first building up the
vertical gel chamber. Then electrode buffappendix A.6) was filled in, and
comb was removed. Finally, samples were prepared from TNT reacitwiboavs:

2 Pl TNT reaction were mixed with 2 pl 20% SDS (20g of SDS was dissolved into
80 ml of dBO by stirring) (sodium dodecyl sulfate, Fisher Scientific, Product
number: BP16&00) and 4 pl Sol E (2xAppendix A.2). Furthermore, 1 pl length
markerand 7 ul Sol E (2x) were used for protein length marker. Sample and length
marker solution were denatured for 5 minutes &98&nd centrifuged for 1 minute

at 10,000 rpmGel was loaded in first run at 20mA, approx. 20'. Then gel was run
at 30 mA (2640 mA will work) until blue band haseached bottom (approx. 1

hour).

2.7.3 Protein extraction protocol

Twenty embryos were injected (5 nl) with Eyal (100 ng/ul) and Histone G2B
MRNAs (50 ng/ul)at the twaell stage. Twenty additional embryos were ctgel
with Eyal (100 ng/ul) and Histone HZBFP mRNAs (50 ng/ul) as well as Eyal
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MOs (EyatMO1 and EyaiMO2) at concentration 25 uM each. After completion

of gastrulation, embryos were frozen-&0 °C. In order to extract the proteins, in
each tube of tway embryos 100 pl extraction buffer (Appendix A.6) were added
and pipetted until the mixture was homogeneous. 100 pl Freon was added, vortexed
and centrifuged three minutes at full speed. The protein was extracted from the

upper phase, avoiding the darkerface between the two phases.

2.7.4 Praparing the PAGE samples

In each tube the following solutions were added: 10.4 pl of protein extract, 4 pl of
LDS sample buffer 4x and 1.6 pl of DTT 10x. The mixture was heated for 10
minutes at 70° for one mites, and then centrifuged for 1 mindit®,000 rpm

Finally, it was loaded in the gel.

2.7.5 Blotting

When PAGE was run, a blotting chamber was prepared and approximately 3 | 1x
borate transfer buffer (BTB) were prepaf@gppendix A.6). A PVDF membrane

was immersed in 100% methanol to activate it for 30 seconds and stored in 1x BTB.
A sandwich of 3 layers of filter paper (Whatman 3mm), the PAGE gel, the PVDF
membrane and another 3 layers filter paper was made and wetted with BTB. Gently,
air bubbles wear removed by rolling of glass pipette. Afterwards, the sandwich was
inserted into the blotting chamber, which was filled with 1x BTB. Proteins run
towards positive pole. The following settings and were used at maximal voltage:
20 minutes at 200 m, 20 miragtat 300 mA, 20 minutes at 400 mA, 60 minutes at
530 mA. Blotting was done at 4° C. The PVDF membrane was then removed and
stained by using Coomassie solutigAppendix A.6) for 1 minute. PVDF
membrane was transferred to differentiating soluffppendk. A.6) between 20

45 minutes until the bands were visualized. By using a pencil, lanes and bands

were marked and membrane was left to dry for 20 minutes and scanned in.

65



The membrane was then washed with PE&ppendix A.6) three times for 10
minutes ach. For TNT reactions, primary antibodies (a polyclonal guineé pig

2 anttEyalantibody)wereprepared and diluted 1:1000 in PBST adding some milk
powder. For embryo extracthe primary antibog (a polyclonal guinea pig anti
Eyalantibody wasprepared and diluted 1:500 in PBST adding some milk powder.
Membranes were then sealed into plastic bags together with primary antibody
solutionusing 10 ml solution/blotFor overnight incubation af €, the plastic bag

was placed on a shaker and rocked lgerBubsequently, the membrane was
washed three times for 10 mites each. Secondary antibodgedwas HRP-
coupled goat anti guinea pantibod/ (Abcam, 6771)This antibody wasliluted
1:5000 in PBST with some of milk powder using 10 ml solution/blotiygawas
washed by using PBST three times for 10 minutes each. Chemiluminescence
substrate was then prepared (Perbio or Transcend; Promega) by adding 0.75 ml
solution A to 0.75 ml solution B. The blot was incubated in this solution-for 1
minutes and ealed into transparent plastic foil. It was then photographed in the
dark in the sensitive gel documentation unit (Appendis).
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Chapter-3 Neurogenesis in the otic placode

In Xenopus the otic vesicle begins to form by invagination frome {posterior
placodal area at stage 22/23. At stage 28, the otic vesicle has completely separated
from the ectoderm and differentiating neurons start to leave the ventromedial otic
vesicle to form vestibulocochlear ganglion cefiadaghiani and Thiébauti986;
Schlosser and Northcutt, 2000; Schlosser and Ahrens, 2004; Schlosser et al., 2008;
Sullivan et al., 2019)After formation of the otic vesicle, neuroblasts delaminate
and migrate from the otic vesicle to form the vestibulococtdeaglion (VCG).

The VCG contains afferent neurons, which innervate the mechanosensasilsair

of the membranous labyrinth and transmit the informatiahé brainstem (Alsina

et al.,2009; Barald and Kelley, 2004; Freyer and Morrow, 2010; Hemond and
Morest, 1991; Ma eal., 2000; Nornes et al., 1990; Schlosser, 2006, 2010 and
Schlosser and Northcutt, 2000).

The neurogenic region of the otic vesicle, which generates the sensory neurons of
the VCG as well as secondary sensory cellsh#acterizethy a network of genes
including SoxBl1family genes $ox1, SoxandSox3. These genes maintain cells

in a proliferating progenitor state and must be downregulated to permit neuronal
differentiation. A number of other transcription factors encoded by basic helix loop
helix (bHIH) family genes then act as proneural genes which initiate neuronal
differentiation (Baker and Brown, 2018; Fritzsch et al, 2006; Schlosser, 2010,
2006). Proneural genes (bHLH) can be categorized into many subfamilies that act
differently during neurogenes neuronal differentiation and gliogensis. For
example Neuroglis aneuronal determinatiorpfoneural gene and expressed in
progenitor cells of sensory neurons that are still mitotically active WalaoD1

is a neuronal differentiation gene and esgexl later in postmitotic cells
downstream oNeurogl BothNeuroglandNeuroDlhave been shown to overlap
with Sox2and/orSox3expression in the otic vesicle and elsewhere and are activated
by these SoxB1 transcription factors (Alsina et al., 2009; BakérBrown, 2018;

Gou et al, 2018; Pozzoli et al., 200$chlosser et al., 2008).
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3.1 Time course of neurogenesis and neuronal delamination

To determine théme course of neuronal delamination from the otic vesicle, in the
present study particular atition has been directed to the basal lamina, which has
been mostly ignored in previous studies. Basal lamina and neurites were marked by
using antibodies for laminin and acetylated tubulin antibody, respectively.
Additionally, embryos injected with memlm@ green fluorescent protein (mMGFP)
were used to label membranes of the epithelial cells of the otic epithelium (Figs.
3.1 A-B-C-J).

At stage 2@he otic vesicle has largely invaginatatt the basal lamina surrounded

the entire basal surface of the otesicle (Fig. 3.1 A)Reorganization of the basal
lamina takes place where otic epithelia are in the process of fusion laterally and
separate from overlaying ectoderm (Fig. 3-BA In addition, in some embryos

the basal lamina can be seen disrupted emtédial side of the otic vesicle already

at stage 26 and such disruptions are frequently seen at stage 28 (Fid>)3.AtB

the same time the basal lamina continues to reorganize laterally (Fig-[3)1 B
MGFP staining suggests that labeled epitheli$ degin to migrate out of the
medial side of the otic vesicle at stage 28 (Fig. 3.1 B). In order to understand more
about the cell shapes, these were reconstructed if@fP staining of a-stack

and are shown in a schematic diagram (Fig. 3.1 B).efleelial cells of the otic
vesicle are of overall columnar shape and extend all the way from lumen to basal
lamina comprising a single laydslge and purple cells) (Fig. 3.1-@). However,

the nuclei of neighboring cells were positioned at different sewying the
appearance of more than one layer (Fig. 3.1 B, D). The features described
demonstrate that the otic vesicle epithelium is a pseudostratified columnar
epithelium. Theapical to basalengths of the githelial cells are shorter on the
lateral sdes of the otic vesicle than on its dorsal and ventromedial sides measuring
approximately 44.93 = 7.47 um (10 cells) on the dorsal and ventromedial side of
the otic vesicle and 24.28 + 3.29 um (10 cells) on the lateral sides (Fig. 3.1 B). At

higher magniftation superimposition of cell outlines on laminin stainghgws
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that the basal lamina is displaced on the medial side of the otic vesicle by
lamellipodia which protrude from cells probably migrating out of the epithelium of
the otic vesicle (Fig. 3.1-0). Furthermore, some cells fornaob-like protrusions
through gaps in the basal lamiffag. 3.1 GD).

At stages 32, 33/34 and 35, the basal lamina continues to be disrupted and cells
continue to delaminate in this central portion of the medial otichelpim,
Delaminated cells congregate to form the vestibulocochlear ganglion between the
dorsal half of the otic vesicle and the hindbrain (Fig-[). Bh the present study,
double staining of acetylated tubulin with laminin was used to study the formatio

of neurites from differentiated neurons originating from the developing otic vesicle
(stage 2839). At stage 25, the acetylated tubulin antibody only stains cilia on the
apical surface of otic epithelial cells but no neurites are evident in the viofnity

the otic vesicle (not shown). Durinbe progress ofievelopment, thacetylated
tubulin antibody labels some neurites in thestibulocochlear ganglioWCG)

from stage 32 on, which suggests that delaminating neurons have begun to send out
neurites, ad the number of acetylated tubulin labeled neurites are increased in later
stages (Fig. 3.1 G, J).

At later stages (stages-38), the basal lamina surrounding the epithelial cells of
otic vesicle continues to show breaks on the ventromedial sideofesicle, from

where epithelial cells migrated to the site the VCG and axons of the
vestibulocochlear nerve can be recognized between the otic vesicle and the
hindbrain(Fig. 3.1 EJ). While the medialgaps are still clear in the basal lamina
next to he ganglion at stages-&5 (Fig. 3.1 El), they have closed by stage B9

a maximum intensity projectionmage (Fig. 3.1 J). At stages 3389, cells and
acetylated tubulin stained axons are seen sandwiched between the otic epithelium
and the basal laminan the ventromedial side of the otic vesicle (Fig. 3:3),E
suggesting that cells delaminating on the ventral side of the otic vesicle migrate

dorsally on the inside of the basal lamina before joining the ganglion. At stage 39,
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the acetylated tubulin labbed axons emanating from the VCG can be seen to course

towards the brainstem (Fig. 3.1 J).

Fig. 3.1. Time course of neurogenesis and neuronal migration in the otic vesic
Immunostaining for laminin (Lam) in transverse sectitmseugh the center of the le
otic vesicle ofXenopuembryos from stage 26 to 39 analyzed in single confocal pl
(A-G) or maximum intensity projections ofstacks H-J) (dorsal to the top, medial t
the right). Some sections have also been immuimestdor acetylated tubuling, J) or

a membrane bound form of GFP (mGFP) following mGFP mRNA injecBori( I).

DAPI was used to label nuclei. Different channels of same section shdwifiand in
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H, 1). Arrowheads indicate breaches in the basal lantinblob; g: vestibulocochleal
ganglion;hb: hindbrain;lp: lamellipodium;n: vestibulocochlear nervé: At stage 26
the otic vesicle has largely invaginated and is surrounded by a basal I
Reorganization of the basal lamina takes place whereititelia are in the process
fusion laterally (asteriskB-D: At stage 28 the first breaches appear in the basal la
on the medial side of the otic vesicle (arrowheads), whereas reorganization of th
lamina continues laterally (asterisk}. shows cell shapes reconstructed from mGC
staining of a wstack, from whiclB was taken. Cells are shown in alternating blue
purple colors for clarity. They form a singkyered, pseudostratified epitheliut
Outlines of cells marked with asterisks irethlack boxes irC are shown at highe
magnification inD superimposed on laminin staining. Laminin is displaced wl
lamellipodia protrude from cells which probably migrate out of the otic vesicle. ¢
cells form bloblike protrusions through gaps inetlibasal laminaE-J: At later stages
(stages 389) the gangliond; outlined with white hatched line iB-G) and axons of
the vestibulocochlear nervae)(can be recognized between the otic vesicle anc
hindbrain. H and | show a section through thees@fgjotic vesicle immediately posteri
to the main body of the ganglion, while a section through another otic vesicle
center of the ganglion is shown in insets. At stage€32)(and 35K, |) there are still
medial gaps in the basal lamina nexthe ganglion, but these have closed by stag
(J). Cells on the ventromedial side of the otic vesicle (white arrows) and acet
tubulin stained axons (yellow arrows) located between the otic epithelium and the
lamina are indicated. ScalebarA: 25 em (for al |l panel

3.2 The otic epithelium as a pseudostratified epithelium with apicabasal cell

polarity

In my study, mitotic cells were identified using an antibody recagniz
phosphorylated histone H3Hf) in stages 26.

Observation by anfocal microscopy showed thaHB antibody revealed mitotic

cells throughout the entire otic epithelium at lateral, medial and vesitialin

stages 26 (Fig. 3.2-£). Mitotic nuclei were typically located near the apical
surface of neighboring otic eptlial cells, close to the lumen of the otic vesicle

This suggests that the otic epithelium is polarized along the apicobasal axis and that
nuclei in the Xenopusotic epithelium probably undergo interkinetic nuclear
migration from an apical position atitwsis to a more basal position during the S
phase of the cell cycle and back as described for the neuroepithelium and some
placodes in other vertebrates (Sauer, 1936; Spear and Erickson, 2012; Alsina and
Whitfield, 2017).
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Apical-basal polarity is a furaimental property of epithelial cells and helps to
determine the specialized functions of epithelial cells, including the formation of a
permeability barrier between adjacent cellsn  a d di t-b aoasg |l taypailcsar i

i mportant dur i ng mhev erleogpunheantte wvahseyrnemeit tr i«
thereby affecting cell | i n epargoeg edne ctiosri oan
di f f er eh &rahnteti al@09 leetrdnczki and Knoblict2Z00L Zhong and

Chia, 2008).

To characterize the apichhsal polaration of the otic epithelium, | investigated
the spatial distribution of the cell polarity proteins PAR3, aPKC, phosphorylated
Myosin light chain (MLC) and of Madherin in theXenopusotic vesicle. Also,
MGFP was usetb label the plasma membrane of tadls comprising the otic
epithelium and helps to confirm protein distributions in epithelial cBllszisualize

the cell membrane embryos were injected wittmbranebooundGFP at the two

cell stage and then analyzed at staged@@Figs. 3.E-F, G-H-I-K-L andN-O).

At stage 26, when the otic vesicle has almost fully invaginated, mGFP staining
shows that otic epithelial celése elongated, columnar ce{lSgs. 3.2 AO and 3.3

A). However, thepositions of the nuclevaried give the epithelium a stified
(multilayered) appearang¢Eigs. 3.2 EF, GH-1-K-L and N-O).

The Par3 antibody revealed enrichment of Par3 at the luminal margin of the
epithelial cells of the otic vesicle, that is on the apical surface of epithelial cells
(Fig. 3.2D-F). Additionally, PAR3 was also seen apicolaterally and there were
many PAR3 spots distributed in nuclei (Figs. 3.2Fand 3.3 AC). Par3
immunopositive spots were also found attached to the outside of many nuclei
(perinuclear stainingand these were often clogeissociated with separate spots

of Par3 in the adjacent cell membrdkéy. 3.3A, DE). Furthermore, single spots
and big clusters of Par3 distribution were observed in cytoplasmic regfighs

otic vesicle epithelium (Fig. 3.3-8).
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Fig. 3.2. Distibution of mitoses and apicebasal markers in the otic epithelium at

stage 26Transverse sections through the center of the left otic vesicle of Xenopus embryos
at stage 26 analyzed in single confocal planes (dorsal to the top, medial to the right).
Sectons have also been immunostained for membrane GFP (mGFP) following mGFP
MRNA injection. DAPI was used to label nuclei. Different channels of same section shown
in A-C; D-F; G-I; J-L; M -O. A-C: Mitotic, pH3 positive cells in the otic epithelium
(asterisks)are located near the apical (luminal) surfadeO: Immunostaining for cell
polarity proteins Pard}-F), aPKC G-1), MLC (J-L) and Ncadherin (Ncadvi-O). Note

the prevalence of apical and/or apicolateral staindmical PAR3, aPKC, MLC, and N
cadherinstaining is notably absent from the lateral domain of the otic epithelium, where
invaginating epithelia fuse (asterisk).addition to its distribution on the apical side of the
otic vesicle, aPKC is localized to basal protrusions on the ventromediabfside otic
epithelium (white arrowheads iG-1). White boxed area in is shown at higher
magnification in insetd\Ncadstaining isalsaabsent from the medial and ventromedial otic
epithelium (arrowheads), where cells begin to form basal protrusionsvjaBcale bar in

A: 25 em (for all panel s) .

Interestingly, antibodies to aPKC and MLC showed a relatively similar distribution
to the PARS3 protein on the apical side of medial otic epithelium (Fig&-B.2nd

3.3 FI), although apical staining of aPK@nd MLC is stronger and more
homogeneous (Figs. 3@-L and 3.3 FG, H-I). MLC and aPKC were also highly
enriched on the apicolateral side of otic epithelial céligq. 3.2G-L and 3.3 FG,

H-1).

Similar to Par3, MLC expression anBKCwere also founth cytoplasm and were
associated with some nuclei (perinucld&ry. 3.3 FI). aPKC also showestaining

of cell membranes adjacent to perinuclear staining (Fig.-3\.3 F

Interestingly, in some sections of stage 26 embryos, there were protrusions from
some epithelial cells on the basal side of the epithelium. aR#@inostaining

was found in the cell membrane of such protrusions marking presumably the
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leading edge of cells starting to delaminate from the otic vesicle to form the

vestibulocochlear gangin (Fig. 32 G-I).

Because Dentdés fixative had -tadherihe use.:
shrinkage and tissue shape were different from the PFA fixed embryos used for
immunostaining of aPKC, Par3 and MLC and the otic vesicle appeared more
circular (Fg. 3.2M-0). At stage 26, Ncadherin is weakly expressed on the apical

side of the epithelial cells in some sections but is always strongly expressed on the
apicolateral side, probably localizing to adherens junctions (Figv302and 3.3

JK). | examired N-cadherin distribution in epithelial cells more closely at higher
magnification to show Madherin distribution in small clusters at apicolateral side

of otic epithelium (Figs. 3.1-O and 3.3 K).

Once cells have started to delaminate from the epithelium, there are some
notable changes in the distribution of cell polarity protefisstage 35, the otic
vesicle has grown in size and the dorsal zone has extended and narrowed4(Figs. 3.
A, D, I-K). The kidney shape with indentation of the latside, which is observed

in PFAfixed embryos (immunostained for Par3, aPKC and MLC) is not present in
Dent or Bouinfixed embryos (immunostained for-&adherin or PCNA; see

below) suggesting that it represents an artefact of PFA fixation.

At stage 35PARS3 could no longer be detected on the apical or apicolateral side of
otic epithelial cells (Fig. 3. A-G). However, strong and irregular distribution of
PAR3 was observed in vestibulocochlear ganglion cells. Remarkably, PAR3
distribution was found throdmput the cell membrane of vestibulocochlear ganglion
cells including theirleading edge (axon forming) and trailing edge (dendrite
forming) (Fig. 34 A-H). MLC has become strongly reduced on the apical and
apicolateral side of otic epithelial cells (Fig.53A-G). There was a weak
distribution of MLC in the cytoplasm of vestibulocochlear ganglion cells (Fg. 3.
A-G). In contrast, aPKC expression was still concentrated in apical and apicolateral

sides of the otic epithelial cells similar to the previouget@tage 26) (Fig. 3.5 |
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P). In addition, aPKC expression was found in neurons of the vestibulocochlear
ganglion adjacent to the otic vesicle (Figd 8P). By following zstack images,
aPKC distribution was found to kenriched in membranes of the leagliand
trailing edge of delaminating ganglion cells (Fig4 81-P). There are no major

changes in the distribution of-thdherin at stage 35 (not shown).
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Fig. 3.3. Apiccebasal polarity in the pseudostratified otic epithelium at stage 26
Immunostaining for the cell polarity proteins Par3, aPKC, MLC anchdiherin (Ncad) in
transverse sections through the center of the left otic vesicle of Xenopus erabstage 2¢
analyzed in single confocal planes (dorsal to the top, medial to the right). Sections ha
been immunostained for membrane GFP (MGFP) following mGFP mRNA injec
Distribution of cell polarity proteins in medial otic epithelium asdatied in overviewA; Par3)
and higher magnified views of Par3 (lower and upper bo& ishown inB, C andD, E,

respectively), aPKCH, G), MLC (H, I) and Ncadherin J, K). DAPI was used to label nucle
Different channels of same region showrBinC; D, E; F, G; H, I; J, K. Inserts inF-I show

nuclei from adjacent cells in medial otic epithelium, which show clear perinuclear
membrane staining. All proteins are localized to the apical (Par3, aPKC, MLC) ¢
apicolateral (Par3, aPKC, MLC, Ncad) sagé of cells. In addition, Par3 is localized to so
cytoplasmic regions and nuclei and Par3, aPKC and MLC show staining of membran
perinuclear staining associated with some nuclei. White arrowheads indicate apical st
white arrows: apicolatergjunctional) staining; white open arrowheads: cytoplasmic stain
yellow arrows: membrane staining next to nuclei; yellow arrowheads: perinuclear ste
yellow open arrowheads: nuclear stainiagterisk inD, E: dividing nuclei Scale barsA: 25

€ mB: 10 8K).(for
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Fig. 34. Distribution of apico-basal polarity markers Par3 and aPKCin otic vesicle
and vestibulacochlear ganglion at stage 35lmmunostaining for the cell polarit
proteins Par3A-C, E-G) and aPKC I-K, M-O) in transverse sections through t
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center of the left otic vesicle dfenopugembryos at stage 35 analyzed in single conft
planes (dorsal tthe top, medial to the right). Sections have also been immunost
for membrane GFP (mGFP) followingGFP mRNA injection. Different channels ¢
same section and cell shapes (shown in alternating blue and purple colors for
reconstructed from mG@¥Fstaining of a &tack are shown iA-D andl-L with boxed
regions shown magnified iB-H andM-P. A-H: Par3 staining at stage 35 is stroni
reduced in the otic epithelium and is mostly found localized to the membrar
vestibulocochlear ganglion cellsO: aPKC is still localized to the apical side of the ¢
epithelium at stage 35, but is also enriched in membranes of the leading e
delaminating ganglion cells. White arrows indicate apical staining; white arrowh
apicolateral (junctional) taining; colored arrows: leading edge (axon forming)
vestibulocochlear ganglion cells; colored arrowheads: trailing edge (dendrite for
of vestibulocochlear ganglion cells; colored asterisks: nuclei. Individual cell
indicated by different colar Scale barsA: 25 A I{fEr 10 &8,

M-0).

Fig. 35. Distribution of apico-basal polarity marker phosphorylated Myosin light
chain (MLC) in otic vesicle and vestibulocochlear ganglion at stage
35.Immunostaining for MLC A-C) in transverse sections through the centahe left
otic vesicle ofXenopuembryos at stage 35 analyzed in single confocal planes (dor:
the top, medial to the right) andvaximum intensity projectiotaken from a &stack E-
G). Sections have also been immunostained for membrane GFP Jm
following mGFPmMRNA injection. Different channels of same section are shdiiu@
stainingat stage35 is strongly reducedin apical and apicolateralregionsof the otic
epithelium (asterisks);someresidualstainingis found in basolaterakell membranes
(arrowhead)and in the cytoplasmof vestibulocochleaiganglion cells (arrow).Scale
bars:A: 25 A®B). (for
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3.3 Proliferating and non-proliferating progenitor cells in the otic vesicle

The labeling, detection, and quantification of proliferating and-protiferating
progenitor cells is imptant for our understanding of organ homeostasis and
normal tissue development (Zeng et al., 2010; Buck et al., 2008)ain insights

into the spatiotemporal pattern of proliferation during otic neurogenesis, | analysed
the distribution of cell prolifettgon in the developing otic vesicle.

First, the percentage of mitotic cells in the epithelium of otic vesicle was counted
by determining the proportion of DAPT positive nuclei thatalso are
immunostained by theH8 antibody at stage 26 and stage 35 ([@&hl). At stage

26, H3-positive nuclei comprised 1.63 £ 0.51 % of otic epithelial nuclei with a
slight but not quite significant increase to 2.6 £ 0.39 % at stage 3D (@57, &

test, Table 31

Table 3.1: Percentage of mitotic (pkB positivenuclei) during otice vesicle
development.

Embryos DAPI nuclei pH3 %
_ 1 317 7 0.02208
2 358 5 0.01396
Stage 26

3 466 6 0.0128

_ 1 798 22 0.02756

Stage 35 2 727 21 0.02888
3 741 16 0.02159
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Second, the thymidine analog-efhynyt2-Neoxyuridine (EdU), which is
incorporated intaellular DNA during active DNA synthesis (i.e., during S phase
of the cell cycle), was used in this studyisualize proliferating cellsto label the
entire populaon of proliferating cells, | sacrificed embryos immediately after a 16
hours incubation in EdU.Since EdUstaining iscompatible with other staining
methods, such as immunohistochemistgr(g et al., 2010)the present study
combines the detection of piferating cells using EAU with immunohistochemical
detection of the progenitor marker Sox3 during development of the otic vesicle
(stages 2635).

Both EdU and Sox3 staining show nuclear distribuiroall stages analyzed (Fig.

3.6 A-l). At early embryort stages (stage 26), Sox3 expression was found in a
small group of cells on the ventromedial side of the otic vesicle and is located within
a broader domain of EdU staininijlost Sox3 immunopositive cells aralso
labelled with EdU (Fig.& A-C). Also, there was cdocalization between Sox3 and
EdU in the ventricular zone of the hindbrain, where proliferating neuronal
progenitors are known to be localized, in all stages from stage 26(Ed35 36

A-l, 38, A-L).

At stages 29 and 35, when the oticigkshas extended along the dorsoventral axis,
Sox3 expression is still confined mostly to cells of the ventromedial region of the
otic vesicle, but the majority of these are no longer proliferative as indicated b
lack of EdU staining (Fig. 8.D-I). Remakably, there are a few cells at the upper
and lower border of this domain, which remain positive for both EAU and Sox3
staining (Fig.3.6 D-I). Reductionof EdU in the ventromedial zone of the otic
epithelium suggests that cells have left the cell cycléis area and possibly have
started sensory differentiation (see section 3.4 below). In the vestibulocochlear
ganglion, EdU positive cells (proliferative cells) are confined to thplpery of

the ganglion (Fig. 8.D-1).
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Fig. 3.6 Changing distribution of proliferative and non-proliferative progenitors
during development of the otic vesicleDistribution of proliferative (Edkpositive) cells
and Soxdammunopositive sensorineural progenitors in transverse sections throug
center of the left otic vesicle dfenopusembryos from stage 26 to 35 (dorsal to the t
medial to the right). Differanchannels of same section showiAC; D-F; andG-1. G:
vestibulocochlear ganglion; hb: hindbrain. At stage/R€C), Sox3immunopositive cells
are confined to the ventromedial part of the otic vesicle (between arrowheads), |
within a broader doma of EdU staining. All SoxBmmunopositive cells are also labelle
with EdU (asterisks indicate douHkbeled cells). At stages 2B{) and 35 G-I), most
cells in the ventromedial region are immunopositive for Sox3 (region between arrowt
but are 0 longer proliferative as indicated by lack of EdU staining. A few cells, whict
both EdU and Sox3positive remain at the upper and lower border of this domain (w
asterisks). From stage 35 on, a region of Sax8unonegative nuclei (yellow arrows
separates a dorsal from a ventral domain of Smadtive cells within the ventromedic
domain. Occasional Edpositive cells are found in this intervening domain (yell
asterisks). Proliferative, Edpositive cells in the vestibulocochlear ganglion (aspare
confined to the periphery of the ganglion and do ne¢xqaress Sox3Scale bar irA: 25
em (for all panel s) .

82



In order to confirm thesesults, another marker of proliferating cells was examined

in otic vesicle, using immunohistochemistry for Proliferating Cell Nuclear Antigen
(PCNA) at different stages between stage 20 to stage 40 (immunostaining and
sections courtesy of G. Schlosser lohea speciemns described in Wullimann et

al., 2005). At stage 20, most otic placode cells (ectodermal thickenings area) are
immunopositive for PCNA (FigB.7 A). Subsequently, the otic placode invaginates

to form the otic cup at stage 23 and showed agtREENA staining, indicating that

most cells are still in proliferation (Fi§.7 B). The otic cup then pinches off and
invaginates to form the otic vesicletween stage 26 and 30 (Fig7 &-D). At

stage 26, PCNA staining is still strong in the otic egithm, while from stage 30

on PCNA staining becomes reduced and downregulated in the ventromedial side of
the otic vesicle and only a few cells in this domain retain high P@&\M&s. This
indicates that many cells in this region have left the cell cyoté farm the
vestibuloochlear ganglion cells (Fig. B. D-F). In addition, PCNA
immunohistochemistry showed positive staining in the vestibulocochlear ganglion
from stage 35 on being confined to its periphery, in particular on its venteal sid
(Fig. 37 E-F).

To gain some insight into differences along the anteroposterior axis, the distribution
of proliferative and noiproliferative progenitors was studied by using double
staining for EAJU and Sox3 at different levels of the otic vesicle in a stage 31
Xenopw embryo (Fig. 38). At all levels, only Sox3mmunopositive cells located
near the dorsadnd ventral border of the ventromedial Sgditive domain are
proliferative as indicated yo EdU staining (Fig. 8 A-l, M). However, the
dorsoventral extent of thiregion of Soxdmmunopositive cells changes along the
anteroposterior axis and reached its largest extent approximately at tmeottrae

otic vesicle (Fig. 8B, E, H).

Due to the lack of an antibody that recognizes Neurogdeimopus| was unals
to investigate the precise relation of the Sax&unopositive region to regions of

neuronal specification as defined by Neurogl (Ma et al., 1998; Alsina et al., 2004;
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Nieber et al., 2009; Riddiford et al., 2018) clarify the approximate spatial
relaionship between areas of proliferative and -pooliferative progenitors and
Neuroglexpression in the otic vesicle, the expressioN@iroglwas revealed by
wholemountin situ hybridization in stage 2&enopusembryos followed by
vibratame sectioning (. 38 JL). Comparison between Sox3 andeurogl
sections show thaleurogl expression partly overlaps with the ventromedial
region of Soxdammunostaining. However\euroglexpression extends further
dorsal than Sox3 in the pestor part of the otic vedie (Fig. 3.8M-0).

Fig. 3.7. Time course of proliferation in the otic vesicleDistribution of PCNA
immunopositive, proliferative cells in transverse sections through the center
left otic vesicle ofXenopusembryos from stage 20 to 40 (dar$o the top, medial
to the right). GVIII: vestibulocochlear ganglion; hb: hindbrain. Invagination of
otic vesicle is completed between stage 26 and 30. From stage 30 on, PCNA ¢
becomes reduced on the ventromedial side of the otic vesiclesghetwrowheads
with only a few cells in this domain retaining high PCié&els (asterisks). PCNA
positive cells in the vestibulocochlear ganglion (which becomes evident after
30) are confined to its periphery, in particular on its ventral sidewar&cale bar
in A: 25 em (f drigureaxduitesyph@. Sthipsser based on PCNA
immunostained specimens described in Wullimann et al., (2005).
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Neurog1

Fig. 38. Distribution of proliferative and non-proliferative progenitors at different

levels of the otic vesicle at stages 2. A-l: Distribution of proliferative (EdY
positive) cells and SoxBBnmunopositive sensorineural progemgo in  four
approximately equidistant transverse sections of the left otic vesicle of a ste
Xenopusembryo ¢lorsal to the top, medial to the right). Different channels of s
section shown in each columA, (D, G; B, E, H; C, F, I). Extent of regiortontaining
Sox3immunopositive cells indicated by arrowheads. G: vestibulocochlear ganglio
hindbrain. Levels: ant.: anterior; mid.: midline; post.: postedelr.. Distribution of
Neuroglexpression in the left otic vesicle of a stagex2Bopusmbiyo showing three
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approximately equidistant transverse vibratome sectids).(Note that at anterio
levels,Neuroglis expressed throughout the ventral and ventromedial otic epithe
while it is confined to the midorsa/ventral part of the medial o&pithelium furthe
posterior In the vestibulocchlear ganglioNeuroglis expressed only in the distal p:
next to the otic epithelium but is absent from the proximal part (asteN&):

Schematic illustrations of extent of Sexihd Neurogtpositive areas throughout th
otic vesicle. Extent of Sox3 area is projected onto outline of otic vesicle fonrew
sections shown il\-l (red lines inM, red colored area iN, O). Only Sox3positive
cells located near the dorsal and ventral border of ths ae proliferative as indicate
by EdU staining. Note that the region of Ser8nunopositive cells reaches its largt
dorsoventral extent approximately at the midline of the otic vesicle. The approx
relation of theNeurogtexpressing area relative the Sox3positive area was inferre
from vibratome sectiong{L) and is indicated in blue M andO. Hatched line indicate
the position of the ventralmost extent of the vestibulocochlear ganglion, \
corresponds to the border between superioriafgdior parts of the Sox8omain in
subsequent stages. Note that Sox3 is only partly overlapping\&ithogl Question
marks indicate uncertainties about the extent of Sd¥&dogt and Sox3Neurogl

areas in the anterior. Scalebain 25 ¢lmpanéld).or all

This dorsal part of theNeuroglpositive domain and Sox3egative region
approximately corresponds to the area, where the basal lamina is disrupted and most
cell delamination occurs suggesting that neuronal progenitors makhtairog1

but dovnregulate Sox3 prior tdelamination (compare Fig.8A-O with Fig. 3.1

E-1). Anteriorly, Neurogl possibly extends further ventrolaterally than Sox3
immunostaining in a region corresponding to the ventral area of cell delamination
described above, butitneeds to be confirme@onversely, the posteroventral part

of the medial otic epithelium which are immunopositive for Sox3, do not express
Neurogl(and will probably contribute to the developing sensory aféas3.8K-

L andN-0). Schematic illustratios of the approximate relation of theeurogt
expressing area relative to the Sgpditive area are shown kig. 3.8N-O, but

the precise spatial relationships need to be confirmed in further studies.
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3.4 Neuronal and sensory differentiation in the at vesicle

Here the spatial and temporal pattern of differentiation of sensory cells (hair cells
and supporting cells) and neurons was analysed by studyingdjstinéution of
Sox3immunopositive sensorineural progenitors in relation to Isletl/2
immunopodgive cellsin the Xenopus laevistic vesicle at stage 26 until stage 40.

| sl et 12 ame hld/homesodoenain proteiexpressed in several populations

of differentiated neurons, including motor neurons and sensory nelreasiid

Pfaff, 2003; Ma etl., 2008; Lee et al., 201.2n particular, Isletl was previously
shown to be a marker of inner ear derived differentiated sensory neurons and of
presumptive sensory epithelia in other vertebrates (Li et al., 2004; f&alatz

et al., 2004).

As descibed above, at stage 26 Sox3 expression is already found in the
ventromedial side of otic vesicle, where it continues to be present at least until stage
40. In contrast, Islet/2 immunostaining is not yet observed in the otic vesicle at
stage 26 (Fig. 8. A-C). From stage 29 on, strongly Isletl/2 positive cells are
evident in the peripheral cells of the vestibulocochlear ganglion (Rid-8, Fig.

3.10). Isletl/2positive cells were confined to cells in the core of the ganglion, while
cells in its peripkry do not stain for Isletl/2. This pattern indicates that Isletl/2 is
not expressed in proliferating cells, which | have shown to be localized on the

outside of the ganglion (see section 3.3).

In addition, there was elocalization between Sox3 and IslH2 antibodies in the
ventromedial side of the otic epithelium from stage 33 on, butl&etvas present

at much lower levels in this domain than in the ganglion. &8 G-L, Fig. 3.10).
While Isletl/2 is not expressed in the dorsalmost and verdsaln$ox3
immunopositive cells, which | have shown to be proliferative, it is expressed in
most of tle remaining population (Fig8G-J, Fig. 3.0), presumably defining the

developing sensory areas.
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Fig. 3.9. Changing distribution of sensorineural progaitors and differentiating
neurons during development of the otic vesicl®istribution of Soxammunopositive
sensorineural progenitors in relation to Isletibf@nunopositive differentiating neuror
in transverse sections through the center of the ieftesicle ofXenopugmbryos from
stage 26 to 40 (dorsal to the top, medial to the right). Different channels of same
shown inA-C; D-F; G-I; andH-K. G: vestibulocochlear ganglion; hb: hindbrain. Fr
stage 29 on, strongly Islet1/2 positive selfe evident in the vestibulocochlear gangli
Note the absence of Isletl/2 staining in the peripheral cells of the ganglion
arrowheads). In addition, a subset of SpxBitive cells in the otic epithelium shov
weak Isletl/2 staining (arrowheadg)hereas other SoxSositive cells do not expres
Isletl/2 (arrows) (upper domain for stage 40 is only visible in more anterior se«
ScalebarilA: 25 em (for all panel s).
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Fig. 3.10. Dorsoventral separation of the sensorineural area of the otic vesicl
during stages 3340. A: Overview of cell distribution in stage 35 otic vesicle basec
reconstructions from mGFP staining of a coalaestack (see Fig. 3). Hatched yellc
line indicates approximate border between upper (PS) and lower (PI) part of tt
vesicle. B-l, K-R: Distribution of Soxammunopositive sensorineural progenitors ¢
Isletl/2immunopositive cells in transversecsions through the center of the left o
vesicle ofXenopusembryos from stage 33 to 40 (dorsal to the top, medial to the r
Overviews shown i (stage 33)F (stage 35)K (stage 40, anterior half) (stage 40,
posterior half) with details of be@d areas shown in adjacent panels. From stage 3
the domain of Sox8nmunopositive cells in the ventromedial part of the otic epithel
separates into an upper domain (located in the pars superior of the otic vesicle
arrows/arrowheads) and aower domain (located in pars inferior: orang
arrows/arrowheads). A subset of Sgsitive cells in the otic epithelium shows we
Isletl/2 staining (arrowheads), whereas other Smsdtive cells do not express Islet]
(arrows). At stage 40 Sox8letl12 double stained cells (arrowheads) appear to fol
layer of supporting cells located basal to a layer of putative hair cells (open arrowt
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which are not immunopositive for Sox3 and Isletl/2. InsertP-R show adjacen
section with one putative haiell (asterisk) expressing Isletl/2 but not Sox3, sugge:
that Sox3 is downregulated before Islet1l/2 in these celBistribution of hair cells a:
revealed by immunostaining of kinociliavith acetylated tubulin at stage 39/40 (of
arrowheads; asrisks indicate nuclei of hair cells) (kinocilia shown as large red ¢
small red dots may represent primary cilia) The utricular macula (U) in the pars st
(PS) can be distinguished from the saccular macula (S) in the pars inferior (f
vestilulocochlear ganglion; hb: hindbrain, PS: pars superior; PIl: pars inferic
saccular macula; U: utricular macul&gale barsB: 25 8, K ®).Cr 10
(for C-E, G-I, L-N, P-R). J: 25 &em.

A division between an upper and lower part of Scx3d Isletl/2doublestained

cells separated by immunonegative cells was first observed at stage 33 and becomes
more pronounced atagje 35, providing the firshdication of a subdivision of the
common sensorineural area (Fig9 &-J, Fig. 3.0 A-l). From stage 35 on, the
epithelium on both sides of the dividing line starts to become bilayered. Cells with
larger nuclei, which remai8ox3 and Isletl/2positive, are positioned basally and
cells with smaller nuclei, which are SeaBd Isletl/2negative, are positioned
apically (Fig. 3.0 F-1). This suggests that sensory areas with apically located hair
cells and basal supporting celtar$ to form. At stage 40, the distinction between

the two layers becomes much clearer and the extent of the sensory areas, which will
form the utricular macula in the superior part and the saccular macula in the inferior

part of the otic vesicle, has imased (Fig. 3A0-R).

Since acetylated tubulin antibodies can be used to determine the distribution of
primary cilia and kinocilia. | used them to confirm the distribution of hair cells in
these two maculae (Fig. 81). Immunostaining of hair cell kicilia revealed

these as large dots (while primary cilia appeared as very small dots) located in areas
of thickened epithelium near the lumen of the otic vesicle These findings suggest
that the utricular macula (U) in the pars superior (PS) separatesheosaccular
macula (S) in the pars inferior (PI) in the otic vesicle from stage 33 on (Fiiy. 3.1
O-R). Most of the putative hair cells in the sensory maculae show neither

immunostaining for Sox3 nor for Isletl/2. However, a minority of hair cells is
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Isletl/2- but not Sox3positive, suggesting that Sox3 is downregulated before

Isletl/2 in hair cell precursors (Fig. 8.K-R).

3.5 Summary

Using immunostaining and confocal microscopy, | here provide the first detailed
description of otic neurogenesis Xeropus laevis| show that the otic vesicle
comprises a pseudostratified epithelium with apicobasal polarity (apical enrichment
of Par3, aPKC, phosphorylated Myosin light chainrgcddlherin) and interkinetic
nuclear migration (apical localization of mitotipH3-positive cells). A Sox3
immunopositive neurosensory area in the ventromedial otic vesicle gives rise to
neuroblasts, which delaminate through breaches in the basal lamina between stages
27 and 39. Delaminated cells congregate to form the vestibuleawopnglion,
whose peripheral cells continue to proliferate (as judged by EdU incorporation),
while central cells differentiate into Islett#@munopositive neurons from stage

29 on and send out neurites at stage 31. The central part of the neuroseresory a
retains Sox3 but stops proliferating from stage 33, forming the first sensory areas

(utricular/saccular maculae).
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Chapter-4 Eyal localization in the developing otic vesicle and in other
cranial placodes

Eyalis expressed during early embryogesesithe developing kidney, muscles
and ear as well as in other placatbrived sense organs and cranial ganglia (Barui
and Datta, 2019David et al., 2001Grifone, 2007; Izzedine et al., 2003;et al.,

2010; Schlosser and Northachutt, 2004; SchlosX¥3, 2010; Schlosser et al.,
2008. It plays very important roles during development of these organs, for
example the kidney and many different placodes and its mutation causes Branchio

Oto-Renal syndrome with anomalies in branchial areas, ears and kidney

Previous studies have shown that the transcription factor Six1 and its cofactor Eyal
are key factors of inner ear development and fundibgetherto regulate the
differentiation of neurons from the otic vesicle (Xu et al., 1999; Laclef et al., 2003;
Zheng et al., 2003; Li et al., 2003; Zou et al., 200#Eyal’, Sixi" or Eyal”’

:Six1" null mutants, NeuroglandNeuroDlexpression was reduced and
vestibulocochlear ganglion cells failed to for@o( et al., 2004; Ahmed et al.,
2012), whileoverexpression of botltyalandSix1convert nomeuronal epithelial

cells into neurons (Ahmed et al., 2012). However, Eyal and Six1 affect multiple
cellular processes including cell proliferation, apoptosis, as well as sensory and
neuronal differentiation (ré@wed in Silver and Rebay, 2005; Schlosser, 2010) and
their mode of action during otic neurogenesis is still poorly understood. To further
clarify the role of Eyal for otic neurogenesis, | will therefore first provide a detailed
description of Eyal in theleveloping otic vesicle oKenopus(this chapter)

followed by loss and gain of function studies (chapter 5).

4.1 Eyal antibody specificity

Before clarifying the distribution of Eyal protein in the placodesasfopus laevis,
the specificity of two Eyapeptide antibodies raised in guinea pig was validated by

two methods. First, avestern blot experiment has been done (courtesy of G.
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Schlosser) verifying the specific binding of both types of guinea pig antibodies after
in vitro transcription and translah (TNT) of Eyal plasmid. Both antibodies
detected Eyal as a specific band at 66 KD (Fig. 4.1 A). There was no band for
control TNTs which did not contaigyalplasmids (Fig. 4.1 A).
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Fig. 4. 1 Specificity of Eyal antibodiesA: Western blot to evaluate specificity ¢
antibodes ani-Eyal GPland antiEyal GPZ2raised in guinea pigs (GP). Tt
antibodes recognize the Eyal protein produced by in vitro transcription

translation (TNT) ofEyal plasmids but do not cross react with proteins in T
reactions that do not contalyal (Six1 TNT). Coomassie staining demonstrai
equal loading ofall lanes.B-G: Peptide competition assay for aBtal GP1
antibody. Transverse sections through the left otic vesicleXxg#frampusembryos at
stage 26 analyzed in single confocal planes (dorstdetdop, medial to the right)
Different channels of same section showBib andE-G. Eyal immunostaining a
evident in control embryosB(D) is blocked after ad
peptide/ 1 ¢ gE-@.\bealkebaaimBt i DD dB@\). (for

In addition, a peptide competiticaissay has been done for thetrEyal GP1
antibody to determine whether it specifically detects Eyal in
immunohistochemistry on cryosections (Fig. 4.1GB Before proceeding to
immunostaining, antibodies were incubated with a solution containing the Eyal
peptide against which the antibody had been raised. In control experiments,
antibodies not préencubated with peptide were used. Peptide competition assays
were done at two different concentrations of blocking peptide, at a peptide:
antibody ratio of 5:Jand 10:1 % or 10 pg of blocking peptide, respectively far

pg of antibody)and at two different stages (stage 20 and @6ihfocal microscopy

was used to determine the staining by-&yal GP1.

Control sections showed nuclear distribution of Eyathe otic placode or vesicle

as well as in many other cranial placodes, somites and pharyngeal pouches (shown
for the otic vesicle at stage 26 in Fig. 4.4DBfor stage 20 and other tissues see
Appendix.Fig.B1). In sections that were treated with blogkpeptide at any of the

two dilutions tested (5:1 or 10:1), this nuclear staining has disappeared from all of
these domains (shown for the otic vesicle at stage 26 in Fig 41 f@& stage 20

and other tissugseeAppendix.Fig.B1). Another peptide cupetition assay with
antrEyal GP2 antibody showed similar results (data not shown). Taken together
with the western blot, this suggests that both antibagiesifically detecEyal in

immunostaining andnti-EyalGP1was subsequently used for immunasitag.
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4.2 Eyal distribution in the developing otic vesicle

AlthoughEyalexpression has been studied in many vertebrates at the mRNA level,
we currently know little about the distribution of Eyal protein and its subcellular
distribution. Since there ar® commercially available antibodies which recognize
XenopusEyal, the current study used the antibody-Bgal GP1 previously
generated by immunisation of guinea pigs with the Eyal peptide
RLSGSGDSPSGTGLDNSHINS (Ahrens and Schlosser, 2005). After darefu
validating the specificity of this antibody for immunohistochemistry (see section
4.1), it was used to document Eyal protein distribution dutkemnopus
development in detail with a special focus on otic placode and vesicle development.
Eyal localizabn has been studied in the developing otic placode and vesicle at
stages 21, 26, 28, 32, 35 and 40. Images were taken by Olympus SZX7
stereomicroscope and confocal microscopy to reveal the distribution of Eyal (Figs.
4.2-4).

At stage 21, the otic ves&(vOt) is starting to invaginate as evident by the circular
arrangement of Eyal expression (Fig. 4:2BA. Ventral to the otic vesicle, the
prospective middle lateral line placode (pM) also shows Eyal expression (Fig. 4.2
A-B). At stage 26 to stage 28y#l is strongly distributed in nuclei of the entire

otic vesicle (vOt)except for dorsal and dorsolateral regiofke otic vesicle has
almost completely invaginated at stage 26 and has separate from the surface
ectoderm at stage 28 presenting an oval sl{gm. 4.2 GF). The middle lateral

line placode (pM), which is located ventral to the otic vesicle also strongly
expresses Eyal during these stages (Fig. <2 C

At stage 32, the otic vesicle (vOt) was completely separated from the ectoderm
(Fig. 4.2G-H). Eyal was still expressed in the entire otic vesicle but was enriched
in its ventral and medial part (Fig. 4.2H). By this stage, a separate middle lateral

line placode (pM) can still be distinguished ventrally of the otic vesicle and shows

Eyal eyression (Fig. 4. 2 ®l). Interestingly,Eyakimmunostaining started then
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to decrease in a ventromedial region of the otic epithelium from stage 35 on (Fig.
4.2 kL), while it was still strongly expressed in adjacent regions of the ventromedial
area of theotic epithelium (upper and lower regions) (Fig. 4121 This region of
decreased Eyal staining in the ventromedial otic epithelium persists in subsequent
stages and approximately corresponds to the region of putative sensory areas, where
EdU-negative btuSox3 and weakly Isletl/zpositive cells are found (see chapter 3

and below).

At stages 35 and 40 (Fig. 4.), this region of reduced Eyastaining (putative
sensory areas) becomes bilayered. While most cells in the basal layer (putative
supporting ells) retain weak Eyalmunostaining, only a few cells in the apical
layer adjacent to the lumen (putative hair cells) express Eyal weakly and many of
the apical cells did not show any staining of Eyal. At stage E@l
immunostaining remains at a low &vin some areas of the otic vesicle (vOt),
especially in the developing sensory areas and it has completely disappeared from
its lateral side and is now restricted to the upper and lower medial area of the otic
vesicle epithelium (Fig. 4.2 K). Eyal is $ll expressed strongly in upper and
lower medial side of the otic placode epithelium adjacent to the putative sensory
areas and weakly in the middle lateral line placode (pM) located ventrally and
posterior to the otic vesicle (Fig 4.2:1K.

From stages2, staining of Eyal is also seen in the vestibulocochlear ganglion

(Fig.4.2 GJ). While there was a weak expression of Eyal in the center of the
vestibulocochlear ganglion stronger Eyal staining is observed on its periphery,
where proliferating cells alecalized (Figs. 4.2, G, 4.3, 4.4).

To clarify the spatial relationship of Eyal immunostaining in the otic vesicle with
proliferating and noiproliferating progenitors and differentiating neurons, |
compared Eyal immunostaining with EdU and/or PCNAx3Sand Isletl/2
distribution at different anterposterior levels of the otic vesicle (anterior, anterior

middle, posterior middle and posterior) and in the vestibulocochlear ganglion at
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stages 35 and 40 (Figs. 4.3, 4.4). Edldd/or PCNApositive prolifeating cells
extend through the entire otic vesicle anteriorly (Figs. 4.3, A, 4.4, A). However, in
the central and posterior part of the otic vesicle, there is a gap in the ventromedial
region of the otic vesicle epithelium, indicating reduced prolifematiadghis domain
(Figs. 4.3, BE, 4.4, B C; see also chapter 3). Eyal immunostaining was likewise
found in the entire otic vesicle at an anterior level but was decreased in the
ventromedial region (Figs. 4.3, -H, 4.4, DG). Sox3immunopositive
sensorineral progenitors cells, which also weakly expressed Isletl/2 were found
in the vetromedial region, where PCNA, Bdand Eyal were decreased, (Figs,
4.3, L, 4.4, FL). Remarkably, at stage 40 the region of Sox3 staining extended
more dorsally in the anten half of the otic vesicle, while it was more ventrally
confined in the posterior half (Fig. 4.4). At both stage 35 and 40, while there
was a weak expression of Eyal in the central cells of the vestibulocochlear
ganglion, which are positive for Islé®l stronger Eyal staining is observed on its
periphery, where proliferating (Edlnd ori PCNA-positive) cells are localized
(Figs. 4.2, GJ, 4.3, 4.4). These findings suggest that strong Eyal expression is
confined to proliferative cells both in the®épithelium and in the vestibulocohlear
ganglion, while weak Eyal staining persists in the the-profiferative Sox3
immunopositive cells of the putative sensory areas. The relationship te Sox3
immunopositive cells was subsequently confirmed by desliaing as described

in section 4.5 below.
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Fig. 4.2. Changing distribution of Eyal protein during development of the otic vesicle
Distribution of Eyalimmunopositive cells in transverse sections through the center ¢
left otic vesicle ofXenopusembryos fromstage 21 to 40 (dorsal to the top, medial to

right). For each stage, Eyal staining is shown alone (left panel) as well as superimpos
DAPI staining (right panel). Insets i@, H and|l show boxed areas of same or adjac
section at higher magndfation and with increased brightness (boxed area not shaliorin
clarity). A, B: At stage 21, Eyal is expressed in the invaginating otic vesicle and i
adjacent posterior placodal area (asteri€kf: At stages 26, D) to 28 E, F), Eyal

immunosaining persists throughout the otic vesicle except for dorsal and dorsol
regions.G-J: From stage 32Q, H) on, additional weak Eyal staining is found through
the vestibulocochlear ganglioar(ows in insets, which show boxed regions with increéa
brightness), while strong Eyafmunostaining persist in the otic epithelium and

peripheral cells of the ganglion. From stage 32 Byatimmunostaining decreases in
ventromedial region of the otic epithelium (flanked by arrowheads), while it rerhagh in

adjacent regions. From stage 8% onwards, hair cells (open arrowheads) become app:
as a separate layer. While most hair cells do not express Eyal (yellow open arrowhi
few hair cells show weak Eyal staining (white open arrowhe&dd) : At stage 40 Eya is
still weakly expressed in the vestibulocochlear ganglion (not shown here; see Fig. £
the otic epithelium Eyal levels are low in the developing sensory areas (between arrov
but Eyal remains strongly expressed in @eljh regions. G: vestibulocochlear ganglion; |

hindbrain; vOt: otic vesiclé&scale barirA: 25 em (for al l panel s) .
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ant.mid. |H post.mid.

Islet1/2

Fig. 4.3. Distribution of Eyal in relation to progenitor and differentiation markers at
different levels of the otic vesicle astage 35Distribution of proliferation markersA-C:
PCNA; D, E; EdU), Eyalimmunopositive cellsK-H), as well as Sox8nmunopositive
sensorineural progenitors and Isletifimunopositive differentiating neurons-K) in
transverse sections in three eppmately equidistant transverse sections of the left
vesicle of a stage 3%enopuembryo (dorsal to the top, medial to the right). Note the dec
of proliferation and Eyal immunostaining in the ventromedial region (between arrowh
where Soxdmmunopositive cells are located. G: vestibulocochlear ganglion; hb: hindt
Levels: ant.: anterior; ant.mid.: anterior of midline; post.mid.: posterior of midline. Note
shape of the otic vesicle is better preserved in PCNA stained sedidsdue to Bouin
fixation than in sections stained for Eyal, Sox3, or Isletl/2, which were fixed with[FA (
I).ScalebarirA: 25 e m ( fRCNA sedtibns qouatesg df .)Schlosser.
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Fig. 4.4. Distribution of Eyal protein at different levels of the otic vesicle at stage 4(
Distribution of PCNAimmunopositive proliferation markers A{C), Eyal
immunopositive cells¥-G), as well as SoxBnmunopositive sensorineural progenitc
and Isletl/Zmmunopositive differentiating neurond{K) in transverse sections in thre
(A-C) or four O-K) approximately equidistant transverse sections of the left otic ve
of a stage 4&enopusembryo (dorsal to the top, medial to the right). For PCNA one se«
is shown through the midline of the otic vesidB),(whereas for the other markers tv
sectiong one slightly anteriorE, I) and one slightly posterior of the midlire, J) i are
shown. Note the decreased proliferation and Eyal immunostaining in the ventrol
region (between arrowheads), where SorBunopositive cells are located. (
vestibulocochlear ganglion; hb: hindbrain. Levels: ant.: anterior; ant.mid.: anteri
midline; mid.: midline; post.mid.: posterior of midline; post.: posterior. Note that sha,
the otic vesicle is better preserved in PCNA stained sectfoi®) @ue to Bouin fixation
than in sections stained for Eyal, Sox3, or Isletl/2, which were fixedPwahD-1). Scale
barinA: 25 & m ( fRCNA sedtibns qouatesg df 6.)Schlosser.
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4.3 Subcellular localization of Eyal

In order to analyze the distribution of Eyal in the epithelium of the otic vesicle and
vestibulocochlear ganglion inare detail, | next evaluated-#tack images of the

otic vesicle that were taken by confocal microscopy at 0.1 um intervals at various
stages of development (stage 26, 29, 35, 40) (Fig3)4.5

At stage 26, Eyal immunopositive cells in the ventromedigion of the otic
vesicle show predominantly nucle&yal distribution (Fig. 4.5 A3). Eyal
localization changes during division of cells to a predominantly cytoplasmic
distribution (Fig. 4.5 B-D3). Furthermore, a few epithelium cells of the otic vesicl
show cytoplasmic distribution of Eyal, which is often apically enriched (Fig. 4.5
B1-D3).

At stages 29 and 35, most cells in the otic epithelium continue to show nuclear
distribution of Eyal (Figs. 4.6, &3 4.7, A-F3). However, at stage 35 levels of
nuclear Eyal are reduced in the region of the putative sensory areas in the
ventromedial otic epithelium (Fig. 4.7-Ps; see section 4.5 below). Moreover,
cytoplasmic Eyal staining is found in cells with basal protrusions, which are
probably delaminating &m the otic epithelium and in cells presumably migrating
towards the vestibulocochleganglion Figs. 4.6, B-Gs, 4.7, B-D3 F13). In
addition, there was clearly cytoplasmic distribution of Eyal on the apical side of
the otic vesicle epithelium (whitaraws) and in dividing cells (Figs. 4.6 1153,

4.7, B-F3).

Furthermore, differentiating sensory neurons have already migrated out of the otic
epithelium at these stages (stages 29, 35) to form the vestibulocochlear ganglion
and Eyal is also found in thecells (Figs. 4.6,1553 4.7, Bi-F3). Whereas nuclear
distribution of Eyal was mostly restricted to the peripheral cells in the
vestibulocochlear ganglion (Figs. 4.6:-Gz, 4.7, Bi-F3). there was mostly
cytoplasmic localization in the center of the glion including in the processes that
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extended to form the axon or dendrites of the differentiated sensory neurons located
in the center (Figs. 4.6,1853, 4.7, B-F3).

Fig. 4.5. Subcellular localization of Eyal protein in otic vesicle an
vestibulocochlear ganglion at stage 2@dmmunostaining for Eyal in a transver
section through the center of the left otic vesicleXxehopusembryos at stage 2
analyzed by confocal microscopy (dorsal to the top, medial to the righQverview
showingthe same confocal plane Bs-C,. Bi-Ds: Magnified views of the boxed are
shown in different channels (columnsB and in three different confocal planes (ro
1-3). White asterisks show nuclear Eyal staining, while white arrows show cytopl
stainingin the otic epithelium. Mint arrowheads indicate cytoplasmic Eyal staining
dividing cell of the otic epithelium with the mint arrow indicating the division ple
Note that Eyal shows mostly nuclear but also some cytoplasmic localization in tl
epithelium. Hb: hindbrairScale bariltA: 25 & m.
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At stage 40, strong nuclear localization of Eyal persists in cells flanking the
developing sensory areas in the superior and inferior part of the otic vesicle dorsally
and ventrally, while the nuclei in the basal layer of these sensory area 1A
weakly Eyal positive and only a few nuclei in the apical layer show weak Eyal

staining (Fig. 4.8).

Interestingly, a similar pattern of Eyal localization is observed in lateral line
neuromasts. Sections through the periphery and center of a rastigimaw a strong
nuclear expression of Eyal in a ring of supportiells of neuromast cells (Fig. 4.8
F-H, N-P). These cells are probably highly proliferative as judged from RCNA
staining (Fig. 4.8 AB, I-J, FH, N-P). Similar to the otic vesicle epitlain, nuclear

Eyal staining was weaker in the centrally and basally localized supporting cells,
while only a few of the apically localized hair cells expressed Eyal very weakly
(Fig.4.8 FH, N-P).
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Fig.4.6.Subcellular localization of Eyal protein in otic vesicle and vestibulocochlea
ganglion at stage 29. AG: Immunostaining for Eyal in a transverse mecthrough the
center of the left otic vesicle ofenopusembryos at stage 29 analyzed by confo
microscopy (dorsal to the top, medial to the right)Overview showing theame confocal
plane asB,-G,. B-G: Magnified views of the smalB(-D) and large(E-G) boxed areas
shown in different channels (columns@ and in three different confocal planes (rows 1
3). Nuclear staining indicated by asterisks; cytoplasmic staining indicated by ai
White asterisks show nuclear Eyal staining in the otic dpitheorange asterisk indicat
Eyalimmunopositive nuclei in periphery of the vestibulocochlear ganglion. White ar
show cytoplasmic staining in the otic epithelium; orange arrows show cytoplasmic
staining in the ganglion. White arrowheads highligfyalpositive protrusions of
delaminating cells. Mint arrowheads indicate cytoplasmic Eyal staining in a dividin
of the otic epithelium with the mint arrow indicating the division plane. Note that al
stage cells have begun to delaminate frioendtic epithelium to form the vestibulocochle
ganglion. Eyal shows mostly nuclear but also some cytoplasmic localization in tr
epithelium and vestibulocochlear ganglibttJ: Immunostaining for Eyal and Sox3 in
single confocal plane of anotheansverse section through the center of the left otic ve:
at stage 29. Note that the Eyal domain includes but extends further dorsal
ventrolaterally than the Sox3 immunopositive domain (between arrowheads
vestibulocochlear ganglion; hb: him@in.Scale bar irA: 25 Am-J.for
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Fig. 4.7. Subcellular localization of Eyal protei in otic vesicle and
vestibulocochlear ganglion at stage 33mmunostaining for Eyal and Sox3 in
transverse section through the center of the left otic vesidermfpusembryos at stag
35 analyzed by confocal microscopy (dorsal to the top, mediattaght).A: Overview
showing the same confocal planeBsF.. B-F: Magnified views of the boxed are
shown in different channels (columnsHB and in three different confocal planes (ro
1-3). Putative hair cells indicated by white open arrowheadsleldustaining indicates
by asterisks; cytoplasmic staining indicated by arrows. White asterisks show r
Eyal staining in the otic epithelium; yellow asterisks indicate nuclei that
immunopositive for both Eyal and Sox3. Orange asterisk indicatkeiEynunopositive
nuclei in the vestibulocochlear ganglion. White arrows show cytoplasmic staining
otic epithelium; orange arrows show cytoplasmic Eyal staining in the ganglion.
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arrowheads highlight Eyagositive protrusions of delaminatinglts. Mint arrowheads
indicate cytoplasmic Eyal staining in a dividing cell of the otic epithelium with the
arrow indicating the division plane. Note that Eyal shows mostly nuclear but alsc
cytoplasmic localization in the otic epithelium. Sex@nunopositive nuclei also ec
express Eyal, but at lower levels than adjacent cells. A subset of putative ha
shows weak nuclear Eyal staining and a subset of the latter also is weakly
immunopositive. In the vestibulocochlear ganglion, nuclealdks mostly found in cell:
located at the periphery (probably corresponding to proliferative cells), while i
center of the ganglion, Eyal is mostly cytoplasmic. G: vestibulocochlear ganglio
hindbrain.Scale barilA: 25 ¢ m.

4.4 Eyal distribution in relation to Sox3immunopositive progenitor cells

Double immunostaining between Eyal and Sox3 antibodies shelesalzation

of both proteins in the nuclei of cells in the ventromedial region of the otic
epithelium atstage 29 (Fig. 4.6 H). However, Eyal expression extends further
dorsally and ventrolaterally than the Sox3 immunopositive domain (Fig.-4)6 H
This suggests that Eyal expression precedes Sox3 upregulation in proliferative
progenitor cells. In additigmuclear distribution of Eyal was present mostly in
peripheral vestibulocochlear ganglion cells where Sox3 expression was absent (Fig.
4.6 HJ).

At stage 35, overlap between Eyal and Sox3 continues on the ventromedial side of
the otic vesicle (Figd.7 F1-Fs3), which has formed two layers. The cells in the basal
layer (putative supporting cells) present a nuclear expression of Sox3 and-also co
express Eyal at weak levels, while Eyal is expressed at higher levels in nuclei of
adjacent (presumably proliféhee) cells. Only a few of the cells in the apical layer
(putative hair cells) show weak nuclear Eyal staining and only rarely do these also
show weak Sox&nmunostaining (Fig. 4.7 ). This suggests that hair cells arise
from Sox3+/Eyal+ progenitors amdbwnregulate first Sox3 and then Eyal.
Similarly, the persistence of Eyal but not of Sox3 in the vestibulocochlear ganglion
suggests that Sox3 is downregulated before Eyal during neurogenesis
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ant. mid.| B

Fig. 4.8. Subcellular localization of Eyal protein in otic vesicle and vestibulocochlear ganglic
at stage 40lmmunostaining for Eyal in transverse sections anterior (antAsd) and posterior
of the midlire (post. mid.J-Q) of the left otic vesicle akenopusmbryos at stage 40 analyzed
confocal microscopy (dorsal to the top, medial to the right). Overviews of single confocal |
shown in different channels A&, B andJ, K. The approximate dividiniine between pars superic
(PS) and pars inferior (PIl) is shown by a hatched orange line. Otic epithelium and a late
neuromast are boxed BrandK and shown in magnified views in different channels to the r
(upper panels: otic epithelium; l@wpanels: neuromast). Section is through the periphery o
neuromast inA-H and through its center ih-Q. | and R show FCNA staining through the
periphery and center of a neuromast, respecti®BNA sections courtesy of G. Schloss@pen
arrowhead indicate hair cells, filled arrowheads indicate supporting cells and arrows in
other, highly proliferative progenitor cells. Eyal immunopositive hair cells are indicated by
open arrowheads, other hair cells by yellow arrowheads. Note thati€grongly expressed i
nuclei of progenitors and maintained at weak levels in supporting cells, while only a subset
cells express Eyal very weakly, suggesting that it is downregulated in these cells. Asterisk ir
the ganglion of the gloepharyngeal and middle lateral line nerve. G: vestibulocochlear gan¢
hb: hindbrain; nm: neuroma8cale barirA: 25 &,B, JK).or
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4.5 Eyal distribution in other placodes

Because Eyal playscentral role for the development of cranial placodes, but the
distribution of Eyal protein during placode development is still unclear, the
distribution of Eyal in the various cranial placodes will be documented here for
representative stages (stage 12,15, 18, 20, 23, 24, 26, 28, 29/3Q, 35, 37/38

and 40 (AppendiX).

At early stages 12 and 13, no Eyal expression was detected (data not shown). In
neural plate and neural fold stage embryos (stag€Fig)C1), Eyal was mostly

expressed in nuclaf the presomitic mesoderm and some endodermal cells (Fig.
ClAFO6) . No nucl ear staining was detect ec
wedgeshaped ectodermal thickening intercalated between the neural crest and the
epidermis, which is the region ofrigin for cranial placodes. However,
Eyalstaining was found weakly in the cytoplasm of the PPE, distinguishing it from

the adjacent neural crest which is devoid of any Eyal expre$3miC 1 A-F 0 ) .

At stage 20 Fig. C 2-4), the neural tube has clakeand the brain can be
distinguished in anterior transverse sectiofig.(C2 A-C 0 ) . The PPE ha
given rise to distinct cranial placodes, all of which show nuclear (as well as some
cytoplasmic) staining for Eyal in the inner ectodermal layer. Atianierels, the

olfactory and profundal and trigeminal placodes can be clearly recoghige 2

A-F60) . Located anterior to optic vesicl
nuclear staining of EyaF{g. 2 A-C06 ) . I n additioradyiEyal i
the profundal (pPr) and trigeminal placodes (Fup(Q2 D-F6 6 ) . Eyal pos

cells are seen to migrate away from these placodes to form the profundal and
trigeminal ganglia. While Eyal was mildly expressed in the adenohypophyseal
placode (pAH)jt was completely absent from the optic vesicle (dugg. @, A-
F6OB,ACDO). The |l ens placode cannot yet b
at this stage but the ectoderm overlying the central part of the optic vesicle (not

shown) does not sholyal expression suggesting that Eyal is absent from the
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prospective lens placode. The outer ectodermal layer of the embryo sometimes
shows weak Eyal expression, which is not restricted to nuclei. In addition, there
are scattered Eyal immunopositive nuatethe outer layer, which probably label

a subset of epidermal cell types, possibly the multiciliated cEig 2 C 06 )
(Schlosser et al., 2008

Posterior to the eye, a posterior placodal area (pPa) can be recognized in stage 20
(Fig. C3). Eyal expressn was widely expressed in the posterior placodal area

(pPa), which it is known to give rise to lateral line (LL), otic (pOt) and epibranchial
placodes (EB) (Schlosser amkhrens 2004) Fig. C3 A- C6 06 ) . Wher eas
posterior placodal area has not yetdiuloled into different placodes at stage 20,

some of its subdomains can already be recognized. Ventral to the otic vesicle, the
prospective middle lateral line placode (pM) also shows Eyal expres&iprC8

D-Fo6) . Neur al crest sthisg stagemesd shawtne Bydl v e n't
expressionKig. C3 D-F 0 ) . However, nucl ear Eyal st
pharyngeal pouches. In the trunk, Eyal is expressed in the nuclei and cytoplasm of
somite cellsfig. AA-C0d ) .

There are no major changes in Eyaression at stage 23, except for a stronger
expression of Eyal in the developing anterior pituitary derived from the

adenohypophyseal placod&éd. C4 D- F).

At stage 26, Eyal continues to be expressed in the nuclei of most pla€mpes (
C5-7 D). Theolfactory placode shows strong Eyal expresdian C5 A-C). Eyal
distribution is also evident in the profundal (pPr) and trigeminal placodes (pV)
located on the dorsal (profundal placode) and posterior border (trigeminal placode)
of the optic vesicleKigs. C5, DF 6 ,6, AC § Eyal positive cells continue to
migrate away from these placodes to form the profundal and trigeminal ganglia. In
addition, the facial epibranchial (epVIl) and anteroventral lateral line placode
(PAV) can now be recognized posterto the optic vesicle with strong expression

of Eyal Figs. C5, BF , -B® @, A-C9.dmmediately anterior to the otic
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vesicle, Eyal distribution is expressed in the anterodorsal lateral line placode
(pAD), which is still connected to a small parttbé otic vesicle that has not yet
invaginated (app). A strong nuclear distribution of Eyal was clear in otic vesicle
(vOt), and middle lateral line (pM), (ventral to the otic vesidiey.(C5, D-F H

Three further epibranchial placodes can be identbigtheirhigh signal ofEyal

expression at this stageyglossopharyngeal placode (eplX), adjacent to the second
pharyngeal pouch); the first vagal placode (epatljhe level of thetic vesicle;

and the second vagal placode (epX2) in postotic secthong(s . -E6 o/,AD &0

F6 ). The posterior poster | ateral l i ne

dorsal to the second vagal placode also shows strong Eyal &ign&{D-F 6 ) .

At stage 32, olfactory placode (pOl) amdenohypophysegalacode(AH) continue

to show strong Eyal expressidig. CB A-l 6 ) . Eyal expression v
a small remnant of the profundal placode cells (pPr) dorsal to the optic vesicle (ov)
(Fg.@8 Gl 6) ). At the | evel of t heangliomant r al
(gPr) is now distinguishable as an aggregate of condensed cells and expresses Eyal
(Fig. C9 A-C6) . The anteroventr al | ater al | i
ventrally of the optic vesicle and shows Eyal expressiog. C9 A-CO6 6 ) . [ n
addition, tke facial epibranchial placode (epVlIl) located ventrally of the optic

vesicle and associated with the first pharyngeal pouch shows distribution of Eyal

(Fig. @ A-CbH ) . However, Eyal is stildl absent
optic vesicle and fronthe lens placodad~g. @ A-C6) . At the poster|
the retina, Eyal is expressed strongly in cells migrating away from the trigeminal

placode (pV) to form the trigeminal gangli@fig. CO D-F 6 ) .

In addition, Eyal is strongly expressed in a teioéd ectodermal area that forms

the anterodorsal lateral line placode (pABg( CIOA-C6) . Ther e was al
signal of Eyal expression in the glossopharyngeal plaéodeGLOA-C6) | ocat ed
adjacent to the second pharyngeal pouch (app). Also, EgaXtill expressed in

the epithelium of otic vesicle (vOt) and middle lateral line placode (pM}. C10,
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D-Fo6 11, 8C6 ) . A weak signal of Eyal i s seece
placode (epX1)Kig. C11,AC6 ) . At tr unk Inglwesgpresseddny a 1 | S
somite cells (som) and the posterior lateral line placode (pP) (dorsal part) and the
ventrally adjacent second vagal epibranchial placbae C11, DF 6 ) .

At stage 40, Eyal is still expressed in the olfactory epithelium (eOl) derimed fr

the olfactory placode (pOIF{g.C12A-C6) . Al so, distribution
in the remnant of the anterodorsal lateral line (pABY(CL3AFO60) . The sens
ridge of the supraorbital lateral line (so) which extends from the anterodorsdl latera

line placode (pAD) shows a strong staining of Eyal expressigs.(Cl2, D-1 6 ,

Cl13, AC0) . I n addition, Eyal was found in
lateral line (io) that also elongated from the anterodorsal lateral line (FAGY. (

C12, Dl 6, 1F.061)3., TAhe anteroventral | at er al |
elongated to form a sensory ridge in the ventral head ectoderm which continues to
show Eyal expressiofki@gs. C12, Gl, C13, AC 06 ) .

Furthermore, Eyal was found in the primordiuimtiee adenohypophysis (AH)

(Fig.C1 2 -IGakyal is still absent from retina and the lens, which has developed

from the lens placodeF{gs. C12, DI, C13, A-C). Although profundal and

trigeminal placodes have disappeared in this stage and Eyal explessioaen

lost from the profundal ganglion, a few cells of the trigeminal ganglion (gV) still

show Eyal expressiofif. C13 A-C fi A small remnant of the facial epibranchial

placode (epVIl) was determined by Eyal stainifBgg(Cl13A-C6) . Addi ti on.
thesize of the Eyal expressing glossopharyngeal placode (eplX) was decreased at
stage 40Kig. CI3DF 6 ) . There is also decreased
of the otic vesicle (vOt) as described in detail above (section 4.2), while it is still
expressedh the middle lateral line placode (pMVFig. C14 A-1 6 ) . Eyal st ai
still recognized in a small area of the first vagal placode (epX1) and a weak signal

of Eyal is evident in the first and second hypobranchial placode (hpl, hp2) that is
adjacent vemal of the second and third pharyngeal pouely.(Cl4 DI 6 ) . Al so
Eyal was strongly expressed in a small area located dorsally to the posterior lateral
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line identified as supratemporal placode (pST) by Schlosser and Northcutt, 2000

(Fig. C15 A-C 6 ) .stage W0, the posterior lateral line (pP) is still present and
expresses EyalFig. C15 A-C06 ) . I n addition, a high |
appeared in the primordium of the middle trunk line (m) that extends caudally from

the posterior lateral line placedFig. C15 D-F 6 ) . Additionall vy, E
was also detectable in a few cells located ventrally in the primordium of the ventral

trunk line (v) Fig. CI5D-F 06 ) . Somite cells have downr
at stage 40 with exception of a groupstiongly Eyal immunopositive nuclei at

their ventrolateral border, which are the migratory hypaxial muscle precursors
(David et al., 2001)Kig. CI5 A-F 6 ) .

4.6 Summary

To begin to understand the role of Eyal for otic neurogertesigiistribution of
Eyal protein was analysenh the developing otic vesicle usingkanopusspecific

Eyal peptide antibody raised in guirgigs (Ahrens and Schlosser, 2005 his
antibody specifically recognizes Eyal protein atldwed meto characterize the
subcellular localization of Eyal proteins, their levels of expression as well as their
distribution in relation to progenitor and neuronal differentiation markers during
otic neurogenesig.his analysis showed that Eyal proteiodlizes to both nuclei
and cytoplasm in the otic epithelium, with levels of nuclear Eyal declining in
differentiating (Isletl/2+) vestibulocochlear ganglion neurons and in the
developing sensory arede different levels nd subcellular localizatio of Eya
progenitors and differentiating cells probably has important functional implications
since previous studies revealed strongly dostependent effects of Eyal with
high levels promoting a progenitor state and low levels promoting neuronal
differentiaton (Schlosser et al., 2008; Zou et al., 2008; Riddiford et al.,)2017
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Chapter-5 The function of Eyalin otic neurogenesis

Eyal and its binding partner, the transcription factor Six1, have been shown to be
specifically required fothe generation of sensory and neuronal cells from the otic
vesicle and other placodkerived structures in amniotes and zebrafish €t al.,

1999 Zheng et al., 2003 aclef et al., 2003Zou et al., 2004Bricaud and Collazo,
2006 Schlosser et al., 2008hmed et al., 20128Ahmed et al., 2012IRiddiford

and Schlosser,@6; Schlosser et al., 2008; Schlosser, 2010Xémopus laevis,

Six1 and Eyal knockdown leads temaller otic vesicles and eedudion of
expression ofmany markers of neurogenesend placodal ectoderm such as
Neurodl, Atohl, Pou4fl, GfilNeuroD, Deltal, Sox3and Sox2(Li et al, 2010;
Riddiford and Schlosser, 201&chlosser et al., 2008However, the specific
deficiencies in otic neurogenesis after Eyal loss of function have not yet been

studied inXenopusand will be the focus of this chapter.

5.1Efficacy and specificity of Eyal Morpholinos

Two Eyal morpholino antisense oligonucleotides MEy a 1 MO 1 ( 5N;j
TACTATGTGGACTGGTTAGATCCTG3 Nj) and Eya-l1MO?2
ATATTTGTTCTGTCAGTGGCAAGTG3 Nj) wer e used i n t hi
effectivity and specificity of which was @viously verified by their ability to block

Eyal protein synthesis in vitro and by rescue experiments (Schlosser et al., 2008).

To confirm that these Eyal MOs effectively blocked Eyal protein synthesis in vivo,

a western blot (immunoblot) was performedatxtracting proteins frodéenopus

embryos.

Unfortunately, the Eyal antibody was unable to detect native Eyal protein in
immunoblots after extraction of proteins from twenty uninjected embryos at stage
14, suggesting that the quantity of native Eyaltgns in vivo is not enough.
Therefore, twenty embryos were injected whlyal (500 pg) andH2B-GFP
MRNAs (250 pg) and proteins extracted at stage 14. Both Eyal and GFP bands
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were detectable in these protextracts Fig. 5.1).In the western blot, the fefacy
of Eyal MOs was verified by a strong reduction in Eyal protein after coinjection
of Eyal-MO1 and EyaiMO2 (1 ng each) (Fig. 5.1).

To check whether Eyal MOs effectively block Eyal protein synthesis in the otic
vesicle, embryos were injected waimixture ofEyal-MO1 and EyaiMO2 (1ng

each) and canjected withmGFP as a lineage tracer at the two cells stage, then
embryos were collected at stage 26 following double immunostaining (Fig-5.2 A
F). Injection of Eyal MQesulted in a strong reductionByal protein, which was
completely eliminated in some sections of otic vesicle at stage 26 (Fig:-H.2M\
contrast, Eyal expression was found strongly in nuclei of the otic epithelial cells
on the uninjected side (Fig. 5.2:@) or after injection otontrol MO(Fig. 5.2 G

). This suggests that the Eyal MOs indeed block protein synthesis of Eyal in the

otic vesicle.

A B

95 == - «—Eyal
72

. s —GFP
43 _ L

Eyal ) ) *

Eyal - + +

GF P

Fig. 5.1. Specificity of Eyal morpholinosWestern blot to evaluate effectivity of Eyal
MOs in blockingEyaltrarslation in vivo. GFP was used as loading control. Eyal was
revealed with GP1 Eyal antibody; GFP with Rabbit GFP antibody. Ilgn&yal protein
was not detected in uninjected embryos. LaBg (Eyal protein was detected after
injection of Eyal mRNA. Lane(C) : Coinjection ofEyal MO1+2 reduced synthesis of
Eyal protein from injecteByalmRNA. In B, C lanes, approximately equal intensity of
GFP signal was recognized.
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Fig. 5.2.Effective reduction of otic Eyal immunostaining byEyal morpholinos
A-F: Transverse section through the central otic vesicles of a stagmapuembryo
injected with Eyal MO (dorsal to the topedial to the right). Different channels a
shown in the three columns. AaC the injected side is on the left, the uninjected s
on the right.D-F show higher magnification views of the injected si@el show
magnified otic vesicles in embryos injedte&ith control MOs. Note that in Eyal M(
T injected embryosA-F), Eyatimmunopositive cells, which are clearly visible in tl
otic vesicle on the uninjected side (arrows), are absent from the otic vesicle
injected side suggesting that Eyal MOs catgdy block Eyal protein synthesi
while control MOs have no effecG(l). Scale barsA: 50 M), D:f o5
(for D-1).
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5.2 Role of Eyal for progenitor formation and neuronal differentation in the
otic vesicle

5.2.1 The effect of Eyal knockdown on otic neurogenesis

To elucidate therole of Eyal for otic neurogenesis, embryos were injected with
Eyal MO1+2 { ng each) and ceinjected with mGFP as a lineage tracer, which
also allowed taisualize the shape of cells in the otic epithelium. This was followed
by double immunostaining for GFP and one offtiiwing markers: pi3, EDU,
Sox3 and Isletl/2. To rule out unspecific side effects of MO injection (Corey and
Abrams, 2001; Gentsch dt,&2018; Eisen and Smith, 2008), a Control MOs1§)

was ceinjected with mGFP in another subset of embrizoss and gain of function
experiments weranalyzed in sections fat leasthree embryos for each marker.

To test whether proliferation of kgin the otic epithelium was affected afteyal
knockdown, the H3 antibody was used to detect mitotic cells in stage 26 (Fig. 5.3
A). Injection of Eyal MOs significantly reduced the percentage dii®positive
cells cells (Figs. 5.3 A, and Table 5.1) aomparison with otic vesicles from
uninjected embryos or embryos after injectafrcontrol MO, while there was no
significant change in the percentage of ghi@nunopositive cells after injection of
control MO compared to wild type (Figs. 5.3 A and TdblB. This shows that cell

proliferation in the otic vesicle is decreased after Eyal knockdown.

The effect of Eyal knockdown anarkers of otic neurogenesis (EdSox3 and
Islet1/2) was then analyzed in more detail in transverse sections through the otic
vesicle of stage 38enopuembryos and compared with otic vesicles of embryos
injected with control MOsKig. 5.3B-M) or with the otic vesicle on the uninjedte

side of the same embryos (F®3). The number of proliferating progenitor cells

in the otic epithelium was still reduced at stage 35 after Eyal komen as
indicated by reduced EH staining although there were residual EdU
immunopositive cells in some regions of the otic epithel{&igs. 5.3 B-C, 5.4,

A-B). The number ofSox3immunopositive snsorineural progenitors in the
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ventromedial region of the otic epithelium was also reduced after Eyal knockdown
(Figs. 5.3 G, 5.4, C-D). Furthermore, Isletlfimmunopositive differentiating
neurons in the vestibulocochlear ganglion were clearly rediregd 5.3, J-K, 5.4,

E-F). Isletl/2 was also reduced in the developing sensory areas of the otic
epithelium (putative supporting cells) (Fig. 5.4H}. In contrast, there was no
change in the expression of EAU, Soafd Isletl/2 in the otic vesicle afigjection

of control MOs (Fig5.3 D-E, HI, L-M).

Table. 5.1.Percentage of mitotic (13 positive) nuclei during otice vesicle
development after Eyal gain and loss of function.

Embryos DAPI nuclei pH3 %
~ 1 317 7 0.02208
Wild type

2 2 358 5 0.01396

L 3 466 6 0.0138

g 1 375 51 0.136

GR-Eyal mMRNA 2 261 30 0.1149
L 3 294 37 0.1258

8 1 393 5 0.012

Control MO 2 376 6 0.015

L 3 268 8 0.02

8 1 389 1 0.0025

EyalMO1+2 . 2 371 1 0.002
L 3 422 4 0.009
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Fig. 5.3. Role of Eyalin otic neurogenesis in comparisons of embryos injecte:
with Eyal MOs or Control MOs. A: pH3-immunopositive (mitotic) cells in the stac
otic vesicle are unchanged after injection of Control MO (ns: not significant) bu
significantly reduced after Eyal MO injection and significantly increased after GR
Eyal injection and DEX treatment at stalfe compared to untreated (asteripk
0.05, t est; n=3 for each condition; standard deviations are indic&dd). Changes
of EdU-positive proliferative progenitorsB{E), and Sox3 (F-1) and Isletl/2
immunopositive cells)}-M) in transverse sections through the central otic vesicl
stage 35Xenops embryos injected with Eyal MOs (left two columns; differe
channels of same section) or control MOs (right two columns; different chann
same section) (dorsal to the top, medial to the right). Reductions of EdU labellir
Sox3 or Isletl/2 immunoreactive cells in otic vesicle of Eyal MO injected embr
are indicated by green arrows (compare to white arrows for otic vesicle in Contr¢
injected embryos). Residual EdU labelling in otic vesicle of Eyal MO injected ernr
is indicated by a greemsterisk (compare to white asterisk for otic vesicle in Con
MO injected embryo)Scale bar irB: 25 8M).(for
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Fig. 5.4 Role of Eyalin otic neurogenesisn embryos injected with Eyal
MOs: Comparison of injected and uninjected sidesChanges of Edipositive
proliferative progenitorsA, B), and Sox3(C, D) and Isletl/2mmunopositive
cells E-H) in transverse sections through the central otic vesicles of sta
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Xenopuembryos injected with Eyal MO (dkal to the top, medial to the right
Different channels of the same section are shown in the first and second ¢
In each panel, the injected side is on the left and the uninjected side is
right. Reductions of EdU labelling and Sex®# Islet’2- immunoreactive cells
in otic vesicle of Eyal MO injected embryos indicated by green ar
(compare to white arrows for otic vesicle on uninjected side of same emb
Residual EdU labelling in otic vesicle of Eyal MO injected embryo indic
by green asterisk (compare to white asterisk for otic vesicle on uninjectec
of same embryosk, F andG, H show sections through two different embry:
one showing reduction of Islet1/2 in the vestibulocochlear gandlipf)( the
other showing Isletl/Bduction in the otic epithelium and the motorneuron
the hindbrain G, H). The latter also are Eyathmunopositive as shown in tF
insets (marked by asterisks). Scalebakin 50 em (for al

Previous studies demonstrated that Eyad Six1 interact directlyduring otic
vesicle neurogenesis and-kEgulate many genes (Li et al., 2003; Ahmed et al.,
2012a, b; Schlosser et al., 2008; Riddiford et al., 2016). If Eyal exerts its effect on
otic neurogenesis mainly due to its cooperatiom\8iix1, it should be possible to
mimic the effects of Eyal knockdown by overexpressing a domiregdtive
construct interfering with Six1 function. To test this hypothesis, it was decided to
check expression of markers for otic neurogenesis after imeatithe dominant
negative Six1 construct ER®ix1 (Brugmann et al., 2004). This construct
combineghe Six domain and homeodomain of Six1 with the Engrailed repressor
(EnR) domain and represses Six1 target genes in a coefadegrendent manner
(Brugmannet al., 2004) To avoid perturbation of early embryonic development
and to enablepecific activation of this dominamegative construct during the time
window of otic neurogenesis, a hormeaneducible form of this construct (GR
EnR-Six1) was generated adding the humaglucocorticoid receptor (GR) as an
upstream cassettEmbryos were then injected at the two cell stage withEBR-

Sixl and mGFP and incubated dexamethasonéDEX) from stage 18 on to
activate nuclear translocation of GRR-Six1. Next embryos were collected at
stage 35, cryosectioned and double immunostained for GFP aBdWiorSox3 or
Isletl/2 (Fig. 5.5).
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Transverse sections through the otic vesicles of tl@&ReSix1-EnR injected
Xenopusembryos show anild reduction ofEdU-positive proliferative progenitor

cells in injected side of the otic vesicle epithelium compared to uninjectedrgide (

5.5 A-C). However, there was no obvious change in the expression of Sox3 between
injected side and uninjected side (Fsgb D-F). The numbeof Isletl/2 positive
differentiating neurons in the vestibulocochlear ganglion was also slight reduced

compared to control otic vesicle (Fig5 Gl).

Thesefindings show only relatively mild effects of GBhWR-Six1 compared to
Eyal MO injections, but py mimic the effectof Eyal knockdown on Bdland
Islet1/2.
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Fig. 5.5. Role ofEyal/Six1 in otic neurogenesias revealed by injection of the
dominant negative construct GRENR-Six1. Changes of &U-positive
proliferative progenitorsA-C), and Sox3 (D-F) and Isletl/2mmunopositive
cells G-1) in transverse sections through the central otic vesicles of stac
Xenopusembryos injected with GEnR-Six1 and induced with DEX at stage
(dorsal tothe top, medial to the right). The first columns show an overv
(injected side to the left), while the second and third columns higher magnific
views of the otic vesicle on the injected and uninjected sides, respectively.
are only mild differaces between injected and injected sides. Green ar
indicate a slight reduction of Edgtaining on the injected side compared to con
side (white arrows), while no differences in Sew8nunostaining could be
observed between injected (green arrowbkeamhd uninjected sides (whit
arrowheads). Isletl/Bnmunostaining was slightly reduced on the injected ¢
(green arrows) compared to the uninjected side (white arrows) in some em
while in other embryos (not shown) it was slightly increased oimjbeted side.
ScalebarilA: 50 em (for all panel s).
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5.2.2 The effect oEyaloverexpression on otic neurogenesis

To complement our loss of function studies, we overexpresse&E@R andGR-

Sixt individually by mRNA injection and cinjectedmGFP. Then embryos were
DEX-incubated from stage 11@ and embryos were collected at stage 35, followed
by cryosections and doublemunostaining for GFP and foH3, EdU, Sox3 or
Islet1/2.

To gain insight into the effect diyaloverexpression on proéfation, embryos
that had been injected with GRyal were incubated in DEX from stage-19
(neural tube stage) up to stag@ Nuclei immunopositive fori3 (mitotic cells)
were counted and their proportion of total nuclei (stained with DAPI) was
calculaed (Fig. 5.4 A and Table 5.1). There was a significant increase of mitotic
cells in the otic vesicle aftétfyaloverexpression compared to wild type embryos
indicating that cell proliferation in the otic vesicle is increased after Eyal

overexpression (Figh.3 A and Table 5.1).

Injection of GREyal mRNAs also expanded the distribution of EdU in the otic
vesicle on the injected side in comparison with the otic vesicle on the uninjected
side (Fig. 5.6 AC). In one of the GHEyal injected embryos, EdU staigi was
elevated in the ventromedial part of the otic epithelium, but appeared to be reduced
elsewhere. This confns the results obtained afteH® staining suggesting an
increase of proliferation aft€eR-Eyal injection (Figs.3 A). Overexpressiomf
GR-Six1 similarly led to an increase in Edbbsitive proliferative progenitors in

the otic vesicle on the injected side in one embryo (Fig. 5%, Dut to a decrease

in another embryo (not shown).

Although Eyaloverexpression did not notably affé&xbx3 inmunostaining in the
injected otic vesicle epithelium, G8&ix1 injection showed a decrease in the Sox3
distribution on the injected side (green arrewsig. 5.6 GL). Finally,

overexpression ofsR-Eyal or GR-Six1 typically caused a slight reduction in
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Isletl/2 immunopositive cells in the vestibulocochlear ganglion on the injected side
(Fig. 5.6 MR). However, in one embryo, Isletl/2 expression was slightly increased

in the vestibulocochlear ganglion after &1 injection (data not shown).

Fig. 5.6. Roleof Eyal/Six1in otic neurogenesis as revealeby overexpression of
GR-Eyal or GR-Six1. Changes of Edipositive proliferative progenitordA¢F), and
Sox3 (G-L) and Isletl/Zmmunopositive cellsM-R) in transverse sections through t
central otic vesiclesf stage 28 (Sox3) and 35 (EdU, IsletDXX@nopuembryos injectec
with GR-Eyal @A-C, G-I, M-0O) or GRSix1 (D-F, J-L, P-R) and DEXinduced at stags
stage 17/19 (dorsal to the top, medial to the right). Different channels of the same
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