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ABSTRACT

Epithelial sheet folding ia commommorphogenetic process in early development of organisms
across different specieallowing the formation obrgans and structures with a diversity of
shapes. During zebrafish inner ear development, differentewértissue folding occur in
which the epitheliunfolds through invagination to form the endolymphatic sac, and through
evagination to form thepithelial projection®f the semicircular canals. Evagination events,

specifically those that invert tissue curvature, have not been studied in much detail.

This project aimed to characterifiee evagination event that initiates epithelial projection
formation in the zebrafisimner ear. Lighisheet microscopy data was used to develop and test
an automated cell shape analysis tQulgami; whereas confocal microscopy data was used to
perform, with the help oOrigami, a 4D quantitativeanalysisof cell shape changes$ have
demonstrated that celis the regions of projection outgrowtimdergoseveral shape changes
during the folding event, includinigasal constrictin, elongation of the apidoasal axis and
apical relaxation. | observed a redistribution e&dtin, myosinll and Ecadherin from the
apical to the basolateral domain, in epithelial projection cells, thatcaiasident with the
inversion oftissue curvature. In addition, | have shown that deposition of chondroitin sulphate
precedes otic epithelium folding andasalised to the sites of projection outgrowth. Study of

a mutant with low levels of heparan sulphate, showed that biosynthesis of this polysaccharide
is essential for normal epithelial projection outgrowth. Finally, preliminary work revealed that
producton of hyaluronan might be dispensable for the folding event that precedes projection
outgrowth. Further work is needed to better understand the mechanisms at work during
evagination of the otic epithelium; however, the observations in this thesight o light a

new model to study folding events through evagination, and more specifically events of

epithelial curvature inversion
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CHAPTER 1

Introduction

1.1 Epithelial folding in morphogenesis

1.1.1Morphogenesis

Morphogenesis means creation of shape, and this process can happen at different levels within
the organism: from cells, to tissues, organs, and also at the organism&Givelur et al.,

2017) The reshaping of these systems is a complex procesdejpends on the harmonious
integration of and the reaction to chemical and physical signals, and the information of space
and time provided by developmental patterning. Chemical communication can occur between
neighbouring cells through gap junction&uthrie et al., 1988) membrane bound ligands and
receptordAdam et al., 1998)and planar transcytosfBierick and Bejsovec, 1998)or at a

range of distancédsthrough nanotubes and cytoneni®anders et al., 201,3)xosome$Gross

et al.,, 2012) and passive diffusionDriever and Nussleivolhard, 1988) Physical
communication between cells also occurs through a variety of mechanisms, including
cytoskeletal reorganisation, changes in cell adhesion, extracellular matrix (ECM) remodelling
activation of mechanically regulated channels or mechanosensitive adhesions, and changes in
cell shape and/or volum&spina et al., 2023)rhese mechanisms of cell communication do

not happen in isolation but instead, some of these happen simultgresm/er sequentially in
different combinations, hence morphogenesis is a very dynamic process and is capable of

generating such a variety of shapes (tissues, organs and organisms).

Study of morphogenesis has been focused, for many years, within thextcofte
embryogenesis; however, embryonic development is not the only time when morphogenesis
occurs. It is also observed, for instance, during wound he@htogpd et al., 2002and cancer
establishment and progressi@uhail et al., 2019)Successful mwrphogenesis is therefore
essential for creating, restoring and maintaining functional organs, and sometimes for organism

survival(Kumai et al., 2000)
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1.1.2Generating shape from epithelial sheetduring embryonic development

Embryonic tissues are organized two main tissue types: epithelium and mesenchyme.
Mesenchymal tissue is characterised by loosely packed cells within the ECM. Cartilage, bone
and muscle are examples of tissues that derivate from the meser(@uyheim and Discher,

2012) In contrag epithelial tissue generally consists of tightly packed cells that delineate
organs or are positioned at the interface between two different systems/environments. Some
major roles of epithelial tissues include sensory reception, filtration, secretandipg a
physical barrier, absorption, filtration and diffusi@@delblum and Turner, 2015pithelial
tissuesexhibit an intercellular cohesion and a clear apicobasal polarity that dictates the
distribution of different features dlfie cells alongthear apicobad axis (Gilmour et al., 2017)

The apical, basal and lateral domains of these cells are determined by the distributien of cell
cell adhesion molecules and the organization of thedtomyosin and microtubule
cytoskeletos, which in turn are regulated by a network of epithelial polafatytors (St
Johnston and Sanson, 2011)

Epithelial sheets are very often the substrate for generating shape during the formation of
organs Animals present more shapes than we could ever count; however, the number of
fundamental processes that carsitape epithelial layers during embryonic development is
more limited(John and Rauzi, 2021These can include, for example, growing, shrinking,
twisting, thinning, thickening, folding and converging/extendi@®hn and Rauzi, 2021)
(Figure 1.1A).Another process of reshaping an epithelium is sculpting it through programmed
cell death(Hurle and Colvee, 1982\ more extreme transformation of tissues can occur when
epithelial layers undergepitheliatto-mesenchymal transitionEMT) or mesenchymetio-
epithelial transition(MET). In the first case, polarised epithelial cells undergo a progressive
loss of epithelial markers and acquire mesenchymal markers which allow these cells to gain
different levels of migratory activityBarralloGimeno and Nieto, ZIb; Wang et al., 2005;
Zoltan-Jones et al., 2003l the second case, mesenchymal cells undergo a reverse process to
adopt epithelial featurgBedzhov and Zernick&oetz, 2014; Campbell et al., 2010; Pei et al.,
2019) It is important to mention th#éhese transitions are not necessarily a binary process and
that the ability of cells to adopt intermediate features in between the two opposing states has

been shown to be crucial during embryogen@anpbell and Casanova, 2016)
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Figure 1.1 - Mechanisms of epithelium reshaping during morphogenesis.

(A) Diagram illustrating examples of mechanisms through which epithelial layers can be transformed
into different shapes during embryonic development (adapted(fbawidson, 2012) (B) Illustration

of an epithelial sheet which can undergo invaginati®) (esulting in a concave aspect due to apical
constriction and/or basal relaxation; or evaginatidh which results in a convex aspect due to basal

constriction and/or apical expansion (adapted f(@fang et al., 2022)

1.1.3Epithelial folding

Folding isone of the essential mechanisms able to transform a 2D sheet of epithelial cells into
a 3D structure and it is present across organisms of different levels of complexity, such as corals
(Hayward et al., 2004) invertebrates like the fl(Spencer et gl2015) and vertebrates like

the chick(Kinoshita et al., 2008pr the mouséSulistomo et al., 2019kpithelial layers can

either fold through invagination or evagination. Invagination of an epithelial sheet (sometimes
described as folding apicg)lresults in a concave shaped epithelium in which the inner surface

is made from the apical surface of céllewis, 1947)Figure 1.1C). This tissue shape change
often requires changes at the cellular level like apical constriction and/or basalioalaxat
Contrarily, an evagination is characterised by a folding event in which the basal cell surface
makes up the inner ring resulting in a convex shaped epithé¢Birm and Wittbrodt, 2013)
(Figure 1.1D) This type of tissue folding commonly involvessbhconstriction and/or apical
relaxation. Traditionally, epithelial folding mechanisms described in the literature are based on
events of invagination, possibly because this type of tissue folding has been more observed and

therefore studied in more ddtai
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These two types of folding can happen separately; however, they can also occur together to
achieve more complex structures during organ development. Folded epithelia flanked by
epithelium with an opposite cur vravtdWadbg ethas |
al.,2022) I n this review, authors describe thre
morphogenesis of the circumvallate papiltsfethe tongue, the cryptillus structure of the
intestine, and the tooth ger(Wang et al., 2022)Not only are the mechanisms involved in
simple evagination not just an inversion of

cur vesoO asticaten coprdisatiop df these sets of mechanisms might be required.
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1.2 A classic model of epithelial folding

One of the longest standing and most well established models of epithelial folding is the
formation of the ventral furrow and mesoderm invaginairothe Drosophilaembryo. This
folding event is the first stage during morphogenesis of the mesoderm layer, a comprehensively

studied process d@rosophilagastrulationGheisari et al., 2020)

Ventral furrow formation is initiated by a group of presqive mesoderm cells along the
anterioposterior axis in the ventral region of the Drosophila embryo (VF in Figure 1.2). The
cells closer to the midline undergo flattening of their apical surfag$aces facing the outside

of the embryo (Figure 1.2B{Kam et al., 1991; Sweeton et al., 1994nhd soon after,
constriction of the apical domain. These two cell shape changes result in a protrusion visible on
the ventral surface of the embryo (Figure 1.2@ptin and Grunewald, 1990; Sweeton et al.,
1991) During apical constriction, the nuclei of the ventral cells move in an epitesal
direction and the apiebasal axes elongate (Figure 1.ZCpsta et al., 1993Following this
elongation, cells shorten back and their basal domain expands nth&seycells lose their
columnar morphology and acquire a skewed/wedge shape (Figure(C@éda et al., 1993A

narrow furrow forms, and as the apical constriction propagates to neighbouring cells, the
invaginating process occurs and the furrow deegEigare 1.2E). There is a population of
mesoderm cells flanking the ventral cells, called lateral cells, that do not undergo apical
constriction. Instead, these cells undergo apical expansion, and stretch towards the ventral
furrow (Figure 1.2E)Fuse etal., 2013; Leptin and Grunewald, 1990; Rauzi et al., 2015)
Finally, the furrow closes to form an epithelial tube inside the embryo (Figure(S&@Egton

et al., 1991; Turner and Mahowald, 1977)

dorsal (dl)

@ twist (twi) and snail (sna)
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Figure 1.27 Cell movements and shape changes during ventral furrow formation and mesoderm

invagination in the Drosophilaembryo.

The diagram on the left summarises the morphogenetic events Budsgphilaembryo gastrulation

from a lderal view: invagination of the anterior and posterior midguts (AM and PM respectively),
formation of the cephalic and ventral furrows (CF and VF respectively), and dorsal transversal fold
(DTF) formation. Ventral furrow formation is induced and reguldtgdhe expression of three genes:
twist (twi) andsnail (sng, which are expressed along the anteroposterior axis in the ventral region of
the embryo; andorsal(dl), which is expressed as a venti@ldorsal gradient A-F) Transverse cross
section diagems of the central region of the embryo. A group of cells in the ventral region (red cells)
undergoes flattening of the apical surfaBg, followed by apical constriction and increase in length
along the apicdnasal axis, also accompanied by a basal shitheir nuclei C). Next, cells shorten
making a furrow (D) which is deepened when apical constriction propaggajesdDyring this
invagination process, the basal domain of the ventral furrow cells exgaratsdf), whilst in the cells
adjacent to theventral furrow (blue cells) the apical domain is the one expandif)g (When
invagination is completed, the mesoderm is shaped as an epithelial tube inside the embryo.
Abbreviations: Ai Anterior; Pi Posterior; Di Dorsal; Vi Ventral. (Adapted fronf{Ghdsari et al.,
2020).

Extensive research has been done on the genetic and biomedwadation of the ventral
furrow formation. Three genes expressed in the presumptive mesoderm tissue before ventral
furrow formationi twist (twi), dorsal (dl) andsnail (sng - are known to be essential for this
process (Figures 1.2 and 1(8rau et al. 1984; Leptin and Grunewald, 1990; Simpson, 1983;
Thisse et al., 1988)Twi and dl cooperate to activate mesodespecific genes in the
blastoderm, includingna(Roth et al., 1989; Rushlow et al., 1969; Sandmann et al., 2007)
whereassna promotes msoderm development both by repressing lateral and dorsal genes
(Nibu et al., 1998; Qi et al., 2008nd by activating mesodermal enhancers in the ventral region
(Figure 1.3YRembold et al., 2014)

One of the target genes of twitdded gastrulatiorffog) (Costa et al., 1994 his gene encodes

a secreted signalling protein important for coordinating changes in the morphology of the apical
domain, including apical flattening in the ventral furrow c@llesta et al., 1994; Daw¢$oang

et al., 2005Morize et al., 1998)Fog was shown to act throughpBoteincoupled receptors to

recruit the Rho guanine nucleotide exchange factor RhoGEF2 and to activate the small GTPase
Rhol (Figure 1.3]Kerridge et al., 2016; Manning et al., 20138here is also evidence for a
Fogindependent pathway that depends on @usta et al., 1994; Dawd$oang et al., 2005;
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Kolsch et al., 2007; Morize et al., 1998his pathway requires the transmembrane protein T48
which promotes accumulation of RhoGE&nd therefore activation of apical Rhol (Figure 1.3)
(Kolsch et al., 2007)Rhol, in turn, regulates the contractility of the actomyosin cytoskeleton
and therefore apical constriction through its effectors, Rho Kinase and Diaphanous (Figure 1.3)
(Barret et al., 1997; Dawebloang et al., 2005; Hacker and Perrimon, 1998; Manning and
Rogers, 2014)Iin a snaand twi dependent manner, pulsed contractions of the apical myosin

Il network are translated into apical constriction by the adherens jurag®aiated Factin
filaments which also bind to myoslh(Coravos and Martin, 2016; Martin et al., 2009; Mason

et al., 2013) Higher epithelial tension along the anteroposterior axis of the embryo has been
shown to explain why the presumptive mesodernsagildergoing apical constriction do not
constrict their apical apices isotropicalytheir ventrolateral axes are shorter than their
anteroposterior axg$/artin et al., 2010; Sweeton et al., 199Ihis causes the ventral furrow

to look narrow and elggated along the anteroposterior axis, instead of having a circular

geometry.

Lateral and
dorsal genes

Apical constriction

Figure 1.3 i Signalling pathways promoting apical constriction required for mesoderm

invagination.

In the presence aforsal twist and snail activate Gprotein coupled receptors like Smog and Mist
(normally through the ligand Fog) resulting in the activation of a trimeficdiein (made of Concertina
(Cta), Gb1l13F and Gol). This init(RrRoguwmsnenuclsoiidgnal | i ng

exchange factor 2). However, RhoGEF2 can also be activated by the transmembrane protein T48, which
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is also downstream t#vistandsnail. Either way, once activated, RhoGEF?2 is able to activate GTPase
Rhol, which in turn, works whitits effector proteins Rho kinase (Rok) and Diaphanous (Dia) to regulate
the assembly and activity of the actomyosin network required for apical constriction. (Adapted from
(Gheisari et al., 202D)

The observation that ectopic expression of Fog was &b induce apical flattening and
constriction but not furrow invaginatigiviorize et al., 1998)made it clear that the first process

is differently regulated from the later. A few mechanisms have been reported to contribute to
mesoderm invagination. r@ is based on the ability of-¢adherinmediated adhesions to
integrate overall tissue tensile forces, helping to shape the fii@da et al., 1998)This is
supported by the fact that disrupting adherens junctions during ventral furrow formation leads
to a breakdown of the ventral furrow and prevents its invaginghtartin et al., 201Q) A
second mechanism is linked to the shortening of mesoderm cells during ventral furrow
formation. A study has shown that myosiircables form along the apidmaséaxes of ventral
furrow cells. When these cables are ablated, invagination of the ventral furrow is disrupted,
suggesting a role for the aptbasal myosifl cables in facilitating this proce¢&racia et al.,

2019)

Mesoderm invagination durirnigrosophila gastrulation has been used as a model of epithelial
folding for decades. Despite not being completely understood yet, it is extremely well studied
and, for this reason, it has provided a starting point for other tissue folding studies in different
organisms. Other cell mechanisms and cell behaviours have, in the meantime, been observed

and discussed, especially in systems when the epithelium folds through evagination.
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1.3 Cellular mechanisms and behaviours drivingepithelial folding

1.3.1Cell shape changes

Cells are the units of epithelial sheets, and therefore it is not surprising that they undergo all
sorts of shape changes during morphogenesis. The model systenbaftbphilamesoderm
invagination showed that during epithelial folding, cells can undekgwiety of shape changes.
Examples of such cell shape changes and others have also been described in a number of

organisms and structures.

The formation ohheuromasts in the zebrafish lateral line is an example of a drastic change in
cell shapenvolving apical constriction. The cells that form these organs have to migrate from
the cranial placode to different locations along the lateral line, transition from mesenchymal to
epithelial and then constrict their apical domain to form radially oiggthrosettegErnst et

al., 2012) Another case where we see an epithelium adopting a concave curvature is the neural
tube closure in developingenopusembryos. The neural epithelial cells undergo an extensive
apicobasal elongation and an apical cacistn, which seem to be two independent processes
(Lee et al., 2007Apical constriction mediated by myosihaccumulation also occurs in early
intestinal crypt formation in mice, which is an interesting invagination example because this

process hapmpes postnatall{Sumigray et al., 2018)

Contrary to many systems where epithelium folding is associated with apical constriction, it
was reported that basal constriction followed by apical expansion, dependent on Wnt5b and
Fak, occurs in the zebrafish abirainhindbrain boundary constrictidiGutzman et al., 2018)
Though less common, basal constriction is not a newly described mechandstrhas been
described in other systems like tl@&ona notochord tubulogenesisn which basal cell
constrictionallows cell elongatiorfDong et al., 2011)duringdevelopmenbf the hydrozoan
Dynamena pumilaat the margins of the faddn the anchoring dis&upaeva et al., 2018pr

the retinal neuroepithelium during folding of the zebrafigttio cup (Sidhayeand Norden,
2017) During optic cup folding in the zebrafish, the retinal neuroblasts underglueioa of

their basal surface area, whilst the area on the apical domain remains tH&lcatdsPérez

et al., 2016) Through timelapse imaging of lie zebrafish larvae, the authors showed that at
the time of acute bendingf the retinal epithelium, the neuroblasts reach their highest level of
basal constrictionA folding event through evaginatiazan also be found in the developing
endocardial cushits of the atrioventricular canéBeis et al., 2005)Initially the heart tube of

the zebrafish embryo consists of a layer of endocardial cells surrounded by myocardial cells.
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Eventually the endocardial layer (and later the myocardial one) starts bending as the cells
change their shape from squamous to @dddo form the endocardial cushions of the heart
(Beis et al., 2005)

In addition, through the analysis of the epithelial folds in Bmesophila embryo and the
zebrafish epithelium at 50% epiboly stage, a new cell shape has been propasedid
(GdmezGalvez et al., 2018a)n this study, scutoids are suggested to help statidis ofthe
threedimensional packing in curved epithelia by compensating the difference in area between
the two surfaces of the epithelium. In the past, epithelial delise been consistently
represented as prisms with apical and basal faces that are polygonal, regardless of the system
being studied andespite not always matching with data observatiéssthis study shows,
examples of those anisotropic shapes can beesgrtially when tissues exhibit high levels of
curvature where cells contact different neighbours at different points along théapalaxis
(GémezGalvez et al., 2018a)

Although individual cell shape changes are crucial for the reshaping ofthali@player, in

order to have an effect at the tissue level, cells need to be responsive to their own internal
instructions from genetic pathways, and to mechanical forces from their surrounding
environment; to communicate with each other, and ofteh wie ECM, usually through
integrin and cadherin receptdidicolasPérez et al., 2016)

1.3.2Rearrangement of the cytoskeleton

The activity of the cellular cortex is the main generator of internal force, helping the cell to
resist to external mechanicalegses, but also to maintain or rearrange its shape. It consists of
actin filaments, myosin Il motors and aebmding proteins that are able to interact and

generate local contractio(Bray and White, 1988)

The most well established model of epithkfolding through apical constriction assumes that

the change in cell conformation is driven by a spatially restricted activation of theusmie

myosin activitythat generates contractions of the actin filameg&awyer et al., 20100ne
example of cell apical constriction due to locally restricted mybsaativity in the zebrafish

is the formation of the rosettes in the lateral line mentiaméfte previous sectiofErnst et al.,

2012) Here the nommuscle myosin in the apical domaihthe rosette cells is phosphorylated

and therefore activated by Rho kinases, which in turn seem to be activated by locally restricted

Shroom3 a transcriptional target of FGF signallifigrnst et al., 2012)in phase two of otic
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morphogenesis durindiick embryonic development, these active Rho kinases are restricted to
the apical junction region of the cell due to the activity of ArhGEF11 (Rho guanine exchange
factor) and upstream of that Celsrl (a transmembrane protein that regulates planaritg)l pola
which also cdocalises to this apical domain of the ce{Bai et al., 2014)Another example of
epithelial invagination is seen duribyosophilagastrulation when the cephalic furrow forms
(Spencer et al.,, 2015Myosinll is known to help genete theforce necessary for the
movement of actin filamenttherefore helpingo changeell shape as well. What is interesting
about the cephalic furrow formation Drosophila is that cell apical constriction in the
invaginating tissue is not drivery lmyosirll activity but rather the myosii rearrangement

is a response to apical constricti@pencer et al., 2015Lell shape changésapiccbasal
shortening and basal expansioassociated with an increase in corticaldtin in the apices of
those cells are the ones driving the formation of the cephalic furrow ineadcer et al.,
2015) Epithelial folding was recently found and described even in a colonial marine hydrozoan
calledDynamena pumiléKupaeva et al., 2018)n this case, inagination of the epithelium is
associated with the accumulation of actin in the apical domain of {sbileed cellswhilst

their nuclei move to the basal doméitupaeva et al., 2018)

As describedn sectionl.3.1, the folding of the optic cup in the zebrafish involves a change of
cell shape involving basal constrictigNicolasPérez et al., 2016)n this system, both the
accumulation of myosin at the basal surface in scattered neuroblasts and-faediated
adhesion to the extracellular matrix play a role in maintaining the pulsatile dynamics and
contractility of the basal feet of the retinal cdMicolasPérez et al., 2016}-actin has also
been found to be strongly localised to the basal surface dfybasastricted neuroepithelial
cells during zebrafish midbraimndbrain barrier formatiofGutzman et al., 2008)Jpon
knockdown of myosifil, distribution of Factin alongside cell shape changes (in length and

width) and ultimately the evagination pess were disruptg@Gutzman et al., 2015)

1.3.3Redistribution of adhesion proteins

In mature polarised epithelia, cekll contacts are fairly stable in order to maintain the integrity

and shape of the tissue and organ (Figure 1.4A). In contrast, duoimpogenesis, cetell
contacts are much more dynamic which facilitates their redistribution and enables tissues to
change their shape. Adherens junctions, a main intercellular adhesion mechanism, are often

involved in reshaping tissues.
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Not all apical onstriction driving epithelial folding is dependent on differential cortical
contractility along the apicbasal axis of the cell, as described in the previous section. During
the formation of the dorsal transverse folds duidrgsophilagastrulation, thdeginning of
epithelial folding is associated to an apical to basal shift of adherens junctions (movement of
the cadherin complex) in the initiating cells but not in the surrounding cells, forcing the tissue
to bend towards the initiating cell¢/ang et &, 2012) This cellular behaviour is regulated by
polarity proteins like BazookBar3 and Parl (Wang et al., 2012)n the case of the developing
endocardial cushions of theebrafish atrioventricular canal, the transition of cellular
morphology is accompanied by the expression ofd@asp, a cell surface adhesion molecule
that seems to appear when these endothelial cells become cufi@edalet al., 2005)
Knockdown of genes likioxn4, tbx2(Chi et al., 2008xandpdlim7(Camarata et al., 2016)sult

in cells remaining squamous, and in the casediim7 knockdown, Dmgrasp fails tobe

expressd

Recent work has suggested that zebrafish neural plate cells undergo internalsatigh a
mechanism dependent on myac#inwhich is coordinated by CdhAraya et al., 2018)Even
though this is a different morphogenetic process from epithelial folding, this study shows that
these neural plate cells change their shapenstricton of dorsal surface membraineby
adopting strategies typical of epithelial sheets like-ogll adhesion rearrangement.
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Figure 1.4 - Structure of the apical junctional complex and the extracellular matix .

(A) Diagram of an apical junctional complex between two epithelial cells, including the typical structure

of a tight junction and an adherens junction. Transmembrane proteins like occludins, claudins and E
cadherins, establish intercellular interangpwhilst scaffolding proteins such as -ACGand catenins,

link the previous proteins to the contractile actomyosin cytoskeleton (adaptedAranid et al.,

2017). (B) Hlustration of the composition and structure of the extracellular matrix. EXtrizahatrix

tissue specificity is determined by the combination of its different components, in particular the types
of proteins and glycans. The transmembrane proteins integrins establish the connection between the
cytoskeleton and the extracellular nmafiLandry et al., 2018)

1.3.4ECM production and signalling

The ECM is a nortellular network of macromolecules including collagens, proteoglycans,
fibronectins, and elastin, that also contains a reservoir of water, growth factors and bioactive
moleculegAumailley and Gayraud, 1998; Streuli, 199Bigure 1.4B) The composition of the

ECM is specific to each type of tissue and depending on the ratios of the different components,
it can present a variety of biochemical and biophysical properties. The ECM can adhere to the
cells through ECM receptors linking thigteacellular environment to the cytoskeleton and
intracellular activity. The ECM is extremely dynamic, capable of undergoing remodelling a) in
response to external stimuli like foréu et al., 2011)damagdJakeman et al., 201Htresses
(Dzamba eal., 2009)r diseas¢Mott and Werb, 2004 )or b) to induce/support morphogenetic

and biological processes such as cell migrgfiemh and Stainier, 2004yrowth(Williams et

al., 2008) differentiation(Czyz and Wobus, 2008nd epitheliafolding (Sui et al., 2018)

Neural tube formation in vertebrates often requires some form of epithelial folding. A new study
has recently explored the role of extracellular matrix in tissue folding within the human fetal
cortical platgLong et al., 2018 Inhibition of hyaluronic acid or of its receptor leads to reduced
cortical folds. The same study also shows that along with hyaluronic acid, other components
of the extracellular matrix, including HAPLN1, lumican and collagen I, induce the formation
of cortical folds in the human neocortex, therefore playing a role in its expghsiog et al.,

2018) A component of the basal lamina called laminin has been shown to be required for basal
constriction, apical expansion and, as a result, epithelagieation in zebrafish midbrain
hindbrain boundary formatiofGutzman et al., 2008)n contrast, local reduction of ECM
components has been shown to induce basal relaxation and be sufficient for epithelial folding

of the wing imaginal discs iBrosophik (Sui et al., 2018)
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1.4 The zebrafish inner ear as a model to study epithelial folding

Historically, theDrosophilaembryo has been by far the preferred model when it comes to
studying mechanisms involved in epithelial folding. Despite this, in recerd,ybare has been

a gradual emergence of studies starting to explore epithelial folding events during zebrafish
embryogenesi@ryan et al., 2016; Gutzman et al., 2015; Nicdté@sez et al., 2016; Peal et al.,
2009, 2011; Visetsouk et al., 2018he zdrafish has been extremely useful for biological and
biomedical research. Its advantages include optically clear embryonic stagesofeas
maintenance and breeding, tool availability for generating mutant and transgenic lines, and

conserved genes, pathways and body structures.

The inner ear is the most internal part of the ear and the organ that mediates the senses of hearing
and balancelts structure is described as a 3D fhfiited labyrinth that includes sensitive
sensory structures responsible for detecting sound, motion and drsigitya and Whitfield,

2016) During embryonic development of the zebrafish inner ear, one carvelasiEw events

of tissue folding(Mendonca et al., 2021)ncluding a scenario in which the otic epithelium

folds in the opposite direction of its initial curvature through evagination. This can potentially
offer a new model of an evagination processanc ase of study for Orev
these events of tissue folding are essential for semicircular canal morphogenesis in the zebrafish
inner ear, a system that is responsible for detecting motion and gravity. Malformation and
aplasia of thesemicircular canals can lead to severe impairment of vestibular function. For
these reasons, there is a clear need to start exploring epithelial folding events during zebrafish

inner ear morphogenesis.

1.4.1Early development of the hner ear. formation of the otic vesicle

The inner ear has its origin in the otic placode (OP), which together with other cranial placodes
emerges from the common goacodal region (PPR)an area of ectoderm around the anterior
boundaries of t he neu(Baldy and ISteeit, 2005) Thé BRRriee 1 .
progressively segregated into individual placodal fates through expressing specific
combinations of transcription factors and specific placode inducing signals. In the case of most
vertebrates, the OP emerges from Hax2/8expressing oti@pibranchial precursor domain
(OEPD) located near the hindbrgidcCarroll et al., 2012)Movement and convergence of
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PPR cells to form the zebrafish OEPD seem to depend patrtially on the functioning ECM
receptor Integrild 5,  weliels enlgf signallingBhat and Riley, 2011b)n turn, induction

of the OP from the OEPD relies on the expression of transcription factors of the Gata, DIx, Foxi
and Tfap families, and on signalling molecules of the Fgf and Wnt families from the
surraunding mesoderm and neural ectod€¢Bhat et al., 2013; Freter et al., 2008; Khatri et al.,
2014; Ohyama et al., 2006; Padanad et al., 2012; Yao et al.,. 2014¢ zebrafish embryo,

like in mice and chick, a gradient of Pax transcription factors Vgasshown to play a role in
segregating otic and epibranchial fates, in which high Pax2a levels, driven by the activation of
the Wnt pathway, contribute to an otic iden{iycCarroll et al., 2012)The signalling involved

in the clustering of the OP d¢gland their physical segregation from other placodes is not yet
fully understood. It was suggested that cellular displacements that follow mitotic events could
be involved in this process due to the observation of long cytokinetic bridges during placode
formation in the chick embry@Alvarez and Navascués, 199Wlovements of cells from
surrounding tissues have also been shown to impact on the coalescence of other placodes
(olfactory and epibranchial) in the zebrafish and chick embryos but this hasemostown for

the otic placod¢Harden et al., 2012; Theveneau et al., 2013; Té?ezsand Whitlock, 2014)

The OP becomes morphologically recognisable by the 10 somites stage as a thickened region
in the chick and mouse or a mass of cells in the zebrambryos, separate from the
surroundi ng ect od@aham ahdBegpia, 2a00; Kimmelet al., A 90%a)

both cases, the OP is visible due its cells undergoing elongation and acquiring apicobasal
polarity (Hoijman et al., 2015; Ladher, 2017h the zebrafish embryo, both a tight junction
protein (ZO1) and a polarity establishing protein (Pard3) lecgiically at this stage in the OP
cells(Hoijman et al., 2015When it comes to the chick embryo, a basal lamina is deposited on
the basal side of the otic placoddilfer and Randolph, 1993)Epithelial elongation is
accompanied by interkinetic near migration, a process in which cell nuclei are located at
different levels along the apicobasal axis depending on the phase of the ce(Bpgae and
Erickson, 2012)This pseudostratified tissue architecture is thought to help the dense packing
of these cells, which in turn promotes faster tissue growth. Signals thought to contribute for this
particular placodal tissue arrangement and cell shape inelxizSpalt4and Sox3Abello6 et

al., 2010; Barembaum and Bronstanaser, 2007; Christophorouadt, 2010)
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Figure 1.5 - Early morphogenesis of the inner ear irchick and zebrafish.

(A1 E) In the chick embryo, the pqgdacodal region (PPR) is visible at one somite stagg ék a band
surrounding the anterior end of the neural plate. From this region, thepdti@anchial domain (OEPD)
forms at four somite stage-6}. At ten somite stag(10s), part of this domain thickens and becomes

the otic placode (OP), which will then start to invaginate around the sixteen somite staye(tic
originate the otic cup (OC). At last, this cup closes and separates from the ectoderm forming the otic
vesicle (OV).(A & E dIn the zebrafish embryo, the ppéacodal region also appears by one somite
stage, under the enveloping layer (EVL) and surrounding the neural ectoderm (NE). By four somite
stage the otiepibranchial domain is visible and from tkisucture the otic placode arises at ten somite
stage. After undergoing epithelialisation and hollowing the otic placode becomes an otic vesicle by
sixteen somite stage. Abbreviations: hipiours posfertilisation. (Adapted frongAlsina and Whitfield,

2016)

After the otic placodeés established, it undergoes seveshhpe changebat will lead to the
formation of a hollowedesiclecalledthe otic vesicl®r otocystFigure 1.5 , ). IlB &mniotes,

the otic placode folds through invagination to folm btic cup(OC), andeventuallythe otic

vesicle; whereas in anamniotes, the otic vesicle is generated from hollowing within the dense
mass of OP cell§Figure 1.5DE & Moreover, itwas shown that factin concentrates in the

apical domairof OP cellgust beforethis tissuanvaginates in the chick embryo or undergoes
hollowing in the zebrafish embry@. Haddon & Lewis, 1996; X. R. Sai & Ladher, 2008)
These observations suggested a link between the establishment of apicobasal polarity in the OP
and the onset of otic vesidiermation. Invagination of the OP in the chick embryo is a biphasic

process that starts with basal expansion followed by amoakiiction(Sai and Ladher, 2008;
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Sai et al.,, 2014)Myosin-ll activity was shown to be involved at both of these stages:
depolymerising basal-&ctin and enriching it apically to promote basal expansion; and driving
F-actin contraction on the apicalmain to promote apical constriction. After invagination, the
otic cup closes, separating the otic vesicle form the overlyinghnearal ectoderm. In contrast,

the proces®sf otic vesicle formation through hollowing, involva first stage obpeningthe

initial lumen and then a second stage of lumen expafSiddaddon & Lewis, 1996; Hoijman

et al., 2015 Fi gur e .In.the PebrafishEembryo, once the medial OP epithelium is
polarized, marked by a stripe ofd€tin in the tissue midline, two smaihconnected cavities
arise at the anterior and posterior poles. These two lumens then unzip, forming a single
elongated lumen, and only later, the lateral side of the otic vesicle is epithel{glsgdan et

al., 2015) Lumen expansiomesults from tk asymmetric ingression of fluid from the otic
vesicle cellswhich contributes to the elongation of the dorsoventral and mediolateral axes, and
also leads to the thinning of the otic epithelium. In addition, mitotic cells, due to their rounded
shape, exera pulling force on the luminal side of the otic epithelium and expand the lumen

along the anteroposterior aldoijman et al., 2015)

During the next stage of development of the inner ear, two processes happen in parallel: otic
neurogenesis, and théfdrentiation of hair cells and sensory chambi@isina and Whitfield,

2016; Haddon et al., 1998; Maier et al., 20T4)e second process involves several cell shape
changes which will determine their identity in terms of sensory versusearmory ephelia

(Alsina and Whitfield, 2016; Maier and Whitfield, 20140 more ventral regions of the otic
vesicle, the epithelium undergoes a thickening process and gives rise to pseudostratified otic
sensory patches maculae and cristaewhich are composedf sensory hair cells and their
supporting cells. On the contrary, cells in dorsolateral regions of the otic vesicle adopt a thin
squamous morphology and will eventually give rise to-semsory structureghe semicircular

canals and the endolymphaticsa

1.4.2Events of tissue folding during inner eardevelopment

There have been many studies revealing the different genes involved in the several stages of
embryonic development of the inner dasyvever there is a need to better understand the direct
link betweencellular pathways, behaviourand tissue shapehanges particularly when it

comes to mechanisms driving curvature in the inner ear. Throughout the embryonic

development of the inner eave see several events of tissue folding that seem to be crucial to
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give the right shape and function to different structures of this orgaadingthose that reveal

high levels of curvature. Between 1 and 2 days post fertilizatidine zebrafish enmrigo, we

see the genesis of both the endolymphatic and the epithelial projections that initiate
formation of the semicircular candlsigure 1.6A) These are particularly interesting examples

of structures generated by epithelial folding in the innersace theybend the otic tissue in
oppositedirections, but not necessarily with opposite mechanisms. effdolymphatisac

forms through invagination, with the apical cell surface making up the inner surface of the
resulting curved epithelium (Figure6B and Supp. Video 1yvhereagheepithelialprojections

are generated through evagination, displaying the basal cell surface along the inner surface
(Figure 1.6C and Supp. Video.2)

B Endolymphatic sac

Perilymph

r Endolymph
F-actin

Z0-1

Figure 1.6 1 Endolymphatic sacand posterior projectioni inner ear structures formed by folding

events

Phalloidin staining and ZQ antibody staining were performed in 50 hours fedtlisation zebrafish
fixed embryos. Factin is shown in green and ZD(marking tight juntions) is shown in magenta.
Pictures were taken on the Nikon inverted confocal microscope with a 40X oil immersion ob{@gtive
Maximum intensity projection of fourteen optical slices of the inner ear is shown here. Aht&rios

to the left and doed is up- D . Scal e bar (Bnéasingte slise obafstaek iis.shown
her e. Scal e b aB)sThemedalmphate sa2 tbrms through(invagination of the otic
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epithelium and, as a result, the apical surface of its cells fadadide of the vesicle (endolymph),
whilst the basal surface of the cells faces the outside environment (perilyr@phjhé¢ epithelial
projection forms through evagination, bringing the otic epithelium into the lumen of the vesicle
(therefore surroundingt iwith the endolymph). The space delineated by the basal surface of the

projection cells is filled with extracellular matrix (ECM).

1.4.2.1Formation of the endolymphatic sac

This structure has the appearance of a dead end tube and is present in the earcofdiasids

(Swinburne et al., 2018)t seems to be responsible for regulating the pressure of the inner ear

by acting as pressure relief valve, but also for regulating endolymph home({Stasisurne

et al., 2018)In situations where the ear pressis not properly regulatgid can lead to deafness

and balance disorders such as (BtllmawrAetuhezs yndr on
1980; Schuknecht and Gulya, 1983)

Recently it has been shown in the zebrafish that the initial stages \a&lafament of the
endolymphaticsachappen around 36 hgBwinburne et al., 2018Figure 1.7). In this study

the authors show that at this time point, a portion of the otic epithelium in the dorsal region of
the otic vesicle starts folding in the opgesilirection of the cavity. This structure will then
grow and elongate until 60 hpf, a time point by which the diffusion barrier will start to open
and becomes functional. The endolymphaéicis observed to exhibit cycles of slow inflation

and rapid de#ition (Swinburne et al., 2018)

N
N

24 hpf 36 hpf 2-3 dpf

Figure 1.7 - Early morphogenesis of theendolymphatic sacin zebrafish.

Schematic representation of the formation of the endolymphatic sac (blue arrows). Its devel@ptaent st
around 36 hours pogertilisation (hpf) and between 2 and 3 days post fertilisation (dpf) it becomes

functional.

There have been very few genes associated to the development of this structure. For example,

it is known that in the zebrafisfgxil (at 52 hpf) andbmp4(at 76hpf) are expressed specifically
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in the endolymphatisac(Geng et al., 2013and for this reason these are often used as markers
for this structure. In the chick, from stages 26 to 32, DIx3 gradually becomes specifically
expressed in the endolymphatic s@rown et al., 2005)DIx5 and DIx6 expression is also
found in this structure by stage 30, but is not restricted to it, since it is also expressed in most
of the developing semicircular canal syst@nown et al., 2005)A lot less is known about the
morphogenesis of the endolymphataxcin the zebrafish comparedth the morphogenesis of
thesemicircular canals. However, the wag thic epithelium foldso form the endolymphatic

sag with the apical sidef the cells naking up the inner ring of this tube like structure (Figure
1.6A), resembés an invagination,which is a very common procesdescribedin the
organogenesisf different species.

1.4.2.2Formation of the epithelial projections that generate the semicircular canals

The zebrafish inner ear exhibits three orthogonally arranged semicircular canals, as do all jawed
vertebrates, and their main function is to detect rotational movements of the head. As the head
moves, there is a relative movement of the fluid insidedahef each semicircular canal which

is registered by the crista (sensory epithelium) housed in the ampulla at the base of each

semicircular canal.

In the zebrafish and Xenopus embryos, semicircular canal formation starts in four different
regions of the at¢ vesicle with the folding of the otic epithelium towards its lumen, in the form

of finger-like projectiongWaterman & Bell, 1984)This is, at least, partially driven by ECM
production(Geng et al., 2013; C. M. Haddon & Lewis, 1991; Munjal et al.12U2aterman &

Bell, 1984) In contrast, in amniotes like the chick and mouse embryos, semicircular canal
formation has not been described as a folding event but instead, it is known to initiate through
pouches or diverticula that appear on the dorsallatedal regions of the otic vesicle. The
genesis and growth of these pouches is driven by quick thinning of the dorsolateral otic
epithelium, which, depending on the species, can involve different cellular behaviours, such as
cell shape and adhesion chasgdisruption of the basement membrane, and cell proliferation
of the surrounding mesenchyrieang et al., 2000; P. Martin & Swanson, 1993; Ohta et al.,
2010; Pirvola et al., 2004; Salminen et al., 2000)

One of the first characterisations of early sgroular canal formatioin zebrafishrevealed
that by 44 hpf the lateral wall of the otic vesi@eprotrudinginto the cavity, being the first
projection to formWaterman & Bell, 1984)By 45 hpf, & epithelial projectiomevelops from
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the region othe anterior otic epitheliurgFigure 1.8B)the posterior projection begins to form
around 48 hp{Figure 1.8C),andfrom 52 hpf the ventral projection starts forming (Figure
1.8D), which my observations show is slightly earlier than previously rep@&exdg et al.,

2013; Waterman & Bell, 1984) ater onpetweerb7 and 68hpf, the lateral projection exhibits
three bulgesind the anterior and posterior projections meet with the respective bulges of the
lateral projectionadhere to its apical contaagirsurfaceand fuseto form the pillarg(Figure

1.8E; see Supp. Video 3 for an example of an anterior ypjBeng et al., 2013; Waterman &
Bell, 1984) By 72 hpf, all three pillars are formed, becoming the hubs dehecirculaicanals
(Figure 1.8F).The pillars then undergo widening aextendng to give the right shape tbe
canalg(Alsina and Whitfield, 2016)

45-50hpf 50-56hpf 57-68hpf 70hpf

Figure 1.8 Early morphogenesis of the zebrafish semicircular canals.

(A-E) Inner ear offg(smad6HE=EGFP); Tg(XEF1A:H2B-RFP)double transgenic embryos. Images were
acquired in the Zeiss Z1 Ligisheet microscope between 40 and 60 hours post fertilisation (hpf). Lateral

views of the ear are shown with roughly the anterior to the left and dorsal to theit@m{érior; D-
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dorsal). Scale bar measures §0nA singlez-slice is shown in picture&-C and a maximum intensity
projection from az-stack is shown iD-E. (B) The anterior projection (AP) is formed by 45 hpf, and
the posterior projection (PP) appears around 48®pf(D) The ventral projection (VP) appears from
52 hpf. E) At 60 hpf, we can see the ventral bulge (VB), and the anterior and posterior pillars (white
arrowheads).R) Adapted from(Baldera et al., 2023Maximum intensity projection of a zebrafish inner
ea at 72 hpf. Same transgenic line was used a&-B)( imaged with aNikon CSUW1 spinning disk
confocal microscopeScale bar measures 100mAll three pillars have been formed at this stage and
the dorsolateral septum (DLS) calsobe seenCurved whie arrows mark the anterior, posterior and
lateral canal4G) Diagram illustrating main morphological changes in the otic vesicle during formation
of the semicircular canals. Adapted frai@eng et al., 2013)Abbreviations: A proji Anterior
projection; Ei Endolymphatic; proji projection; Ai anterior; Pi posterior; Li lateral; Vi ventral;

scci semicircular canal; daf days post fertilisation.

In order for the inner ear tdetect motion and gravitgroperly, the semicircdr canalsare
required to form in the correct position, with the right shape and at the right time during
embryonic developmengeveral genes have been described in the literature to be essential for
epithelial projection and semicircular canal formatibor instancea complete loss of the
lateral canal and crista is seen when the functiartxdfbis lost, both in zebrafisfHammond

and Whitfield, 2006)and in mousdéMorsli et al., 1999)Regulation of theotx1bexpression
domain in the otic vesiciavolves a balance between the fpgbmoting and the Retinoacid
(RA)-repressing signalling activitfMaier and Whitfield, 2014)in addition, disruption of the
mouse RAsynthesising enzyme geRaldh3leads to smaller and thinner semicircular canals
(Romand et al., 2013)

Epithelial projections, and therefore semicircular canals, are unable to féwacd mutants
(Cunliffe, 2004; and insox10mutants, some epithelial projections form but look very abnormal
(Dutton et al., 2009)Mutations of different Hedgehog pathway inhibitor gerd=p(, hipl

and ptc? lead to an overgrown ventral projectiidammond et al., 2010)A more severe
phenotype is observeh lauscherzebrafish mutants, which have a disruptionachgrg6
(gpr126, an adhesion class G protainupled receptor ger{&eng et al., 2013)his leads to
continuous high expression of several extracellular matrix genes, incltadingndchsyl and

all projectiors ovegrow andneverfuse (Geng et al., 2013).0ss ofbmp2bin the zebrafish
leads to absent semicircular canals but the cristae normally(Hammond et al., 2009The
tbx1zebrafish mutanin most casegxhibits an even more drastic phenotype with a complete
absence of all semicircular canals as wadlcristae (Dutton et al., 2009)Knockout or

knockdown of zebrafish gesecoding for proteins involved in synthesising different ECM
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components, such aéna5 ugdh has3 chsylandext2(BuschNentwich et al., 2004; Jones et
al., 2022; Li et al., 2010a; Munjal et al., 2021; Neuhauss et al., 18196)eads to absent casnal

as the epithelial projections fail to grow and look truncated.
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1.5 Aims and hypotheses

Tissue folding can be driven by a cocktail of mechanisms specific to the organism/structure
such as mechanical forces, tissue elasticity, cytoskeletal and cell adieesrangements, cell

death, extracellular matrix dynamics, cell shape changes, etc. As reported here, the gross
morphogenetic events happening during embryonic development of the zebrafish semicircular
canals have been described. However, the very fillsslcape changes and cell movements
happening before and as the projections start forming, and the mechanisms driving folding of

the otic epithelium are still poorly understood.
My project was carried out to address these main objectives and hypotheses:

1. Describetissue andcell shape changes durirearly development of the zebrafish
semicircular canals (formation of the epithelial projectioridypothesis As the
epithelial projections form through evagination, basal constriction of otic epithelium

cells would be very likely to be happening in this system.

2. Select and ggy computational image analysis tools to gain a quantitative appreciation
of the morphgenetic changes being studiethis was done in collaboration with
Professor A | ¢lypothegis engbradesased sepmentation tools will
more likely be suitable for my data as the transgenic zebrafish line used in this project
expresses membratiaked EGFP, and other zebrafish datasets have been successfully

segmented with these tools.

3. ldentify and describspecific cell behaviours (like cytoskeleton and extracellular matrix
rearrangements, cellular adhesion changes, irt@lved in otic epithkum folding.
Hypothesis As seen in other events of tissue folding through evagination, basal
accumulation of some cytoskeletal proteins was expected to be observed; and since the
otic epithelium has to invert its curvature, a change in or loss of dallifgocould

happen.

4. Takeadvantage ofhemical manipulation tools amdutant zebrafish lines available in
the lab tostarttesting the role of different genes and proteinganeratinghe correct
3D cell and tissuenorphologyduring epithelial projectio formation Hypothesis
Knowing the crucial role of hyaluronan in semicircular canal formation, ECM
components will be strong candidates for driving the folding event that initiates

epithelial projection formation.
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CHAPTER 2

Materials And Methods

Here | describéhe materials and methods used for the data presented in all chapters except
chapters three and five, as these chapters are published manuscripts that include their own

met hods and material sdé sections.

2.1 Zebrafish husbandry

All wild-type, transgenic and mutant zebrafish linased in the work presented hewere

raised andnaintainedin the Bateson Centre aquaria facilities of the University of Sheffield,
under standard husbandry protoc@destrom et al., 2020; Westerfield, 200a)d all animal
research was performed under licence from the UK Home Office. Embryos were kept in E3
medium (5 mM NacCl, 0.17 mM KCI, 0.33 mM CacCl2, 0.33 mM Mg$pH 7.9 (Westerfield,
2007)at different temperatures ranging from 23°C to 33°C and stageuding to hours post

fertilization, using the appropriate formyl&immel et al., 1995)

2.1.1Wild -type lines

The wildtype (WT) lines used in this study were AB (ZBEBENO-9608097), London Wild
Type (LWT) andnacre (mitfa“?*3 (ZDB-GENO-99042318). Nace embryos were used
because they lack melanophores, enabling better imaging of the infleisesaret al., 1999)

2.1.2Transgenic lines

Thetransgenic linaised for imaging the development of the epithelial projectionsweae
by crossing the (recentlgmamed) enhancer trap liB{smad6EGFP-CAAX (Baldera et al.,
2023) with the transgenic lindg(xEFJA:H2B-RFP) (RodriguezAznar et al., 2013)In the
work presented in this thesis, this line is referred td gsmad6lEGFP); TgXEF1A:H2B-
RFP). The transgenic lind g ( a c t b 2ZEGRP) (M4Ait& .etlal., 2012)donatedto us by

Emily N o ywas used to visualise myodin
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2.2 Drug treatments

Table 2.1i List of compounds.

Stock Working _
Short name Product name _ ) Supplier
concentration concentration

50 mM (in 25 pM and 50 BO0560, Sigma
DMSO) UM Aldrich

Blebbistatin Blebbistatin

4- 25 mM, 50 mM 250 pM, 500 pM M1381,
Methylumbelliferone  and 100mM and 1000 pM SigmaAldrich

4-MU

2.2.1Blebbistatin treatment

Embryos wereither treated at2 hpffor six hours, to investigate the role myecdiim anterior
and posterior projection formation; or at 48 hpf for four hours to test the role of ryasin
the elongation and maintenance of these epithelial projections.

At the desired stagemryos weralechorionated with forceps and movetb a 24well plate
4 wells with10 embryodn 1000 pL of E3 each. For each of the groups another 500 puL was

added to the respective well with the following:
- E3 group: 500 pL of E3
- DMSO group: 498.5 puL of E3 + 1.5 pDMSO

- 25 uM Blebbistatin group: 499.25 uL of E3 + 0.k Blebbistatin (from 50 mM

stock)
- 50 uM Blebbistatin group: 498.5 uL of E3 + 1ub Blebbistatin (from 50 mM stock)

At the end of the treatmergmbryos wereéemoved from th&4-well plateandmovedinto a

petri dishwith E3 (without washing off the drug) to take pictures

2.2.24-MU treatment

Stocks of 25, 50 and 100 mMMU were prepared by adding 8.8385, 17.677 and 35.354 mg
of 4-MU powder respectively to 2 mL of DMSO. For details of the statimgs and duration
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of treatments please see chapter six. At the stage of intengsy,as wereemoved from their
chorionwith forceps(if necessaryand movednto a 24well plate 10 embryosn 1000 pL of
E3 each. For each of the groups another 500 pk added to the respective well with the

following:
- DMSO group: 485 pL of E3 + 15 pL DMSO
- 250 uM 4MU group: 485 pL of E3 + 1pL 4-MU (from 25 mM stock)
- 500 uM 4MU group: 485 uL of E3 + 1HL 4-MU (from 50 mM stock)
- 1000 puM 4MU group: 485 pL of E3 + 1pL 4-MU (from 100 mM stock)

During the 12hourtreatments, the 2#ell-plate was placed in a box with a wet tissue under
the plate to prevent evaporation of E3 from the wells. At the end of the treatményos were
removed from th&4-well plateand eihermovedinto a petri distwith E3 (@nd washed in E3

3 x 5 min, unless otherwise specifjgd take picture®r transferred to 4% PFA to perform

staining/immunofluorescence
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2.3 Staining and Immunohistochemistry

Table 2.2 List of antibodies and staining agents used.

Type of
antibody /

staining agent

Primary
Antibody

Primary

Antibody

Primary
Antibody

Secondary
Antibody

Secondary
Antibody

Toxin

Nanobody

Short

name

U Ecad

UPar 3

UMo u s
Alexa 647

URabb
Alexa 568

Phalloidin

GFR

booster

Product name

Purified Mouse AntE-
Cadherin

Anti-Partitioning
defective 3

Z0-1 Monoclonal
Antibody (ZOEX1A12)

Goatant-Mouse 1gG
(H+L) CrossAdsorbed
Secondary Antibody,
Alexa FIuoE 647

Donkey antiRabbit 1IgG
(H+L) Highly Cross
Adsorbed Secondary
Antibody, Alexa FIucE
568

Alexa Fluor® 488
Phalloidin #8878

ChromoTek GFRBooster

Alexa Fluor® 488

Isotype /
Host

Mouse
Il gG2a,

Rabbit 1gG

Mouse
IgG1

Mouse IgG
/ Goat

Rabbit 1gG
/ Donkey

-/ Alpaca

Dilution

1:200

1:100

1:100

1:200

1:200

1:100

1:400

Supplier

610182, BD
Biosciences

07-330,
Merck

339100,
Thermo
Fisher

Scientific

A21235,

Invitrogen

A10042,

Invitrogen

8878, Cell
Signalling
Technology

gb2AF488,

Chromotek
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In order to prevent skin pigmentation from developing in the embryos, at 24 hpf, the E3 medium
they were kept in was replaced by E3 witlo03% 21phenyl 2thiourea (PTU; 0.003%)
However, embryos from drug treatments were not treated with PTU. Atabes of interest,
embryos were dechorionatedth forcepsand fixed in 4% paraformaldehydBFA) for 2-4

hours at room temperaturexgept for40 hpf embryoswhich were kept in PFAvernight at

4°C).

Day 1
1 Rinse embryos once PBSTr (phosphatéuffered salindPBS), 1% Triton X-100).
1 Washin PBSTr 3x 5 minutes (min).

1 Blockin Blocking Solution (PBSI'r, 10% sheep/donkey seruawcording tahe

secondary antibodysed for 60 min.

1 Incubaé overnight at 4°Gwith gentle rocking)n Blocking Solutionwith 1% DMSO
and theprimary antibog chosen oncentrationgor each antibody are shown in Table
2.2).

Day 2
1 Washin PBSTr 3x 5 min
1 Wash again ilPBSTr 4 x 30 min

1 Incubate overnight at 4%@ith gentle rocking)n Blocking Solutiorwith 1% DMSO,
the appropriatsecondary antibodyand either Phalloidin or GHBooster

(concentrationsire shown in Table 2.2).
Day 3
1 Washin PBSTr 4 x 5min

1 Transfer to PBSvith 0.1% Triton %100 and kepat 4°Cuntil mounting.

Note: For eacltombination of primarnsecondary antibodies used, a control was performed in

which only the secondary antibody was added (no primary antibody added).
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2.4 Microscopy

2.4.1Light -sheet microscopy

The microscope used was a Zeiss Z1 lgjitet microscope with the fegare Zen (black

edition).

2.4.1.1Embryo mounting

Embryos were anaesthetised with &0 tricaine and dechorionatetdsing aZEISS Axio
Zoom.V16 microscopeembryos were screened for fluorescence. Dechorionated embryos were
transferred to 0.8% low melting poiagarose (in E3) and mounted in a glass capillary, which

was then placed into the microscope chamber filled with EDd& M tricaine.

2.4.1.2Data acquisition

Table 2.37 Acquisition settings for Light-sheet microscope.

Detection Optics W PlanApochromat 20x/1.0 UWIS_4909000084

Emission Selection CAM BS: SBS LP 580

EF1: BP 52565

EF2: LP 585
Laser Block Filter LBF 405/488/561
Laser Power 561 nm: 6.0%

488 nm:20.0%

Exposure time 99.9 ms
Light-sheet thickness 2.96 &m
Z-stack Continuous Drive
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Zoom 2.3

Track Single Track

Light Sheet Pivot On

Scaling X 0.225 &m
Y 0.225 &m
z 1.000 em

2.4.2Confocal microscopy- Nikon A1 Confocal Microscope

A Nikon Al Confocal Microscopevas used to image fixed samples in which staining or
immunohistochemistry had been performed.

2.4.2.1 Embryo mounting

Fixed embryos wergansferred to a petdish with PBS andissected to remove yolk and eyes
A small volume (206800 mL)of prewarmedl-1.5%Low Melting Point Agarosden PBS was
placed n the centre of a 35mm Wilco glagsttomed Petri dishthe dissected embryogere
transferred with a glass pipette into the agarosevandhted laterallwith their heads as close

to the batom of the dish as possible

2.4.2.2 Data acquisition

Image stacks were acquired by a Nikon A1 Confocal Microscope with a#l@Xjective

Table 2.47 Acquisition settings for Nikon A1 Confocal Microscope

Pixel Dwell 6.2
Pinhole 1.2
Size (pixels) 1024
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488 nm Laser HV (detector sensitivity) 7095

Offset -11
Laser power .3

647 nm Laser HV (detectorsensitivity) 100 110
Offset -11
Laser power 2.3.5

568 nm Laser HV (detector sensitivity) 90 95
Offset -11
Laser power 123

Z-step 1 &m

Zoom 1.681 2.18

Scan Direction One Direction

Scan Speed 0.125

2.4.3Confocal microscopy- ZEISS LSM 880 Airyscan Confocal Microscope

A ZEISS LSM 880 Airyscan Confocal Microscopas used for performing tirdepses of

transgenic embryos.

2.4.3.1 Embryo mounting

Embryos were anaesthetised with Bl tricaing dechorionatednd screened for fluorescence
using aZEISS Axio Zoom.V16 microscopé small volume &round300 ml) of 0.8% Low
Melting Point Agaroséin E3)was added in the centre of a 35riico glassbottomed Petri
dish. With a glass pipette fish were transferred into the agarose and mounted laitr afigir
heads touching the bottom of the digtiter agarose had settled, E3 with Tricaine (DJ9)

was added on top of it. The temperatwithin the imaging chamber was maintained abiZ3.
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2.4.3.2 Data acquisition

Table 2.57 Acquisition settings for ZEISS LSM 880 Airyscan Confocal Microscope

Objective LD LCI PlanrApochromat 40x/1.2 Imm Korr DIC M27

Beam Splitters MBS: MBS 488/561

MBS_InVis: Plate

DBS1: Plate
Laser Power Embryos 2 and 3 Embryo 4
561 nm: 7.0% 561 nm: 6.5%
488 nm: 6.5% 488 nm: 6.5%
Scaling X 0. 050 e&m X 0.099 &m
Y 0.050 &m Y 0.099 em
Z 1.000 &m Z 1.000 &m
Zoom 1.3 1.0
Acquisition Interval 30 minutes

2.4.4Stereomicroscopy

A ZEISS Axio Zoom.V16 microscopgether with a ZEN (blue edition) was used to image
embryos following drug treatments and to screen embryos for fluorescence.

50



2.5Image Analysis

2.5.1Manual segmentation

Data set: image-stacks of inner ears froifig(smad6lEGFP); Tg(XEF1A:H2B-RFP)double
trangienic embryos at different tim@ints acquired in the Zeiss Z1 ligslheet microscope.

Manual segmentation was performed in Fiji u
rendering of stacks and rotation videos were also generated in Fiji ugng h3 D Pr o ¢

function.

2.5.23D Cell shape analysis

Data set: imagez-stacks from timdapses of inner ears fronTg(smad6lEGFP);
Tg(XEF1A:H2B-RFP) double transgenic embryos acquired in @SS LSM 880 Airyscan

confocalmicroscopgexample in Figure 2.1A).

| selected image-stacksfor every hour of the timéapses whichwerethencropped to regions

of interest (ROI) in Zemlack. Fiji was used to convert these images into tiff files, to separate
the two channels, and to converetgreen channel (cell membrane) into mha fitesl|
segmentation was performed on the mha files using the segmentation software ACME

(Mosaliganti et al., 2012)ith the following parameters:

1. Radius of median filter for denoisin@ 3 pixels

2. Resamiing ratio (to isotropic voxel resolutiot1)4.0, 4.0, 02 - embryos 2 and 3
2.0, 2.0, 0.198 embryo 4

3. Neighbourhood size for membrane signal enhancement @lter

4. Neighbourhood size faensor voting1.0

5. Watershed segmentation thresh@d

* Choosexresize factor first, then calculateesize factorzresize factor =X pixel dimension/z

pixel dimension) X« resize factor
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After cell segmentation,used the opesource MATLAB-based softwar®rigami (Mendonca

et al., 2021)n order to assign epithelipblarity direction vectorandextract celshapdeatures
(Figure 2.1B and D). Thpolarity vectorwas chosen to matthe apicebasal axiof the inner

ear cells as this was a known feature (Figure 2:Jdpjcal cell surface lines the inside of the
otic vesicle(Haddon & Lewis, 1996)in the step where the software allows assigning groups,

| defined Group 1 as the cells belomgito the projection (those that come out of the plane of
the otic wall); and Group 2 as the surrounding cells (Figure 2.1C). At early stages, before
projection formation, | initially assigned all cells to Group 2 and later, after tracking some of
the cels belonging to the projections, | was able to relabel those as belonging to Group 1. At
the end of the pipeline, cell shape features were exported to an Excel file.

A D
Selecta cel cell stats

Structure PP |
Volume_um 194.5904
SurfaceArea.. 194.9678
Sphericity 0.8329
MeanCurvat... 0.0062
Longitudinal... 0.0547
Transversal... 1.6287
Shear 0.2440

Q Skewness 0.0618
Group Group 1

Basal

Selected cell

=
‘, . Apical
Group 1 :
Export

Figure 2.1 Origami pipeline applied toepithelial projection cells.

(A) Maximum intensity projection of a posterior projection as an example data set from Airyscan
confocal microscopy used for cell segmentation and cell shape feature extr&)rkRépresentative
pictures of different steps of tt@rigamipipeline. Assignment of polarity vectors and groups is shown

in B andC respectively. Group 1 (magenta) waed for projection cells and group 2 (cyan) was used

for surrounding cells.[j) Visualisation of cell shape features by selecting an individual cell.
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2.5.3Cell tracking

Data set: timdapse images of inner ears frohg(smad6lEGFP); TgXEF1A:H2B-RFP)
double tansgenic embryos acquired in @EISS LSM 880 Airyscawconfocalmicroscope

Each inner ear timapse wasropped to regions of interest (ROI) in Z@m order to reduce

file sizes and reduce processing timésg)vis wasthenused to perform a drift correction and

to manually track individual cell§.he drift correction was performed foandy axes in order

to keep the developing projection (mor@gaifically its base) in the same position, but not for
thezaxi s as | didndot have a reference point f
the 6Pl ace objectsd and the 6Track Editoro

and eyorted as Excel files.

2531Changing the position of the axesd origi

Data acquired in the Airyscan confocal microscope is automatically given a orientation in space
with the origin of the axes allocated to the bottom left corner of the image. This means that
some track features, like initial and final cell positions and displacement in x or y, were
presented in relation to that automatically
meaning, so thgaxis was manually redefined to start in thie epithelium where the initiating

cells appear (future base of the projection), and its direction was redefined to pass through the
tip of the projection (Figure 2.2). Thxeaxis was redefined, perpendicularly to the y axis, to be

on the plane of imagin@-igure 2.2), leaving theaxis to run perpendicularly to both tkand

y axis, running along the mediolateral body axis. All cell coordinates and displacement
measurements were adjusted accordingly following the fRoerigues formula (Figure 2.2)

(Dai, 2015; Gray & Kline, 1980)
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1 Define new Y axis using the two points defined as
L L ; New coordinate
projection base and projection tip. system
XK
2 Calculate 60 - rotation angle between the original
(Xovs Yoy, Zoy) and new (Xgy, Yry, Zry) ¥ Vectors/axes.

QY - original y vector FY —final y vector

8 =arccos (Xoy- Xey * Yov - Yry + Zoy - Zry)

Old coordinate &

(10YL; . IFYl,) arstn Dorsal
3 Calculate the values for a, b, c and d (parameters of the Anterior —I
rotation matrix. X l
a = cos -; c:k”sina;
0 5 For each tracked cell, multiply the old coordinates of their initial and
b= kg sin E; d=k,sin —. final positions by the rotation matrix. (Note: Here, the coordinate

system has been rotated but not placed in the new axes’ origin).
4 Calculate the rotation matrix.

Again, for each tracked cell, calculate the new initial and final

s 2 n 6
a4+ b - —d 2(bc — ad) 2(bd + ac) positions by subtracting the coordinates of the axes’ origin from
=/ c 2 g 2 2 o = R
z = 2(be + ad) @+ b —d 2(cd — ab) 2- each cell’s coordinates from step 5.
2(bd — ac) 2(cd + ab) a+d> - -

Figure 2.2 7 Step-by-step process to change the coordinate system to a biologically relevant

position.

Diagram of the steps taken to change the position of the coordysten based on the EulRRodrigues
formula(Dai, 2015; Gray & Kline, 1980)nd to adjust cell coordinates and displacement measurements

according to the new axes.

After obtaining the cell shape features and performing the cell tracking, for eattatelas
successfully tracked, | manually matched it with the respective shape measurements for each

time-point.

2.5.4Quantification of staining and immunofluorescence signal

Dataset: image-stacks of inner ears acquired in the Nikon Al confocal microscope.

To measure the antibolyainingsignal intensity | used Fiji. Az-slice where three cells of the
otic epithelium or the projection (once formeduld be seen in focus was choéeigure 2.3A)
and duplicated twic@~igure 2.3B) The second duplicate wasrverted to &it, inverted and
submitted through a threshold (making it bingfigure 2.3C) keeping the same threshold for
all pictures of the same experiment and same channel. The first dugficaiee 2.3B)was
multiplied by this last thresholdedcture (Figure 2.3C)Yo remove any background signal of
the original picture, obtaining a third image which was converted 4otl&igure 2.3D) In

this picture, and for each projection, a box was drawn over the apical half of three cells next to
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each ater(Figure 2.3E in redand over the basal half of the same géligure 2.3E in yellow)

The mean intensity and area of the box were measured. The mean intensity of the staining in
the apical and basal domains was multiplied byctireespondent box area to obtain a measure

of total signal (indirect measure of protein levels in that cell domain) and then the apical/basal

ratio was calculated.

| presented thapical/basal ratialata as a Log(10) of that ratio, which means that any dat
points above zero show that the protein is mostly localised on the apical half of the cell, whereas
if the data points are below zero, then the protein is mostly localised on the basal half (Figure

2.3F).

F

Log(10) Apc/Basal Ratio
of staining

£ & & & &
SOOI N SR
[N o¥ oY o
> L \57,% SV

Figure 2.3 1 Stepby-step methodology for staining/antibody signal quantification in the

projections of the semicircular canals.

(A, B) Representative-slice of a stack taken of the inner ear stained with Phalloidin in which the
posterior projection ig focus (inside yellow circle in A). Picture taken on the Nikon inverted confocal
microscope with a 40X oil immersion objective€)(Duplicated picture of B to which a threshold was
applied. D) Result picture of the multiplication of B by C (in orderémove background)E] Picture

of D with the apical half of three cells in the projection highlighted in red and the basal half of the same
cells highlighted in yellow. K) Schematic of a graph illustrating the type of results obtained

apical/basal rati of the staining per time point.
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2.5.5Measuring projection and embryo length

Projection length was measure in Zen for data acquired in the Airyscan confocal microscope,

and in Fiji for data acquired in th8EISS Axio Zoom.V16 microscopand the Nikon Al

confcc a | mi croscope. The 0 3easueihgdistance from théotic o o | W ¢
wall to the tipof the projection, on an optical section roughly midy through the structure

(white line in Figure 4.3A fronchapter four; and Figure 2.4A

Embryo length was measured in embryos used in drug treatment experiments using the
6Segmented | ined tool in Fiji. A Iine was dr a
the inner ear and continuing down along the arpasterior axis, finishingt the tail (Figure

2.4B).

L

Figure 2.47 Measuring projection and embryo length in Fiji.

(A) Picture of a zebrafish inner ear with anterior to the left and dorsal side to the top. Red line shows

howpr oj ection | ength was meas uB) Ridurewfsaiacrageb@fSh r ai g ht
embryo from a | ater al Vi ew. Red | ine shows how er
lined tool in Fiji. B ot h Ayo Zodamwi6Gestereoscepe avitha 6QXu i r e d |

zoom @A) and a 7X zoomR).
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All other postacquisition processing of raw files was carried out in &iijiin Zen (black
edition) brightness adjustments, croppiB@ rendering and videos.

2.6 Statistical Analysis

All statistical analysis and data presentation were performed in GraphPad Prism 9. The
D6Agostino and Pearson normality test was |
(except when sample size was not large enough, in which case a SNdkaodestwas used).

Statistical tests performed are specified in the respective figure legends.
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CHAPTER 3

Origami: Single-Cell 3D Shape Dynamics Oriented
Along The Apico-Basal Axis Of Folding Epithelia

From Fluorescence Microscopy Data

3.1 Introduction

Advances in biologial imaging toolsand particularly in fluorescence microscopye making

a great impact on the imaging quality of developing complex multicellular organisms at single
cell resolution(Keller et al.,, 2008) As a result, scientists have been able to visualise
morphogenetic processes in detail which has been artiabtaol to help develop mechanistic
models of morphogenesibhis has been accompanieddyyincreasingieed of computational
image analysisools in ordeto make sense of all the data colledflkut et al., 2013)

3.1.1Imaging the zebrafish inner ear

The zebrafish embryo, as mentioned before, is optically clear which is extremely useful for
imaging. With the aid of tools that generate fluorescent embryos, and the improvement of
fluorescence microscopy techniques, it has been possible to watch orgaimgeadetter

than ever(Bryan et al., 2020; Hartmann et al., 2020; Mosaliganti et al., 2019; Taylor et al.,
2019) In this section | will focus on the microscopy techniques most relevant to my project.

Light-sheet fluorescence microscopy has beenessfally used to obtain images and perform
time-lapses of the zebrafish inner ¢Ayballa et al., 2017; Swinburne et al., 2018yht-sheet
fluorescence microscopy allowsigh-speed live imaging of a variety of specimens with
medium to high resolutiomnd for extended periods time (Adams et al., 2015; Kaufmann et
al., 2012; Taylor et al., 2019As it illuminates the sample orthogonally tlee detection
objective only with a thin planar sheet of light, it minimizes the exposure of the sampée to th
light. As a resultthe damage (photobleaching and phototoxicity) inflicted to the sample is quite
low (Adams et al., 2015romparedwith other types of microscopysuch asconfocal

microscopy forinstance This allows imaging of live samples for longeriods of time.
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However, in order to be fast, it slightly compromises the resolutigparticular in thicker and
deeper tissues. For this reason, this type of microscopy is most often used to image whole
developing organisms or entire organs/struct(iketler et al., 2008; Tomer et al., 201Dut

not so much for studies at the cellular or subcellular level.

Confocal laser scanning microscopy, in turn, is much more useful for cellular and subcellular
imaging studies, and is commonly used for imagirgd samples (and, in a few cases for live
imaging)(Baldera et al., 2023; Gunawan et al., 2019; Swinburne et al.,.ZlH1i8)s due to its

ability to produce a point source of light and eliminateaftfiocus light, which creates high
resolution imagesand to generate very thin optical sections of biological samples, which allows
3D reconstruction of the sample (reviewedHitliott, 2020). The main disadvantage of this
microscopy technique is the phototoxicity and the low speed. Improvements on the technology
of the confocal microscope keep being developed and the Airyscan microscope is an example
of that. It offers greater sensitivity,d@as a result, it generates images with very high resolution
and better speed than a standard laser scanning confocal micr@dadipe2015; Wu and
Hammer, 2021)As in all techniques, there are some disadvantages to the Airyscan confocal
microscope, with include phototoxicity and longer processing time (due to higher quantity of

data collected).

For the work presented in this chapter, | chose to image the zebrafish inner ear using the Light
sheet fluorescence microscope. The aim of this work waevelop a pipeline to extract a
variety of cell shape metrics in tissues with high levels of curvature so that, later, | would have
the ability to analyse cell shape changes in the inner ear during formation of the projections of
the semicircular canalsThe advantages of using the Ligditeet microscope were that three to

five embryos could be imaged at a time, for each stage of interest, and therefore | could obtain
a good overview of the epithelial projection development and build up a robust dataserin

to validate the cell shape analysis pipeline.

3.1.2Cell segmentation

During events of epithelium folding, as descrili@dhapter ongecell shape changes are almost
inevitable. An accurate and robust delineation of individual cells through cell segjorenta
tools is necessary tuantifythose cell shape changasdto further understantissue folding
mechanisms, including thopeesenin the inner ea(Swinburne et al., 2018peveral studies

on Drosophilaand zebrafish morphogenesiave shown howanalysing cell shape changes as
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well as tracking them can help to understand the genetic and behavioural mechanisms driving
the different tissue shape changbtost of thesestudies and techniques that unravel the
mechanics under shape acquisition by epighlayers are limited to two dimensiofMerks et

al., 2018; Sanche€orrales et al., 2018but recently there has beaifewstudies venturing on

the threedimensional worldHartmann et al., 2020; Khan et al., 2014; Swinburne et al., 2018)
Both manual and automated segmentation methods have been used in this field, and types of

automated methods will be briefly covered in the manuscript presented in this chapter.

3.1.3Challenges of imaging and segmentinthe developing zebrafish inner

ear

Finding theright imaging technique that offers sufficient resolution to allow detecting shape
changes at the cellular level during tissue folding events has been a challenge, and the formation
of the epithelial projections of the semicircular canals are no exceptimis partially due to

the convoluted structure of the inner ear that results from the epithelial projections growing into
its lumen, ending up deeper into the tissue as the ear grows. As a result, the fluorescent signal
in these structures becomesdwaarto detect. In addition, there is the challenge of finding the
microscopy technique that offers the right balance between high resolution, a high speed of

acquisition and low levels of phototoxicity and photobleaching.

When it comes to segmenting celisthe zebrafish inner ear there is the challenge of cells in
the dorsal half being very squamous. This means that they appear very thin in the acquired
images and as a result, membrhased cell segmentation tools perform podryaddition,

there is dack of image analysis tools for curved and curving epithelia (covered in more detail
in the manuscript presented in this chapter). As a result, cell segmentation in this field is often
limited to two dimensions, as mentioned before, and in some casgedormed manually
(Bryan et al., 2016; Gutzman et al., 2018pnual cell segmentation can be quite accurate and
very useful for gaining familiarity with the system being studied (I benefited from this myself

T see Figure 1.7), or to train certainl@lape analysis tools based on deep leari@ag et al.,

2020; Stringer et al., 2021 owever, manual segmentation alone is highly tcmesuming,

drastically bringing down the number of samples one can realistically analyse.

The ultimate dream for & developmental biology and medical communities is that
standardised, publicly available, adaptable and automated image analysis tools, such as
segmentation and tracking tools, would be developed to allow us to quantitatively and
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comparatively analyse dagad extract the most information possible in a fast, precise, efficient

and meaningful manner.

Figure 3.1 - Example of manual segmentation of an epithelial projection of the zebrafish inner

ear.

(A-B) Anterior projection ofTg(smad6b:EGFP); Tg( XxEF1A:H2BFP) double transgenic embryos.
Images acquired in the Zeiss Z1 Ligiiteet microscope at 50.5 hours post fertilisation (hpf). Lateral
views of the structure are shown. A singiglice is shown iA-A &Gnd a maximum intensity projection
from az-stack is shown iB. (C-D) Manually segmented cells from dataArB are shown in these
images. This was performed in Fiji (see methods 2.5.1 for details). A gistié= is shown irC-C 6

and a threelimensonal projection of the segmentedtack is shown iiD.
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3.1.4Choosing shape metrics that are relevant to study epithelial folding in

the inner ear

With the advance of image analysis techniques comes the possibility of extracting a vast amount
of information fran the data acquired, as well as the opportunity to ask more and more
guestions from a single data set. In response to this, we ought to consider which information
we want to extract in order to address the questions we are investigating in an efficiset man

to avoid creating a bank of unused information that can present storage challenges.

As explained in sections 1.1.3 and 1.3.1, events of tissue folding are associated with cell shape
changes, the most common being apical or basal constriction, apliaalrexpansion, and
elongation of the apiebasal axis. For this reason, | wanted to make sure the right tools to
capture these particular changes in cell morphology were included in the cell shape analysis
pipeline we developed and present in the manpisincluded in this chaptér Origami. The
columnar and squamous aspect of cells was captured by a combination of measuring the
longitudinal and transversal spread. The first being the spread of the three dimensional cell mass
along the apicdnasal axisand the latter being the spread of that mass along the other two
perpendicular axes (Figure 3.2). The asymmetry between the apical and basal domains (cell
skewness) was captured by measuring the asymmetry of the three dimensional cell mass
between the apal and basal halves of the cell (Figure 3.2). More information on these cell

shape metrics and others used in the pipeline can be found in the manuscript presented in this

chapter.
A Longitudinal Spread B
Apical Apical
Basal / |' Basal
C Skewness
Apical

Basal

Figure 3.27 Some of the cell shape measurements used to investigate changes in cell morphology

during otic tissue folding.
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(A) Longitudinal spread is the cell mass along the apasal axis marked by the green arrows. Higher
values oflongitudinal spread suggest a columnar cell (on the left), whereas lower ones suggest a
squamous cell (on the rightB) Transversal spread is the cell mass along the two axes perpendicular

to the apicebasal axis, marked by the yellow arrows. Higheugalof transversal spread suggest a
squamous cell (on the left), whereas lower ones suggest a columnar cell (on thedjgBkgwness is

the asymmetry of cell mass between the apical and basal halves of the cell. Positive values of skewness
suggest a saller apical half of the cell (blue arrow on the left), whereas negative ones suggest a smaller

basal half (blue arrow on the right).
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3.2 Manuscript

Declaration of content and author contribution:

This chapter is a published manuscript that contains collaborative work of two teams supervised
by Prof. Tanya T. Whitfield and Prof. Alejandro F. Frangi. | have decided to include this
manuscript in this thesis for two reasons. First, this study addrémse®ed for cell shape
analysis tools that are able to extract directianant 3D cell shape metrics of epithelia with

high levels of curvature. Second, | am aazahor in this manuscript and have contributed with
significant work. This includes acqing all the lightsheet microscopy data (inner ear image
z-stacks) used to validate the pipeline, acquiring the airyscan confocal microscopy data
displayed in Figure 1, writing the methods for this experimental work, testing the finalised
pipeline in diferent datasets to screen for errors (bugs), reviewing and editing. Contributions

from all authors are as follows:

Conceptualization: Sarah Baxendale, Tanya T. Whitfield, Alejandro F. Frangi.
Data curation: Tania Mendonca, Ana A. Jones, Sarah Baxendglendyie F. Frangi.
Formal analysis: Tania Mendonca.

Funding acquisition: Sarah Baxendale, Tanya T. Whitfield, Alejandro F. Frangi.
Investigation: Sarah Baxendale, Tanya T. Whitfield, Alejandro F. Frangi.

Methodology: Tania Mendonca, Ana A. Jones, Jose MoP8arah Baxendale, Tanya T.
Whitfield, Alejandro F. Frangi.

Project administration: Tania Mendonca, Sarah Baxendale, Tanya T. Whitfield, Alejandro F.

Frangi.

Resources: Sarah Baxendale, Tanya T. Whitfield, Alejandro F. Frangi.
Software: Tania Mendoncagske M. Pozo.

Supervision: Tanya T. Whitfield, Alejandro F. Frangi.

Validation: Tania Mendonca, Jose M. Pozo.

Visualization: Tania Mendonca.

Writing T original draft: Tania Mendonca.

Writing T review & editing: Tania Mendonca, Ana A. Jones, Jose M. Pozah$axendale,
Tanya T. Whitfield, Alejandro F. Frangi.

64



This is aPLOS Computational Biologyoftware paper.

Citation: Mendonca T, Jones AA, Pozo JM, Baxendale S, Whitfield TT, Frangi AF (2021)
Origami: Singlecell 3D shape dynamics oriented along the@piasal axis of folding epithelia
from fluorescence microscopy data. PLoS Comput Biol 17(11): e1009063.
https://doi.org/10.1371/journal.pcbi.1009063

Editor: Dina SchneidmasDuhovny, Hebrew University of Jerusalem, ISRAEL
Received:May 5, 2021 Accepted: October 13, 2021Published: November 1, 2021

Copyright: © 2021 Mendonca et al. This is an open access article distributed under the terms
of theCreative Commons Attribution Licens&hich permits unrestricted use, distribution, and

reproduction in any medium, provided the original author and source are credited.

Data Availability: Code can be found on GitHubttps://github.com/cistib/origanidata can
be found on FigSharéttps://doi.org/10.6084/m9.figshare.14531421.v1

Funding: Work was supported by a Biotechnology and Biological Sciences Research Council
(BBSRC;https://bbsrc.ukri.org/ project grant to TTW, SB and AFF (BB/M01021X/1).

Imaging was caied out in the Wolfson Light Microscopy Facility at the University of

Sheffield, supported by a Biotechnology and Biological Sciences Research Council BBSRC
ALERT14 award to TTW and SB for ligigheet microscopy (BB/M012522/1). AAJ was
funded by a Doctal Training Award from the Biotechnology and Biological Sciences
Research Council BBSRC White Rose Doctoral Training Partnership in Mechanistic Biology
(BB/M011151/1). AFF is supported by the Royal Academy of Engineering Chair in Emerging
Technologies Scime (CIET181%819) and the MedlAN Network (EP/N026993/1) funded by
the Engineering and Physical Sciences Research Council (EP8PEC//epsrc.ukri.ory/ The

funders had no role intigdy design, data collection and analysis, decision to publish, or

preparation of the manuscript.

Competing interests: The authors have declared that no competing interests exist.

65


https://doi.org/10.1371/journal.pcbi.1009063
http://creativecommons.org/licenses/by/4.0/
https://github.com/cistib/origami
https://doi.org/10.6084/m9.figshare.14531421.v1
https://bbsrc.ukri.org/
https://epsrc.ukri.org/

Origami: Single-cell 3D shape dynamics oriented along the apidmasal axis

of folding epithelia from fluorescence microscopy data

Tania Mendonce?™, Ana A. Jone§ Jose M. PoZ@, Sarah BaxendageTanya T. Whitfield
and Alejandro F. Franfi

1 Centre for Computational Imaging and Simulation Technologi®idgmedicine (CISTIB),

Department of Electronic and Electrical Engineering, University of Sheffield, Sheffield, UK

2Department of Biomedical Science, Bateson Centre and Neuroscience Institute, University of

Sheffield, Sheffield, UK

3 Centre forComputational Imaging and Simulation Technologies in Biomedicine (CISTIB),

School of Computing and School of Medicine, University of Leeds, Leeds, UK.

4Medical Imaging Research Center (MIRC), University Hospital Gasthuisberg, Cardiovascular

Sciences andIEctrical Engineering Departments, KU Leuven, Belgium

# Current Address: Optics and Photonics Research Group, Department of Electrical and

Electronic Engineering, University of Nottingham, Nottingham, UK

*Corresponding Authors

Email: A.Frangi@leeds.ac.uK ania.Mendonca@nottingham.ac.uk

Abstract:

A common feature of morphogenesis is the fationof threedimensional structures from the
folding of two-dimensional epitheliadheets, aided by cell shape changes at the celibwvier.
Changes in cell shape must be studied in the context gfaelised biomechanical processes
within theepithdial sheet. Irepithelia with highly curved surfaces, finding singkl
alignmentalong a biological axis can be difficult amtomaten silico. We pr esent
a MATLAB-based image analysmpelineto compute directioivariant cell shape featse
along the epithelial apiebasal axis. Our automated method accurately computed direction

vectors denoting the apidmasal axis in regions with opposing curvature in synthetic epithelia
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and fluorescence images of zebrafish embryos. As proof of coneejatentified different cell
shape signatures in the developing zebrafish inner ear, where the epithelium deforms in opposite
orientations to form different structures. Origami is designed to bdniesedly and is generally

applicable to fluorescence imegyof curved epithelia.

Author Summary:

During embryonic development, twbmensional epithelial sheets bend and fold into complex
threedimensional structures like paper in the origami art form. The genetic and
biomechanical processes driving epithdiading can be polarised in the epithelium, leading

to asymmetric shape changes at the single cell level. Defects in such epithelial shaping have
been linked to many developmental anomalies and diseases. It is, therefore, important not only
to quantify $ilape change at the single cell level, but also to orientate these asymmetrical
changes along an epithelial axis of polarity when studying morphogenetic processes. Origami
is a MATLAB-based software that has been developed to automatically extract slettsing
asymmetrical shape features along the epithelial amasal axis from fluorescence microscopy
images of folding epithelia. Origami provides a solution to computing directional vectors along
the epithelial apicdbasal axis followed by extractingrdctionvariant shape features of each
segmented cell. It is generally applicable to epithelial structures regardless of complexity or
direction of folding and is robust to imaging conditions. As proof of concept, Origami
successfully differentiated betwedifferent cell shape signatures in highly curved structures

at different developmental timepoints in the zebrafish inner ear.

Introduction

Complex morphologies across taxa and tissue types are generated through the deformation of
epithelial sheetfli 3]. In the embryo, mangleveloping epithelia form highly curved surfaces.
Epithelial folding processes are driven by polarised mechanical forces and involve three
dimensional changes in shape at the cellular l[g8]. Fluorescence imaging techniques have
made it possible to follow such shape changes at cellular resolatiomg and in reatime [61

8]. These imaging advances has@sequentlydriven the development of tools to quantify

epithelial dynamics, especially cell shape changes.
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Many image analysis tools measuring cell shape change have been limiteetltmemsional

[9112] or quasi3D fluorescence microscopy ddiB]. Extending these measurements to 3D
has been aidetly the development ahembranebased 3D segmentation methods such as
ACME [14], RACE [15], 3DMMS [16], CelProfiler 3.0 [17], and more recently, deep
learningbased methodEL8i 21]. Some image analysis tools, such as CellProfiler[B7(,
MorphoGraphX[22] and ShapeMetric$23], provide pipelines to compute direction invariant

cell shape features. However, finding the position ofseDmented cells along biologically
relevant axes to quantify directionally variant shape features is still a challenging problem that

has so far nadeen a generalised solution.

Solving the orientation of individual cells relative to the known overall polarity of the epithelial
sheet is critical, as ceflolarised biomechanical processes drive cell shape changes; constriction
or expansion can occuraalg either the apic§l4,25]or baselateral[26] cell surfaces andan

be detected by any skew in mass distribution within a cell along an-lagsed axis of
symmetry. Epithelial folding may be initiated or influenced by cell proliferation, cell death,
cytoskeletal remodelling, @hanges in cell surface propert|@3,28] These mechanisms can
lead to changes in cell shape features, includindghegdht and width, volume, surface area and

sphericity.

Cell orientation or polarity can be defined along the plane of the epithelium (planar cell polarity)
or perpendicular to the epithelial plane, along the apasal axis of the cell. Existing
automaed methods for assigning polarity to segmented cells often rely on additional
biochemical markers for polarif29i 31]. Including such additional markers fimorescence
imaging experiments increases the time taken to generate each image, potentially leading to
phototoxicity, and the resulting larger volume of image data makes analysis computationally
expensiveMoreover, producinghe required animals carngnmultiple transgenes for live
imaging can be chiéenging and costly. Some image analysis methods compute direction
vectors for individual cells by drawing normal vectors to polynomial functions, often
ellipsoids, used to estimate the surface of the spaod for example, entire embry§%5] or
blastoderm¢$32] undergoing morphogenesis. These methods are specific to the geometry of the
specimen and are unsuitable for analysing complex foldedagiesl at advanced morphologic

developmental stages. A third method uses known features of cell shape to assign cell
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orientation, for example by applying principal component analysis (PCA) to compute the apico
basal axis in columnar cells in EDGE4&3] and the anterieposterior axis in zebrafish lateral

line primordia usindandmarkbased geometric morphometri&l], or orienting cells along

their long axis in the zebrafish optic cup as in LongA34. These strategies will be applicable
only if a dominant cell shape feature, for example cell height/width ratio, is known and remains
unchanged over space and time.

We introduce a new automated and esyse tool, Origami, for extracting directiwariant

shape features along the aplzasal axis by reconstructing the epithelial surface using a
triangular mesh (Fig 1). Origami appliesa wide range of geometries of specimens undergoing
morphogenesis and automatically extracts direction vectors for individual cells aligned to the
apicobasal axis of the epithelial sheet without requiring additional labels for polarity.
Directionvariant shape features are calculated by computing the geometric moments for the
volume enclosed by the polygon representation of each segmentggbralVe showcase the
versatility of our method using data from an assortment of structures at a range of

developmental stages within the otic vesicle (developing inner ear) of zebrafish embryos.

Design andimplementation

The Origami pipeline is preceded by a membshaged segmentation step. For this, we
employed the opesource ACME segmentation softwaf#4]. The segmented data are
subjected to two main operations within Origami; epithelial polarity direction vector

assignment (Fig 1b) and extraction of shape features (Fig 1c).

Assigning polarity direction to individual cells

To compte directionallyvariant cell shape features, such as skewness (asymmetry in cell
mass), and longitudinal and transversal spread, the positioning of segmented cells must be
found in 3D space along a biologically relevant dxige chose the known apidzasl axis of

the cell. The folding epithelium was reconstrudtedilicoa s a t hiiamopéncurface t 0
mesh that triangulates the centroids of the segmented cells in 3D space using the Crust
algorithm[36,37](Fig 1b). The Crust method computes a surface mesh from unorganised points

i cell centroids in our case, using the Voronoi diagram of the cell centroids.
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Following this, our automated method corrects imperfections in the estimétsrksunesh that

can cause errors in the resulting direction vectors. The mesh is refined by removing duplications
(in vertices or triangular faces computed) and any-is@fsecting triangular faces. Non
manifold edgesthat is, those edgebared by moréhan two triangular faces, aremeshed as

a manifold mesh using the balivoting algorithm[38,39]

The triangular faces of the refined mesh are ordered, and so by applying tHearnightule

when generating noral vectors to the surface mesh, these vectors all point to the same side of
the mesh representation of the epithelial surface (Fig 1b). At this point, there are still two
possible opposing orientations for each computed védtaring the apical or thedsal face of

the epithelium, with a difference only in sign. In the developing zebrafish otic vesicle, the
apical surface of the epithelium faces the fiiiied lumen of the vesicl§,8,40] We used this

prior knowledge to inform the orientation of tlectors by setting the value of a binary
orientatond et er mi ni ng parameter to 060ind so that
on the side of the curved surface mesh that corresponds to the apical (lumenal) side of the
epithelium at each cell. Véim a structure folds in opposing orientation, such as in the synthetic
data generated for this study, 0ind sets t

convergent point, in our case determined by the curvature of the whole synthetikuepithe

Undersegmentation can cause missing regions or unwanted holes in the triangular mesh,
introducing errors when ordering the triangular faces. Our pipeline attempts to repair these holes
by detecting and then remeshing them where possible. Holes, deltected, are flagged as a
warning to users about potential errors in the output. Normal vectors to the reconstructed
surface represent the apibasal axis of the epithelium and are generated for each segmented

cell at their centroid position (Fig 1bdu).
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Endolymphatic sac ; Posterior Projection

...........................................................

APICAL

Skewness -0.220 0.003 0.216
Transversal Spread 0.163 0.151 0.257
Longitudinal Spread 0.075 0.057 0.032
Sphericity 0.824 0.815 0.749
Surface Area (um?) 220.77 202.9 31253

Fig 1: Origami Image Analysis Pipeline a. Airyscan confocal fluorescence micrograph (maximum
intensity projection (MIP) of 35-glices) of the developing zebrafish otic vesicle at 51.5 hours post
fertilisation. Red boxX anterior projection; yell box i endolymphatic sac; cyan bdxposterior
projection. The ROIs are expanded alongsittlep row MIPs, and bottom row single slices. Scale bars:

20 um. Blue arrows mark the direction of apicobasal polarity (pointing towards the apical side). b.
Polarty assignment on segmented data; ROI surrounding the anterior projection was segmented (here
overlaid on the MIP) using ACME, centroids were generated for each segmented cell and a triangular
surface mesh was produced from these centroids. Normal velohoesafrows) to this surface mesh

represent the apidoasal axis. c. Cell shape features were computed concerning the assignéasalico
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axis; here, three example cells are highlighted, alongside a 3D rendering showing their position in the

anterior progction and the corresponding shape metrics in a table.

Computing shape features using 3D geometric moments

The shape of an object can be characterised using central geometric njddije@sometric
moments are widely used in object recognition and classification propl@@ds] since they

(i) are simple to compute, (ii) organise features in orders of increasing detail, and (bg can
extended te dimensions. Each momei@ , is defined by the integral over the object (in our

case, each segmented cell), of the Cartesian coordinates mooosnial, wherei, j, kO 0 ,

with the origin of coordinates at the centroid.

In our analysis pipeline, 3Beometric moments were computed using the algorithm introduced
in [35]. Thedefining continuous integrals are exactly computgthin thetriangular surface
meshgenerated for each individus¢gmented celbplit into a sum:

O | Q@ OOd Qb p

where eaclietrahedron Jis defined by a triangle in the surface mesh and the origin (cell

centroid). The determinant gives the oriented volume of this tetrahedron,

NI
WEa—-—W W W8 C
Pa a «a

Considering its sign, the determinant allows the algorithrbetaapplied to shapes of any
complexity and topologyThe integral in each¢lis given by a closed formula involving only
the Cartesian coordinates of the triangular vertices.

The geometric moments of low orders have simple, intuitive interpretationzefdfeorder
moment’O provides the volume of the object, here an individual cell. For central moments,

the first order moments are trivially nul® O O 1. The secongrder moments
correspond to the spread (covariance tensfaie distribution. Sothe projection of the mass
of each cell along the corresponding polarity

0l ongitudinaldbps8al(albang )t mhedapitcansversally'’
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allowed ugo identify if cells were more or less columnar (tall cells) or squamous (flat cells) in
shape. Thethird r der moments represent Oskewness?o,
In our pipeline, skewness was measured along the polarity direction vether apicebasal
direction, with positive skewness values indicating apical cell constriction and/or basal
relaxation and negative values indicating basal cell constriction and/or apical expansion.
value of zero indicated no skew. Additionallige sphecity of each cell was computed as the
ratio of the cell surface area to the surface area of a spheréheghme volume as the cell

[44], from O for a highly irregularhshaped cell to 1 for a perfect sphere.

Results

Evaluation of Computed Cell Polarity Direction Vector

To evaluate the conyped direction vectors denoting cell polarity, we generated 3D synthetic
data representing curved, folding epithelia with varying degrees of curvature and height of
folded peak in two opposing orientations (S2 Text and Fig 2a). To reflesvodal in vivo
fluorescence imaging conditions, these synthetic data were corrupted with three incremental
levels of Gaussian and Poisson noise (S2 Text and Fig 2a). Using the synthetic dsfzeswo

of error in computed polarity direction vectors were assessedn(@jientation flipping error,
measured as the percentage of polarity vectors with an opposing orientation (opposite sign) to
the polarity ground truth (S2 Text), and (2) direction accuracy, measured as the mean deviation
angle between the polarity vectgeoduced by Origami, correctly oriented, and the polarity

ground truth.

Of the two aspects of surface geometry analysed, height of folded peak (in two opposing
directions), did not contribute significantly to orientation flipping errors (Linear Regregsion;

= 0.86,R? = -0.04). However, a larger radius of curvature of epitinel(a flatter epithelial
sheet), did correlate with orientation flipping errérsalbeit with a small effect of 0.08%
increase for every 1 um (5 pixels) increase in radius of curvature (Linear Regression; p = 0.042
, R2=0.12, effect), and a lower qualiof segmentation output from ACME (Linear Regression

p < 0.001,R?= 0.46; Fig 2b) computed as a Dice score. This meant a 0.2% reduction in Dice
score for every 1 um (5 pixels) increase in the radius of curvature. This correlation may be
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attributed to theeduced ability of ACME to segment flat, squamous cells in an epithelium
oriented mostly along the lateral (XY) plane in data with anisotropic voxel resolution (here
modelled using an anisotropic point spread function (PSF)). We found a correlationrbetwee

noise applied to the synthetic images and errors in both polarity orientation flipping (ANOVA:

pa 0.001; Tukeyo6s contrasts showed 11.3% incr
with the lowest noise level appliéd = 0.0039) and segmentationtput (ANOVA:p < 0.01;
Tukeyds contrasts showed 16. 3% reduction in D
noise level applied p = 0.0045). Segmentation qualiiy turn,influenced polarity orientation

flipping, with errors below 1.5% at Be scores above 0.8, but increasing with further decrease

in Dice scores (Polynomial Regression; fiostler:p < 0.001, Effect size =28.78; second

order:p < 0.01, Effect size = 16.26; Fig 2c). Comparisons of margilablesegmentation

algorithms whervalidating with fluorescent images from néwided structures such as early

stage nematode embry[ds®] or plant rootd18] have been shown to give Dice scores above

80%, suggesting a good performance under real experimental conditions.

Quantitative direction accuracy was evaluated in the synthetic data, for which, in contrast to
datafrom real fluorescence images, a reliable ground truth could be generated from the known
underlying surface functions. Compared to the polarity ground truth data, an overall offset of
10.6°+ 15.5° (mean % stdjvas measured from our entire synthetic dettadust as for the
polarity orientation flipping error, height of folded peak did not influence polarity direction
accuracy (Linear Regressign:= 0.39,R? =-0.01), but there was a small effect of curvature of

the epithelium with an additional 0.06° sét for every 1 um (5 pixels) increase in radius of
curvature of the epithelium (Linear Regressiprs 0.005,R? = 0.24). At the highest level of
noise applied, errors in polarity orientation had a 6.6° greater offset than at the lowest noise
l evel applied pgF0008.yTheae wao alsb a aegatige; linear effect of
segmentation quality with a 2.9° sé#ft predicted for every 10% reduction in Dice score (Linear
Regressionp < 0.0001,R? = 0.53; Fig 2c).
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Fig 2: Assessment of polarity assignmenta. Surface meshes of synthetic epithelia for validating the

Origami analysis pipeline. Alongside, 3D reridgrof one of the synthetic epithelia (top) and a single

2D slice through it (bottom). Each image volume was corrupted with three levels of noise. b. The
relationship between surface geometry/ noise and segmentation quality. Error bars representrithe standa

devi

radius of curvature of 200 um (1000 pixels) compared to that at 106 um (530 pigets).0004, Dice

at

on.

Tukeyos

pairwise

compar.i

sons
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t h

score at largest noise level compared to tinesdi p = 0.0045. c. Effect of segmentation quality on

errors in orientation flipping (left) and direction offset in the computed polarity vectors (error bars in
grey represent standard deviation). Dashed lines represent quadratic and linear fitedspaatavely.

d. Probability density of errors in polarity direction in real fluorescence data from zebrafish embryos.
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Each dot represents the percentage error from a 3D segmented volume (n = 27; total of 949 segmented

cells across all the images). The daghine shows the mean error in the dataset (<4%). e. Sensitivity of

cell shape metrics to errors in polarity orientation. Data points in the graphs are depicted with the same
colour as the corresponding synt h eswitksigaifiedntl al ong:
values depicted with asterisks; Longitudinal spread:f@= 0.039, 43 p < 0.0001, B p < 0.0001;

Transversal Spread:2p < 0.0001, B p < 0.0001, B p < 0.0001; Skewness:2lp < 0.0001, B p <

0.0001, 23 p < 0.0001.

We furthe tested the effect of such errors in direction accuracy on the dire@i@nt shape
metrics computed by applying directional no&eavith a mean equal to the measured mean
error above to polarity vectors of three example cells showing extreme shapgdgdrom

the synthetic dataset and computed direetianant shape metrics for each new displaced
polarity vector i = 50; Fig 2e). The resulting computed shape metrics couldstilessfully
differentiate between the three cells, showing that doectaccuracy errors (excluding
orientation flipping errors) should natlversely affedhe shape metrics computed. On the other
hand, orientation flipping errors will affect shape metrics, but as shown above, these errors are
predicted to be small for a Wesegmented image volume and can be easily identified by visual

inspection and corrected if needed using the Origami pipeline.

Additionally, orientation flipping errors were quantified from real ligiteet fluorescence
microscopy data from structurestire developing zebrafish otic vesicle (Figs 1 and 3). For this,
cells assigned the wrong orientation along the apasal axisi that is, facing the basal surface
instead of the apical surface, and were identified by visual assessment in the Origéna,pip
showing errors in 3.65% of= 949 cells analysed (Fig 2d).

Proof of Principle: Insights Into Cell Shape Dynamics During Epithelial
Morphogenesis Within The Zebrafish Inner Ear

To further validate our method, we used Origami to characterisehegie slynamics involved

in the formation of different structures in the otic vesicle of the zebrafish embryo (Figs 1 and

3). We analysed lighgheet fluorescence image data from the anterior epithelial projection (AP)

for the developing semicircular cangkstem, together with the endolymphatic sac (ES), at three
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developmental time points: 42.5 hours post fertilisation (hpf) (time point 1), 44.5 hpf (time
point 2) and 50.5 hpf (time point 3), using three different fish for each time point. We also
analysed e posterior epithelial projection (PP), a similar structure to the AP, but which
develops latef40], at developmentally equivalent time points to that efAlR (46.5 hpf, 50.5

hpf and 60.5 hpf). The AP and PP are finlijjgz projections of the epithelium that move into

the lumen of the vesicle, with the apical side of the cell on the outside of the curved projection
surfacg40]. By contrast, the ES forms as an invagination from dorsal otic epithelium, with the
constricted apical surfaces of the cells lining the narrow lumen of the resultant short duct
[8,45,46] As the ES is formed through deformation of the epithelial sheet with oppogarity

to that of the epithelial projections, we expect cells in the ES and the projections to show
significant differences in cell shape. Conversely, we do not expect significant differences in

cell shape between the AP and PP cells, which form alguit/structures in the developing ear.

For each structure, the following shape attributes were computed at thecgih{geel: surface

area, sphericity, longitudinal spread, transversal spread and skewness. Since volume and
surface area show high dokarity within our data (Pearson correlation coefficient = 0.98, 95%
confidence intervals = [0.977, 0.984]), cell volume was excluded from further analysis.
Although images included cells in the rfwiding epithelium around the developing structures

of interest, only cells from the folding epithelium were analysed. A multivariate analysis
({MANOVA.RM} package [47] in R [v 4.00]) of the dependence of cell shape attributes on

the epithelial structure from which they are derived at different time points showed a significant
difference between the three structures at the first two developmental timestyéaddatistic;

p = 0.035 (resampled = 0.001) at time point 1 arpl< 0.001 (resamplefd < 0.001) at time

point 2) but not at the final time point analysed=(0.706 (resamplep = 0.038)) for all shape
attributes. Poshoc Tukey6s contr ast enddlymghatic sa¢ shawedt h at
significantly different shape dynamics from those of cells in both projections (&Sp =

0.006, PR ESp=10.012 at time point 1; ESAP p=0.0002, PR ESp = 0.0002 at time point
2butES APp=0.192, PRESp=0.116 atime point 3). There was no significant difference

in the cell shape signature between cell s
contrasts; PPAP p = 0.997 at time point 1; PPAP p = 0.999 at time point 2 and RRAP p =

0.896 at timepoint 3). These results indicate that the cell shape features included were more

similar than different for cells from the structures at the third time point analysed.
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Fig 3: Comparison of shape dynamics in developing structures of the zebrafish innear. Rows
represent each time point analysed. Data in blue represent cells from AP, green represent cells from PP
and magenta represent ES. a. Linear discriminate analysis (LDA) biplots illustrate multivariate
clustering of daté data from AP and PP shawensiderable overlap indicating similar shape signatures
while data from ES show less overlap with the former. b. Schematic illustrations of cell shape signatures
at the time points analysed showing cells in the ES having skew in the opposite direttose o the
projections and having less rounded shapes. Arrows indicate-tzged polarity. c. Plots showing
differences in skewness and sphericity between the structures at the time points analysed. Yellow dots
with error lines represent mean and stadddeviation for the data. p values for paired comparisons

depicted are from Table 1.

Of the attributes analysed, skewness (Krusikallis test;p = 0.008 at time 1p = 0.004 at time
2 andp < 0.0001 at time 3), sphericity (Krusk@lallis test;p < 0.001 at time 1p = 0.00012 at
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time 2 andp < 0.001 at time 3) and surface area (Kruskalllis test;p < 0.001 at time 1p <

0.0001 at time 2 and= 0.018 at time 3) described significant differences in cell shape across
all the three time points analyseells in the endolymphatic sac were characterised by positive

skewness values, smaller sphericity values and larger surface areas as compared with cells in

both projections, which show negative values of skewness (Table 1 and Fig 3).

The differences irsurface area are likely to be attributed to differences in sphericity between

the cells in the three structures, but not in dimensions, as the transversal and longitudinal spread

showed no significant differences.

Table 1 Paired comparisons using Wilcoxoeank sum exact test (p valueaa d j ust e d

correction)

AP - ES PP-ES AP - PP
Time point 1 2 3 1 2 3 1 2 3
Skewness 0.009 0.002 <0.001| 0.036 0.036 <0.0001| 0.42 0.286 0.047*
Sphericity 0.002 0.012 <0.001| 0.005 <0.0001 0.007 0.149 0.228 0.07
Surface Area | 0.001 <0.0001 0.032 | 0.001 <0.0001 0.013 |0.887 0.85 0.912
Transversal 0.057 0.062 1 0.357 0.062 1 0.357 0.897 1
Spread
Longitudinal 1 0.88 0.054 |1 0.81 0.102 1 0.46 0.582
Spread

*The differences in skewness between cellshia AP and PP at the€?3ime point tended towards

significance. This might be attributed to differences in the lengths of projections, with cells at the leading

end of the projection showing more extreme skewness values while cells along the lateshbsvites

less skewed shape.
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Availability and future directions

Origami is free to download from: https://github.com/cistib/origami. It is implemented within
MATLAB (compatibility with version 2018b onwards) and includes additional tools for
visualising cell shape metrics from complex folding epithelia at the sodildevel.

Instructions for installation and use are included with the software.

Our software can accept psegmented data, making it compatible with segmentation
algorithms of the userdés choice, potenmgti al ly
techniques such as tomography to be analysed. Segmented data must represent cell shape
accurately and so the choice of imaging technique that can faithfully detect 3D cell shape

alongside membrane or cytoplagrased segmentation is critical.

We usedh priori knowledge of the otic epithelium organisation to inform the orientation of the
apicobasal axis of the epithelial sheet to face the lumen of the otic v¢2j8ld0] It is
essential to know the organisation of the afiiesal axis of cells withimny new structure
studied to apply Origamiwherein, the orientatiedetermining parameter can then be set to
al ways be 6ind or O6outd depending on i f the p
the inside or outside face of a curved stuuuet We also assumed that individual cells do not
violate this organisation, as this cannot be detected without additional pslzeitific labels.

In such a case, polarity vectors from our analysis can be complemented with information from
polarity-specific labelling to track such behaviouloreover, tocompute shape features along

an alternative axis of polarity, the pipeline can acceptapsigned polarity as a calpecific

vectorlist to compute directiowariant shape features.

We expect Origamia be applied to studying a wide range of morphogenetic processes and

contributing to our understanding of the biomechanical procesgEspinning them.
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Supporting Information
S1 Software Code

Zip file containing MATLAB scripts and instructions for installing and running Origami
software. Requires MATLAB (v 2018b onwards).

Supplementary Materials and Methods

Zebrafish husbandry

All zebrafish work was reviewed and approved by the Project Applications and Amendments
Committee of the University of Sheffield Animal Welfare and Ethical Review Body (AWERB).
Work was performed wuter licence from the UK Home Office and according to recommended
standard husbandry conditiofis2]. The transgenic line used to image the cell membranes in
the otic vesicle wagg(smad6b:mGFR) gift from Robert Knigh{3]. To facilitate imaging,

the transgenic line was raised omasper(mitfa¥?“2 mpv17929 (ZDB-GENO-08032611)
background that lacks all body pigmentation. Embryos were raised in E3 mediumNagiM

0.17 mM KCI, 0.33 mM CaG] 0.33 mM MgSQ, 0.0001 % Methylene Blue). Embryonic
stages are given as hours post fertilisation (hpf) at 28.5°C. For live imaging, zebrafish were

anaesthetised with 0.5 mM Tricaine methylsulfonate and dechorionated.

Micr oscopy

Dechorionated embryos were mounted in 0.8% Low Melting Point Agarose in E3 for
microscopy. All imaging was performed at 28°C and using the 488 nm excitation laser line
corresponding to the GFP membrane label. Image volume files were cropped de ithau

structure of interest and a small flanking region of the epithelium surrounding it.
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For Airyscan confocal microscopy (Fig 1a), dechorionated embryos were mounted laterally in
0.8% Low Melting Point Agarose in E3 in the centre of a 35mm Wilco gdatemed Petri

dish. E3 with tricaine was added to the Petri dish after the agarose had set. The image stack of
35 zslices was acquired in a ZEISS LSM 880 Airyscan Confocal Microscope wiiXa
objective and &-step size of 1 pm.

Light-sheet microscopy (data for pipeline validation): Dechorionated embryos were mounted
in agarose in a glass capillary for imaging on the Zeiss Z1 4isigbét microscope. The
microscope chamber was filled with E3 with tricaine. Image stacks varyingg@otm 110z

slices depending on the age of the embryo were acquired 2K abjective, 2.3x zoom, and

az-step size of 0.5 um.

Synthetic data generation

Synthetic images were generated in MATLAB (2018b, MathWorks) to resemble 3D volumes
of folding, cellmembrandabelled epithelia such as those in the zebrafish otic vesicle depicted
in Fig 1la. Each synthetic epithelium was 160 um x 160 um along the égitbkeine (XY
plane), consisted of about 320 individual cells, and showed two projecting peaks with opposing
orientation of folding. The height of the peaks and the curvature of the epithelium were varied

to three levels each, such that 9 individual sytithepithelia were generated (Fig 2a).

The following function defined the surface geometry of each synthetic epithelium generated

6 B e es 0%, @ 00 "

where X and Y are positions on a regular square grid (21 x 21 points) rarging4r® t o 6 4 06
units with an | hwhemen¢aoli @GO #4o=-adfien@m. The |
the radius of curvature of the epithelium< 5, 20, 80 with a resulting radius of curvature of

106 Om, 134 Om and 2b6 6ntrdsrthe heilst of the folded pedky) and 6
5, 10, 15 with resulting peaks of height 35 um, 71 um and 106 um respectively). Centres of

cells = 320) in the synthetic epithelium were initiated by randomly placing points on this

surface, with a minimum dignce of 8 um between them and a padding of 8 um from the edge

of the grid. The resulting set of points were nearly equally spaced.
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To convert these surfaces into image volumes, the cell centre positions were then resampled to
a volume of isotropic resalion with pixel size of 0.2 um, resulting in 800 pixels x 800 pixels

x >800 pixels (since thedimension was adjusted to accommodate cell positions spanning more
than 800 pixels). A Voronoi diagram was generated from the resampled cell centres. The edges
of the Voronoi cells were extended 5 um (26 pixels) orthogonal to the epithelial surface to set
cell height and 0.4 um (2 pixels) in the epithelial plane to set cell membrane thickness. These
extended Voronoi edges were used to define a 3D network afjggadyas cell membranes.
Pixels on the grid that lay within the cell membrane polygons were assigned an intensity value
of 616.

The synthetic images generated were then convolved with a Gaussian PSF using a Fast Fourier
Transform (FFTbased convolutionHFT-based convolution; Bruno Luong, MathWorks File
Exchange, accessed Oct 2020) to resemblewedtl imaging conditions. The PSF was
simulated using the PSF Generator plugin in [Bijb], assuming the following experimental
parameters: Numerical Aperture of collection objective lens = 0.5, waytelef illumination

=532 nm, voxel size = 0.2 pum x 0.2 pm x 0.2 um. The resulting full width at half maximum
(FWHM) of the PSF was 0.6 um x 0.6 ix0.8 um(3 pixels x 3 pixels x 4 pixels). Finally,

after combining each of the images=9) with the thee levels of Gaussian and Poisson noise
using the &6i mnoised function in MATLAB, 27
performing the validation tests. Ground truth to assess segmentation quality was produced from

the 9 uncorrupted image volumes.

Polarity ground truth for the synthetic dataset was generated by producing surface normals to
the surface functions described by equation (S1), using the SurfNorm function in MATLAB
(version 2018b; MathWorks, Natick MA, US).

Membrane-based segmentation

Theparameters used to segment our datasets in ACME were different for the synthetic dataset

and the real lightheet data in part, due to differences in voxel resolution (0.2 pm x 0.2 pm X
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0.2 um for the synthetic dataset and 0.1 pm x 0.1 um x 0.5 um fdigtitesheet data). These

parameters were as follows;

For synthetic epithelia:

1. Radius of median filter for denoisiind3.0 pixels (image volumes with noise level 2 and 3),

2.0 pixels (noise level 1)
2. Resampling ratid 2.5, 2.5, 2.5 (all image volurag

3. neighbourhood size for membrane signal enhancement fit€r (noise level 1 and 2), 3.0

(noise level 3)
4. neighbourhood size for Tensor voting.0 (all image volumes)

5. watershed segmentation threshioRi0 (noise level 1 and 2), 3.0 (noise¢l 3)

For fluorescencen-vivo data:

1. Radius of median filter for denoisiing).3 pixels

2. Resampling ratio 2, 2, 0.39 (resampling to isotropic voxel resolution)
3. neighbourhood size for membrane signal enhancement fter

4. neighbourhood size for Tensor voting..0

5. watershed segmentation threshioRi0

Classifying cells

Cells were classified as lying within the folding structure or the neighbouring epithelium by
clustering the centroids of the segmented cells by tlemervaturethat is,the average of the
principal curvatures at each vertgx7] of the surface mesh generated in the first part of the
Origami pipeline (Fig S1). The mean curvature values showed a bimodal distribution, which
could be resolved into a population of points on the folding structure and another consisting of
points on theaeighbouring notiolding epithelium. Cells at the edges of the image volume were

discarded to avoid broken cells.
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Fig Sl: Cell-specific mean curvature of epitheliuma. Single slice through a liglsheet image volume
of a regionaround an anterior projection in the otic vesicle of a 50.5 hpf zebrafish embryo. b. 3D
rendering of segmented cells from the same region with individual cells assigned colour values

corresponding to the mean curvature at the apical surface of the cell.
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3.3Discussion

In this chapter, we present a new pipelin@rigamii to analyse cell morphology along the
apicobasal axis in curved tissues. We used fluorescence microscopy images of the SSCs and
the ES of the zebrafish inner ear,thsy fold in opposite directions, and therefore present a

good model for both evagination and invagination events.

We demonstrated that, at three individual tipgents during formation of these curved
structures, cells in the ES had significantly différgmape signatures from those in the anterior

and posterior projections of the SSCs. Generally, cells in the ES were characterised by positive
skewness which suggested a smaller apical domain than the basal one; whereas cells in the
epithelial projectionsvere characterised by negative skewness, suggesting a smaller basal
domain than the apical. This was no surprise as we knew that these structures form by folding
the otic epithelium in opposite directioiisthe ES through invagination and the epithelial
projections through evagination. In addition, cells of the epithelial projections displayed higher
values of sphericity and smaller surface areas than those of the ES. This means that the cell
shape signature in the ES and in the epithelial projectiong ®mply a mirror of each other

along the apicdoasal axis, as there are other shape attributes that differ apart from their
skewness. Moreover, this suggests that the folding mechanisms driving the emergence of these
structures are also unlikely to be gipmmirrored but instead, different ones. At the three time
points analysed, there was no statistically significant difference in cell shape between the
anterior and posterior projections. Again, this result was expected as our current understanding

of these projections is that these are equivalent structures.

TheOrigamipipeline, as mentioned before, is capable of computing direction vectors denoting
the epithelial apicdbasal axis for individual cells. This addition to the the field makes the cell
shapemeasurements much more relevant and meaningful when studying folding events.
However, direction of cell polarity has to be given to the pipeline, either known from the
literature or visualised through biochemical markers. For most people studying foldintg e
this shouldnot be a probl em, but it can be
unknown. A weakness of this pipeline is the fact that it is unable to follow cells through time.
Its strength lies on analysing cell shape at individuad-points without the need to match cells
between them. It is possible to look at individual cell shape changes through time if using a
second software to track the cells and then match the cell shape attributes for each cell from the
different timepoints(work developed in chapter four).
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The work presented in this chapter was essential to develop and establish a cell shape analysis
tool capable of addressing the complex tissue shape changes of the developing otic vesicle. So
far, no such tool had been adoped to specifically deal with the challenges of tissues
undergoing folding or tissues with high levels of curvature. As a result, studies of tissue folding
events can now benefit from this tool. In addition, this also meant that cell shape changes durin
early stages of semicircular canal and endolymphatic sac development could now be described
in more detail. In this study, the cell shape analysis performed in the ES and the projections of
the SSCs was done as a proof of principle foQhgamipipeline. To efficiently address this,

only three cell shape attributes were analysed in more detail in these structures (skewness,
sphericity and surface area). Other cell shape attributes need to be looked at in more detail in
these structures. On the othen@iaonly three timgpoints were analysed and these did not
cover the stages before the folding events. Moreover, as mentioned before, this pipeline does
not include a tool to track cells which means that on its own, it does not allow one to follow
shape chnges of individual cells through time. In order to gain a more comprehensive
understanding of the morphogenetic changes happening during otic tissue folding, we need to
analyse individual cell shape changes through time at more frequesddints, staihg from

before the tissue undergoing folding. These points are addressed in chapter four for the

projections of the SSCs.
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CHAPTER 4

Cell Shape Changes And Protein Redistribution

During Epithelial Projection Formation

4.1 Introduction

In chapter three, two highly oeed structures of the zebrafish inner ear were presénteel
endolymphatic sac and the epithelial projections of the SB&sue folding events kra been
associated to the formation of both these structimaisnot described in detaih this chapter

my work will be focused on the mechanisms involved in the early stages of epithelial projection
formation. Abnormalities during development of the SSCs, in particofatheir shape and
position, have been associated to numerous disegdedelhak et al. 1997; Johnson and
Lalwani, 2000; Li et al., 2010; Piotrowski et al., 2003; Rosa et al., 2011; Wineland et al,, 2017)
andtherefore studying the changes in shape as these structures develop and the mechanisms

underlying those is very important.

The zebafish otic vesicle initially forms as a monolayer of célisth some pseudostratified

sections in the ventral regiom)ith the apical cell surface on the luminal side of the vesicle
(Waterman and Bell, 1984igure4.1A). SSCformation is initiated byhe growth of lateral,

anterior, posterior and ventral projectionsnobnolayeredepithelium into the lumen of the
vesicle(Haddon and Lewis, 1996; Waterman and Bell, 1984) t he 8006s, epit hel
formation was presented as a protrusiorhefatic wall into the vesicl@Vaterman and Bell,

1984 and this term of O6protrusionsd was used U
folding (and buckling) was associated to these protrugiBabbClendenon et al., 2006)

Recently, the epithelial projections that give rise to the zebr&&fs were described as
invaginationdMunjal etal., 2021)Despi t e Munj al 6s work | abelling
invaginationprocessin the work presented in this thesis, including the published work in it,

epithelial projection formation is desceith as an evagination event. The reason for this is the

fact that the basal cell surfaces, and not the apical, are lining the inside of the curved epithelium

facing the acellular matriklled core of the projections hough lescommon evaginations

not a newly described mechanism. Howeverpinstsystems in which tissue fadhrough

evagination the epitheliumbeforefolding exhibits either no particular curvature or a slight

curvature in the direction of folding (same direction as projection/tubdfivathtion). The
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formation of epithelial projectionseen during embryonic development of the zebrafish inner
ear, are particularly interesting folding events as the otic epithelium foldbe opposite
direction of the initial curvature exhibited by thissue therefore involving an inversion of

curvature, and making each [(Waogjetat,022) n f | ank

A few cellular behaviours have been observedmd) elongation of the inner ear epithelial
projections Cells were desdoed to become thinner, more squamous (2D measurements) and
to maintain their volume (3D measuremegiMunijal et al., 2021)At a similar developmental
stagewe have reported that these cells have a negative ske(Merssonca et al., 202Which
indicates a smaller basal domain compared to the apteati; myosinll and Ecadherin (E

cad) were shown to locate on the lateral and basal cell surfaces during projection eloimgation
addition,blocking Factin polymerisation with CytoD leads to abnatrehortened projections
(Munjal et al., 2021)Several ECM genes have also been identified to be driving outgrowth and
elongation of these epithelial projectioBuschNentwich et al., 2004; Jones et al., 2022;
Munjal et al., 2021; Neuhauss et al., 6pDespite these studies being insightful, there is yet

to describe and explain the very initial changes happening in the otic tissue before and during
the folding event that leado theinversion of curvature of this tissue in the first place. In order

to do this,| performed, with the help of th@rigami pipeline, a 4D quantitative analysis of
tissue and cell shape changes during early stages of projection formation; investigated the
distribution of different cytoskeletal and adhesion proteins before and after the folding event;

and disrupted the activity of myosih
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4.2 Results

4.2.1 Relative cell position within the epithelial projection can predict its

relative position in relation to the initiating cells before the folding event

As previously described(Munjal et al., 2021; Waterman and Bell, 1984#)e posterior
projection of the zebrafish inner ear initiates its formation a few hours later than the anterior
projectian. To further investigate the timings of projection formatioperformed timdapse
Airyscan confocal imaging of the zebrafish otic vesicle between 36 ahgf%bnly anterior

and posterior projections were analysédy observations confirm and extetitbse reported
previously. For eaclvild-type embryo analysed, the onsetaitgrowthfor the anterior and
posterior projectionfAP and PPhappened at different time poir{ffagure 4.1E) between 40

and 47.5 hpfor the AP; and between 41 and 49.5 hpf for the PP (N = 3 embryos, n =3 APs, n
= 3 PPs). Te interval between the genesis of these two projections varied agameiing
between one to four hour@jigure4.1E). As a result, at a given tir@oint, for ekample 46 hpf,

the developmental stage of each projection can vary, within the same embryo and between
different embryos (Figure 4.1B). Despite these variable starting timedl| projections
increased their growth rate with timeongating faster at let timepoints(Figure 4.1F). The

overall growth rate for the six projections analysed varied between 1.@ & r8per hour
(Figure 4.1G).
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Figure 4.17 Onset of epithelial projection outgrowth is variable.

(A-D) Inner ear offg(smad6b:EGFP); Tg( XEF1A:H2BFP)double transgenic embryos. Tifapses

were acquired in the Zeiss LSM 880 Airyscaonfocal microscope between 36 and 55 hours post
fertilisation (hpf). Picturé\ shows the otic vesicle at 36 hpf with the apical cell surface facing the lumen
of the vesicle. PictureB-D show the formation of anterior and posterior projections (AP anGtP4#5

hpf in three different embryos. Lateral views of the ear are shown with roughly the anterior to the left

and dorsal to the top (Ranterior; Did or sal ) . 50

Scal e bar ssliceie shewnine
pictureA and a maximum intensity pegjtion from az-stack is shown iB-D. (E) Graph showing the
length of anterior and posterior projections between 36hpf and 52hpf for embryos 2, 3 and 4 (E2, E3
and E4). Below 9.5 um (dotted line in graph), projections are yet to form therefore, thenergtired

is the height of a cell which reflects the thickness of the epithelium. Projection length was measured on
a z-slice from az-stack acquired in an Airyscan confocal microscope as shown in Figure 4.3A by the

white lines.(F) Graph showing the groWwtrate for each projection at each thp@int. This increased
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with time. (G) Graph showing the overall growth rate for each projection. This was calculated by
subtracting the value for projection length at the start of projection outgrowth (value ddkesiotted

line in graphE) from the value of projection length at the last tipént; this number was then divided

by the number of hours between those two fomts.(I) Table showing the number of cells tracked

in each projection and each embryattivere included in the tracking analysis.

Other aspects of early projection formation | wanted to investigate were whether cell positions

and neighbours before and after the folding event change or remain the same; and whether cell
trajectories during @t process are very different depending on the cell starting position. In

order to start answering those questions, | performed manual cell tracking-iapses of the

inner ear using Arivis (see Supp. Video 4 for example Hapse).By tracking some fothe

cells that become part of tla@terior and posterigrojectiors, | wasable to observe thatlls

located on thelorsal side of th@rojection were alsalorsallyl ocat ed i n relati on
origin before the folding ever{Figure4.2Ai-Aiii - cells7, 10and11; and 4.2 and cells on

the ventral side of the projectiaverelocated more ventrallipefore the folding ever{Figure

4.2Ai-Aiii, cells 3, 4 and12; and 4.2B Cells at the tip of the pregtion exhibited lower
displacement in thg axis and higher displacement in thexis (Figure 4.2AiAiii, cells 1, 2

and 4 4.2C and 4.2D)This means thathese cellc or r espond to those neai
origin T named here initiating cell8y contast, cellscloser to the base of the projection

exhibited highedisplacement i, and lower iny, whichmeans that they wetecated further

away fromthe initiating celldeforeprojection outgrowtliFigure 4.2AtAiii, cells5, 9,and11;

4.2C and4.2D). Despite tack speed, length or straightness not shgw correlation with the

initial cell positionin the epithelium(Figure 4.2HJ), ells that moved faster ddonger tracks

(Figure 4.2G). No cell divisions were observed in the main body gifrthjections, only at the

base and in the surrounding tissue (asterisks in Figure 4.2Aiii show two examples). Most cell
divisions observed near or at the base of the projection, generated daughter cells that went into

the projection (data not shown). Howeve observed one cell division in which one of the
daughter cells went i nt o t AlEs celrtrackirg analysisn |, wh i
suggestshat after projection outgrowth is initiated by a few cells, the cells that surround them,
generallymaintain their neighbours as they are incorporated into the epithelial projections.
Finally, cells in the anterior and posterior epithelial projections seemed to come from a coherent

region in the dorsolateral regions of the otic wall, instead of scattegezhs (Supp. Video 5).
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Figure 4.2 7 Otic cells keep their neighbours as the epithelium undergoes folding to form the

epithelial projections.

(Ai-Aiii)) Maximum intensity projections of the anterior region of the otic vesicle from Embryo 2 (E2)
showing the early stages of projection formati¥ellow axes (schematic) represent the new axes,

determined based on the projection btigerector (see Methods 2.5.3.1 for detailSgll membranes
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are labelled with GFP and tracked cells are marked with coloured splimef&si) , daughter cells of
two reent cell divisions are marked with an asterigk. Cell position in the otic epithelium before
projection outgrowth positively correlated with its position in the projection at the finatptiime
recordedSpearman correlation coefficient = 0.9%2; 8.8e040). Initiating cells (closer to the origin

of the axes) showed a smaller displacement irx tizds (C) and higher displacement in thexis (D);
whilst cells further away from the initiating cells showed a higher displacementjirattie(C) anda
smaller displacement in theaxis (D). (E) Graph showing a positive correlation between the absolute
values of the initial cell position in theaxis and cell displacement during projection outgrowth in the
same axis (Spearman correlation coefficient = 0p4¢,0.0001). This means that cells further away
from the initiating cells had higher displacement along the epithelium before joining jaetipro(F)
Graph showing a negative correlation between the absolute values of the initial cell positioraixigshe
and cell displacement during projection outgrowth in yhexis (direction of projection growth)
(Spearman correlation coefficient-6.45, p < 0.0001). This means that initiating cells, which are the
closest to the axes origin, moved the furthest away from the otic wall and became the cells at the tip of
the projection(G) Graph showing a positive correlation between track length amchgew cell speed
(Spearman correlation coefficient = 0.6p5; 3.5e009). Each data point is a c€iH-J) These graphs
show different track features in relation to the initial cell position inxthg&is. Neither track speed,

length nor straightnessshewd a correl ation with initial cell és p

4.2.2 Otic epithelium cells undergo a skewness inversiathat is reflected at

the tissue level through an inversion of tissue curvature

To start unpacking the tissilevel and cellular events underlyingojection outgrowthl
measured the length of the apical and basal surfaces of the folding tissue from a two
dimensional optical section over tinlgigure 4.3AtAiii) . Before the projection formed, both
basal and apicaurfacef the otic epithelium stéed with a similar length (Figuré.3Ai, B

and C)For all projections there wagime pointatwhich thelength of theapical surface started
increasing whilsthat ofthe basal surface decredg€igure4.3Aii, B and §. To standardise

the staging of &h projection| determined timgooint zero for each projection to be the time
point at which these reaetitheir lowest basal surface lendtiso coincident with the onset of
outgrowth of the projectionjFigure 4.3Aii and Q. After this initial folding event the
projection startedto elongate, and the lengths of both apical and basal surfaces increased
(Figure4.3Aiii and Q.
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In order to investigat the cellular shape changesvolved here, | performed 3D cell
segmentatiomf Airyscan data sets at hdy intervals andextraced cell shape metricasing

the Origami pipeline (see Methods 2.5.@Ylendonca etal.,2021) The term &pr o]
refers to cells that become part of the projection which were identified through tracking,
whereas the term O6surrounding cellsé includ
on the ventral side (and afewonlbced dor sal |l y) . Note that o]
transient state until the projection reaches its full length, as until then, surrounding cells can

still be incorporated in the projection.

One of the cell shape features measured in this pipelihe imé&an curvature. Measuring this
feature in projection cells, allowed me to confirm that the otic epithelium undergoes a clear
inversion of curvature. At the start of the thia@se, the mean curvature for both projection and
surrounding cells was negativindicating that the otic epithelium was curved with the apical
domain making up the inner surface (Figure 4.3Ai and D; Supp. Figure 1B). This is also
confirmed by the findings on cell skewness measurements. Before projection formation, the
skewnessof most cells in the projectieforming regions was positive (Figure 4.3J; Supp.
Figure 1C), indicating that their cell mass was skewed toward the basal domain and therefore
the apical domain was smaller (Figure 4.3M). Although cell skewness of surroundsg cel
remained positive and did not change significantly throughout projection formation, cells that
became part of the projections showed a significant reduction in their skewness between time
points-3 and 1, exhibiting on average negative values duringithe (Figure 4.3J). This means

that leading up to and during the folding event, some projection cells inverted their skewness,
now exhibiting a smaller basal domain (Figure 4.3J, K and M). During a similar time (between
time-points -3 and-1), there is asignificant increase in mean curvature in projection cells,
indicating the start of the tissue curvature inversion (Figure 4.3D). Once the folding had
happened (timgoint 1), the average values for mean curvature became positive (Figure 4.3Aii

and D), irdicating that this group of cells was now curved basally.

Next, | examined which projection cells were inverting thairvature andskewness (all
projections analysedposterior projection from embryo two (E2) used as an exanléme-
point O, theravas a negative correlation between cell skewness and mean curvatte {5
p = 0.001) (Figure 4.3G). At that tirpmint, | observed that initiating cellghich are those
that ended up closer to the tip of the projectsmemed to be the ones inuggttheir skewness
and eventually their curvature (Figure 4.3 E, K, H and¢lls 3,6 and 7Supp Figure4.1B

andC) . I n contrast, cell s that end up near
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inversion of skewness or curvature (Figure 4.8 Bl and I- cells 5.1 and 9After the folding

event, when the projection starts elongating, no strong correlation was found between the
position of cells within the projections and their skewness or curvature (data not shown), which
means that the shaprofile of the cells at the tip and of those at the base of the projection was

more uniform.
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Figure 4.37 Cells in the oticepithelium that become part of the projections undergo an inversion

of skewnessind tissue curvature
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(Ai-Aiii) zslices of an anterior projection imaged on an Airysoamfocal microscope illustrating the

stage beforéAi) and once the folding had happerad), and during projection outgrowtliii) . Dark

and light blue lines demonstrate how the basal and apical surface length of the projections, respectively,
were taced and measured. Scale bar measurgm2Graph(B) shows the measurements for the apical

and basal surface length of the 6 projections analysed. To standardise the staging of each projection, in
graph(C), | designated tim@oint zero for each projeci to be the timgoint at which these reach

their lowest basal surface length. Graph §éhows the measurements for mean curvature in projection
cells changing to positive values after the folding event, and remaining negative in the surrounding cells.
Graph (E) highlights the changes in mean curvature for some cells from the posterior projection of
embryo two. GrapliF) shows a strong positive correlation between the mean curvature of a projection
cell at timepoint 0, and its final position in the projemn along they axis Spearman correlation
coefficient = 0.701p < 0.0001).Graph(G) shows a negative correlation between cell skewness and
mean curvature at tiragoint 0 Spearman correlation coefficient&515,p = 0.001) (H) z-slices from

the poserior projection of embryo two highlighting a few cells at tipw@nts-3 (Hi), 0 (Hii), and 3

(Hiii) . Scale bar measures ffn. (I) Maximum intensity projection of astack from the posterior
projection of embryo two showing all cells that were trackaph(J) shows the thredimensional

cell skewness being inverted (negative values) in cells that became part of the projections, and remaining
positive for surrounding cellsD(andJ) Mean and standard deviation are shown in these graphs. To
compare the two populations of cells at each 4oimt, | performed multiple unpairedtests with

Wel c hdés @waluesshowniindlack)(and to compare each population of cells ovdrusad

a mixedeffect model with Tukey's posest correction for multiple comparisons alues shown in

light blue/green). GrapK) highlights the changes in skewness for some cells from the posterior
projection of embryo two. Grapfh) presents the fad cell position in the projection along theaxis

over cell skewness at timmint 0 Spearman correlation coefficient-8.428,p = 0.009).Diagram in

(M) demonstrates what a cell could look like when it has either a positive or negative value fasskewn

4.2.3Projection cells undergo basal constriction and apicalounding during

the folding event

This cell shape change measured through inversion of skewness in projection cells could either
be caused by a reduction of the basal domain, for instance khimaggal constriction, an
expansion of the apical domain, or batbtest whether basal constriction was behind skewness
inversion in projection cells,tbok measurements tife width of theapical and basalomairs

of individual cells in enbryos fixed eery five hours(Figure 4.4F). These were stained with
Phalloidin to visualise the tissues. Except from the first s&@dpf, | staged the embryos by

the thickness of the epithelium @ngth of projectionThe table in Figure 4.4H shows how
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these stages match to the tip@nt system used so far. Between 40 hpftae®-12 um stage,

period when the folding event happens, dkie epithelium cellshowed a dramatic cell shape

change involving a significameduction of the basal domain widivhile the apical domain

remaired unchanged between these stagdsi gur e 4. 4 A,.ByAdding thBratioB6 and
of the apical over the basal width, | obtained a measure of 2D skewness in projection cells. |

was ablea observe a similar inversion of skewness during the folding event (Figure 4.4E) to

the one showed in the 3D cell shape analysis (Figure Zl&measurements of the apical and

basal cell width showed that basal constriction, and not apical expans®theveell shape

change that led to the skewness inversion. Basal constriction was restricted to the region of
projection outgrowth and not seen in the surrounding tissue (Figure 4.4B and C marked with

an asterisk)Basal constriction was not the only cellape change occurring in the projection
cellsduring the folding evenBetween 40 hpf anthe5-12 um stagel observed a rounding of

the apical surface in these cells (FiggtdB and BO) . This was shown t
increase in curvature dié apical cell surface (FigudedF and G). Thigell shape changeas

observed in both fixed samples (Figtd4dB and BG6) a n Higule 4.8Hd and mbr y o s

Hiii ), and was restricted to cells in the epithelial projections.

Between the stages1® um and> 25um, when projections elongate, there was an increase in
apical and basal cell width. In addition, between the stag@s Ln and > 2pum, the curvature
of the apical cell surface reduced significantly. As a result of these changes, cells in the

projection looked more flat and squamous than during the folding event.

104



-~ 2
.
4 ———
A i B £ N Rt e
Apical <« A v
< »
129 - Apical Width . Apical Cell r 50
o4 Basal Width * Surface Curvature
=0.0053 . 10
— Apical cell - 40

e width

S
N
h

2D Cell skewness
1
T
o
Length (um)
(-]

30

20

(seaibap) ainjeAind aseuns |29

-0.2 ° 1
° 10
Cc 21
-0.4
L /
T T T : » { p=0.0002 .
40hpf  512pm  12:25pm  >25um © 40hpf  512um  1225pm  >25um
Developmental stage of projections Devel | stage of proj
Stage in fixed samples Time-point from time-lapses Measurement Stage Embryos Projections Cells
40 hpf upto-3 40 hpf 6 12 36
Apical and 5-12 pm 4 7 21
5-12 um between -3 and 0 Basal width 12-25 ym 7 8 24
> 25 pum 3 4 12
12-25 um after 0 40 hpf 3 6 18
Apical 5-12 um 3 3 9
>25um after 5 curvature 12-25 um 3 3 9
> 25 um 6 12 36
40 hpf 3 9
2D Skewness =12 pon 4 L
12-25 um 7 8
>25 pum 4 4

Figure 447 Cells in the projection undergo basal constrictiorand apical rounding during the

tissue folding event.

(A-D) Phalloidinstained fixed samples imaged on a Nikon inverted confocal microscope with a 40X
oil immersion objective. A single slice ofsstack is shown here. Magenta and orange arrowheads point

to where the apical and basal surface are in the epithedispectively, and asterisks mark an example
region of surrounding tissue (outside the region of projection outgrof®Hp) These stages are
labelled by the thickness of the epithelium and projection lefigkid 6 Diagrams of cells representing
dominar cell shape present in the projection cells. Magenta and orange arrowheads point to the apical

or basal cell width and pink arrowheads point to the apical sufar&raph showing the changes in
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2D skewness of projection cells as the tissue folds. gatwer zero indicate cells are constricted

apically, whilst values below zero indicate cells are constricted basally. Each data point is the average
skewness of three cells in one projection. ABréwnor syt he and Wel ch ANOVA wit't
posttest formultiple comparisons was performd#) Simplified diagram of cells to show how apical

width, basal width and the curvature of the apical cell surface were measured from an optical slice of a
zstack. This was done i n fFRirj it,heu swindg ht haen d6 S threa i 6gAh
apical curvature(G) Graph showing the apical and basal width on theylaftis and the curvature of

apical cell surface on the rightixis during projection formation. Since only the basal width data passed

the normality test, the median and the interquartile range are shown by the horizontal lines, except for

basal width which shows mean and standard deviation. For basal width, a-Bomsythe and Welch

ANOVA wi t h Du ntesefor mdltple coBparse was performed. For the apical width

and apical cell surface curvature, a Krusk#dllis with Dunn's postest for multiple comparisons was

performed. TableH) shows the equivalent tirqaints used in the cell tracking and 3D cell shape data

from the tme-lapses, to the stages used here for the 2D data from fixed samples.IYabtens the

number of embryos, projections and cells analysed at each stage for the different data sets presented in

graphs E) and G).

4.2.4Cells in the epithelial projections are also undergoing elongation of the

apico-basal axisduring tissue folding

At early stages of inner ear development, when this organ is an otic vesicle, cells in the anterior
and posterior poles (dorsolateral region}ths inner ear are columnar, but cells change their
shape as the lumen of the otic vesicle expands, becoming tifihoignan et al., 2015)In
addition, as described in the introduction chapter (section 1.2.1), adorgal pattern starts
forming inthe otic vesicle in which dorsal cells become more squamous, and ventral cells more
columnar. | was interested to see whether projection cells followed that same trend/pattern or
whether they behave differently. In order to do that, | ubedrigami pipdine to measure
longitudinal spreackfiown as palisading in neurulatiprwhich is a measure of the spread of

cell mass along the apidzasal axighigher valuegepresent a moreolumnar cell whereas

lower values indicate a more squamous cell). Mostosading cells analysed were located
ventrally of the projection cells, and for this reason, surrounding cells exhibited a higher
longitudinal spread than projection cells before tpoat 0 (Figure 4.5A; Figure 4.3Hi; Supp.

Figure 1D). Surrounding cellstasted thinning from the earliest tiap®int, as expected,
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demonstrated by a reduction of longitudinal spread betweerptinés-6 and O (Figure 4.5A).
Projection cells followed that same trend between {umiats-6 and-4, but between time
points-3 ard 01 during the folding eventthey significantly increased their longitudinal spread,
differentiating them from the behaviour of the surrounding cells (Figure 4.5A). In addition, at
time-points-3 and 0, cells that would later contribute to a projecfioliowed the dorseentral

pattern of the ear: dorsal cells were less columnar than the ventral ones (Figure 4.3Hi and Hii;
Figure 4.5C and D). After the folding event (after tipant 0), projection and surrounding

cells had similar values of longitudil spread, which remained unchanged for 4 hours (Figure
4.5A). In addition, at this stage, longitudinal spread in projection cells showed no correlation
with their position along the dors@ntral axis (Figure 4.5E), which meant that they no longer
followed the dorseventral pattern seen in the rest of the inner ear. These results showed that
projection cells elongated their apibasal axis at the time of tissue folding (and curvature
inversion) which is coincident with the other two cell shape changesrteel - basal

constriction and apical rounding.

Two other cell shape features were measured: volume and sphericity. Overall, both of these
features were similar between projection and surrounding cells (Figure 4.5F and G). There was
a slight decrease oblume in surrounding cells between tipeints-6 and-3 (Figure 4.5F), a
similar time to when these cells reduced their longitudinal spread (Figure 4.5A). In contrast,
projection cells decreased their volume later on, between the end of the foldinguedent
couple of hours after that (tirgoints-1 and 2) (Figure 4.5F). When it comes to sphericity,
surrounding cells kept the same level of sphericity throughout, whereas projection cells had a
slight reduction in sphericity between tirpeints-4 and-2, and a slight increase between time
points-2 and-1 (Figure 4.5G).
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Figure 4.5 1 Projection cells undergo elongation of the apicebasal axisand volume reduction
during the tissue folding event.

(A) Graph showing thehanges iongitudinal spread in surroundirand projectiorcells before and
during the folding eventB) Graph highlighting changes in longitudinal spread for some cells from the
posterior projection of embryo PC-E) Graphs showinghe longitudinal spread of projection cells at
time-points -3 (Spearman correlation coefficient ©.633, p < 0.001), 0 (Spearman correlation
coefficient =-0.538,p = 0.001) and 3 (Spearman correlation coefficiem®.201,p = 0.170) over their
initial position in the otic epithelium(F) Graph showing small reduction in volume in surrounding
and projection cell§G) Graph showingn unchanged sphericity in surrounding cells and slight changes
in projection cellsTo compare the two populations of cells at each-fimiatin graphs A) and ), |
performed multiple unpairetitests with Welch €orrection p values shown in blackMean and

standard deviation are shown ireslegrapls. In graph G), | performed a Manwhitney test as this
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data set didnét (pwalses showm & blackMedisa hndintgrquartiee sangere
shownin this graphTo compare each popuilan of cells over timén graphs Q), (F) and G), | used a
mixed-effect model with Tukey's postst correction for multiple comparisoqsvalues shown in light

and dark greemurple and orange respectively

4.2.5 Cell shape changes in thepithelial projection cells are accompanied

by drastic redistribution of adhesion and cytoskeletal proteins

Quantitative analysis of cell shape in the epithelial projections revealed how dynamic these
cells are. Cell shape changes are often associated with modifications in the cytoskeletal network
(Krueger et al., 2018; Kupaeva et al., 2018; Spencer et al.) a@di5positioning of ceitell
junctions (Araya et al., 2019)To examine the cettell adhesion complexes present in the
projections,| performedan antibody stain for £adherin (Ecad) as a read out for adherens
junctions The signal intensity waseasured in both the apical and basal halves of cells before
and after the folding evenBefore the folding eventthere was slightly more-Bad signal
detectedn the apical half of the cell§igure 4.6\, A' andD i 40 hpf). At this stage, Ead

was maity distributed along the lateral and sapical regions of the cell. Asells in the
projection startedindergoing basal constriction and the tissue fol&echdshowed a drastic
change in itgistributionto the basal half of the cells (Figure 4:6012um). Images of the
staining show Ecad present in the basolateral domain of theseamtisvas no longer as close

to the apical cell surface as bef@fei g u r e 4 -5824m)aErcatl reAdined basolaterally
locatedat later stages (Fige 4.6A and D 12-25um). Just like the cell chape changes reported
here, this redistribution of-Ead from thesub-apical to the basolateral domain appeared to be
restricted to th@rojection cellsand was not a generic phenomenon happening throughout the
otic vesicle(note that signal was only quantified in projection ceF®r instance, in the crista
(asterisk inSupp.Figure2 A)OE-cad retained a similar distribution pattern to earlier stages
(Supp.Figure2A).

To visualise filamentous actihperformed a phalloidistaining. Before projection formatipn

the signalas stronger in the apichalf of cells mainly present at the apical cell surfarel

apical celicell junctions (punctahroughout the otic vedie (Figure4.6B and B 40 hpf; Supp.
Figure 2B. Once projection cellsstartedchanging their shapé¢he distribution of phalloidin
signal changed significantly. Generally, the phalloidin signal became evenly distributed along

the apicebasal axis but dtipresent at the apical cadkll junctions (punctalFigure 4.6B and
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E-5-12um). In some cells, however;&ctin showed a basolateral distribution, as well as being
present at the apical junctions, which was more consistent at later (tages4.6B and Ei

5-12 um and 12-25 um). Imaging of fixedT g ( a ¢ t b 2EGRP) dmbrfos fevealed that
myosinll signal wasevenly distributed along the apib@asal axis in projection celbgefore the
folding event (Figire4.6C and F 40 hpf, unlike Ecad or Factin. However, when the shape

of projection cells started changing, myeHirsignal showed a significant change in its
distribution andsimilarly to Ecad, became stronger in the basal half of the projection cells
(Figure4.6C andF - 5-12 um and12-25 um). Images show myosih locatedto the basolateral
domainand depleted from the apical cell surface but present at the apicetltglinctions
(puncta)(Figure4C - 5-12 um and12-25 pm). Again, this apical to basolateral shiftléfctin

and myosin Il wasestricted to the tissue of the projections and not seen in the rest of,the ear
where it remains apically located (signal quantified in projection cells only) (Supp. Figure 2B,
B6, C and C0o) .

Giventhat | observed projection cglundergoing an inversion of skewness arché, Factin

and myosinll re-locating from the apical to the basolateral domain of célisanted to
investigate whether projection cells couldibeerting their apicobasal polarity when the otic
epithelium fdds. First, | performed an antibody staining for ZD) a protein present in zonula
occludens (tight) junctions and commonly used as an apical m&t@gman et al., 2015)I

found that ZG1 protein remaineéxclusivelyin apicalcell-cell junctions (punctaj)hroughout

the formation of the projections, before and during folding of the tissue, as in the rest of the otic
epithelium (Figitr e 4. 6;Gu@mpd GO g u rNe6 etildyosh+ld prdpedtipns at

each time point)l also performedan antibody staining for Pard3, a polarity protesquired

for apical domain establishmefiiorikoshi et al., 2009)There was mord>ard3 present in the
apicalhalf of cells including the apical cell surfadeefore thefolding event(Figure4 . 6 H, Ho6
and 17 40 hpf) Despite measurements of Pard3 signal not differing in a significant way before
and after folding, Pard3 appeared to localise to apicate#ljunctions (puncta), similarly to

Z0-1, and along the lateral cell region during and afteraldirfg event Figure4 . 6 H, H6 and
| -5-12um, 12-25umand 25um; Su p p . F i g U.These 2eBultsadicadethd& despite
theinversion of skewness and drastic shift of adhesion and cytoskeletal proteins from the apical
to the basolateral domaiprojectioncells retain their apicobasal polarity throughout the folding

event.
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Figure 4.6 1 Adhesion and cytoskeletal proteins of projection cells shift from the apical to the

basolateral domain but the tissue retains its apicbasal polarity.

E-cadherin A andA § ZO-1 (G andG ¢ and Pard3H andH ¢ antibody staining, phalloidin staining

(AG B, GéandH @ and GFP boost of g ( a ¢ t b 2EGHRP) flIxed 2mbtyos C) were performed.

Pictures were taken on a Nikon inverted confocal microscope with a 40X oil immersion objective. A
single slice of azstack is shown in each picture. Arrowheads painthe apical surface of the
epitheli um. Scal e b ab-FRandhelkow the Laog(1D)0of tlematio oGstamipgh s (
signal in the apical half of the cells over the staining signal in the basal half of the cells (see methods

2.5.4 for details)Each data point represents a measurement over three cells in a developing projection.
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The median and interquartile range are shown by the horizontal lines. A KWake with Dunn's

posttest correction for multiple comparisons was performed.

4.2.6 Myosin-Il is required for normal projection formation

Having observed projection cells undergoing basal constriction and apical rowamding
redistribution of Factin and myosiil at the time oturvature inversion, | considered the role

of the actomyas cytoskeleton in these processeswés described that the folding of the
zebrafish optic cup involves basal constriction of the retinal cells partly due to the accumulation
of myosin at the basal surface in scatteresiroblasts(NicolasPérez et al.,2016) |
hypothesised that inverting epithelium curvature could rely on contraction of actin filaments
due to myosidl activity. In order to testhis, | blocked myosin activity in an actabetached

state using the myosih specific inhibitor blebbistdin (Kovacs et al., 2004)Treatment of
zebrafish embryos with 28V and 50uM blebbistatin at 42 hpf (just befotiee start of anterior

and posterioprojection formation) for six houyslisrupted the formation and elongation of
epithelial projectionsKigure 4.7. All control (DMSO+treated) embryos formed at least one
projection and nearly 70% (n = 12) formed both the anterior and posterior projections compared
to 90% (n = 16) in the E3 control group (Figure 4.7A,B and E). In contrast, nearly 30% (n =
10) of Hebbistatintreated embryofailed to form either anterior or posterior projections, and
only 10% (n = 2) of 5uM blebbistatintreated embryos formed both projecti¢fgure4.7CG

E). Most importantly, projections that were able to form in lebbistatintreated embryos

were significantlyshorter than those in the controls but no significant difference in projection
width was foundonly measured for anterior projections) (ig4.7A-D 6 , G Basaof H) .
blebbistatintreated embryokoked slightly smaller compared to those of control grolips.
inhibition of myosinll activity is likely to affect other morphogenetic processes in the embryo;
however| measured thbodylength ofall embryos antllebbistatintreated embryos continued

to grow during treatment and reached the same length as those in the control graups (Fig
4.7J). At the time of treatmenthe lateral projectiowas already starting to for(two embryos
already hadha visible lateral projection at 42 hpfFigure 4.7F). The development dthis
structurewas not affecte@s, across all groups, all embryos at 48 hpf (n = 18 per group) but

one formed the lateral projection (Figure 4.7F).
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Figure 4.77 Myosin-Il activity is required for normal projection formation.

A blebbistatin treatment for six hours ¢48hpf) was performed on zebrafish embryos to block myosin

[l activity. Representative images of their inner @arshown inA-D dor the respective groups. Scale
bars measure 50 ¢&m. Bl ebbistati rE-Ft it esutechimrat di
significant reduction of projection lengtks), but not width H) resulting in a change gdrojection

aspect ratiol(). Embryo body lengthH) was not affected. In graps), median and interquartile range

are shown by the horizontal lines, and a Kruakfalllis with Dunn's postest correction for multiple
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