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Summary

. Summary

Impaired migration of neurons to ectopic locatioofen results in diseases such as
Lissencephlay, Polymicrogyria and Heterotopia. tdeo to divide, to migrate and also to
terminally differentiate, cells need an intrinsmlgrity to accomplish these tasks in the correct
orientation. The proteins aPKCi and MPP5 are ctiyciavolved in orchestrating polarity in
many cell types and tissues, but their influencenenronal differentiation and neuronal
migration is not well understood. To investigdteit contribution to establish and maintain
neuronal polarity we chose the cerebellum, becatises a highly conserved brain
compartment among vertebrates including the zedrafi
For both polarity factors mutant zebrafish lines available heart&soul (apkci) andnagie
oko (nok, mpp5). Neuronal migration in these mutants was addde$seinvestigating the
most numerous neuronal population in the cerebelthmgranule cells (GCs) which migrate
long distances from their origin of birth to thdimal position within the mature cerebellar
network. First cerebellar morphology apkci and nok mutants was analysed, to elucidate
whether cerebellar development is actually affeatethese mutant lines. Cellular membrane
staining clearly showed a disrupted tissue architecand a disorganized cellular pattern.
Subsequent whole-mount mMRNAN situ-hybridizations and fluorescent immuno-
histochemistry confirmed expression of bapkci andnok in the developing cerebellum and
in the GC population or its precursors. The follogvanalysis revealed that GC differentiation
was impaired in both mutants. &pkci” embryos terminal differentiation was found to be
missing completely. Becausapkci mutants showed the stronger phenotype thek”
embryos with respect to GC development, subsegagperiments concentrated on the
function of aPKCi. Within this work it turned outdt the number of GCs is significantly
reduced in the mutants, which could be traced b@ack decrease of cell proliferation and an
increased cell death rate, which was consonantnegbarch studies in other tissues revealing
a function of aPKCi in proliferation and cell sural. Confocal time-lapse recordings
revealed a proper motility of GCs apkci mutants, however their migration was not directed,
but rather unoriented with many directional chan@&€s migrated to ectopic positions and
sometimes crossed the posterior morphological warti¢he cerebellum to migrate into the
hindbrain. GCs could most probably cross the apa=kebellar border, because of its
interrupted organization, revealed by a fluoresaemhune-staining of apical junctions. In
order to specifically target GCs, electroporatinrcombination with cell specific Gal4:UAS
1
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expression was used to block aPKC function in aaimosell autonomous manner. Loss of
aPKC function seemed to be rescued bywtd-type environment, because single affected
GCs were able to migrate in a directed fashionicatthg a tissue-specific function rather
than a cell-autonomous role of aPKCi in directin@ @Gigration. In summary, this work
supports the importance of aPKCi and Nok in cetabdevelopment. Further | demonstrated
that aPKCi is important for GC differentiation aedsential to maintain cerebellar tissue
integrity, which in turn is necessary for directe@ migration.

. Zusammenfassung

Eine fehlerhafte neuronale Migration verursachtfigineurologische Erkrankungen, wie
Lissencephalie oder Polymikrogyrie. Damit eine &edich gerichtet fortbewegen kann, aber
auch um sich zu teilen und terminal zu differeremermuss eine intrinsische Polaritat zur
korrekten Zellorientierung wahrend dieser Prozessegen. Die Polaritatsproteine aPKCi
und Nok (MPP5) spielen eine wichtige Rolle, um iellédn und Geweben Polaritat zu
etablieren und aufrechtzuerhalten. Jedoch ist biskaig Uber ihre Beteiligung an neuronaler
Migration oder an der Differenzierung von Nervetaelbekannt. In dieser Arbeit habe ich
die Funktionen beider Proteine wahrend der Entwitll des Kleinehirns (Cerebellum)
untersucht. Das Kleinhirn ist innerhalb der Vertgbn, und somit auch im Zebrabéarbling
evolutionar stark konserviert, d.h. die neuralerltygen, sowie deren Anordnung und
Vernetzung sind nahezu identisch.

Die Funktion von aPKCi oder Nok wahrend der Entwiokg des Cerebellums wurde mit
Hilfe von Zebrabarbling-Mutanten dieser Geheaft & soul (has, apkci) undnagie oko (nok,
mpp5)) untersucht. Die morphologische Untersuchung spkci und nok Mutanten zeigte
eine starke Fehlorganisation des Kleinhirns, gekeithnet durch eine zum Teil ungeordnete
Zellanordnung und eine diffuse Abgrenzung zum Hthita. Die Expression beider Gene im
Cerebellum wurdealurch in situ-Hybridisierungen und Antikdrperfarbungen nachgeere
Diese ersten Ergebnisse bestatigten, dass beideirfereeine wichtige Rolle wahrend der
Entwicklung des Cerebellums wahrnehmen. Die nagkfule Analyse neuronaler
Entwicklung in den Mutanten wurde an den Granuléere(GCs), den am haufigsten

vorkommenden Neuronen im Kleinhirn, durchgefuhrCsGwandern lange Strecken von
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ihrem Entstehungsort bis zu ihrer letztendlichersitRin innerhalb des Cerebellums. Die
Untersuchung der GC-Entwicklung ergab, dass in Foren beider Mutations-Stamme
(apkci und nok) die Differenzierung der GCs gestort ist. elpkci"‘ Embryonen blieb eine
terminale Differenzierung sogar vollstandig aus. dd& GCs inapkci” Embryonen starker
betroffen waren als inok” Embryonen, konzentrierte sich die weitere Arbeit die Rolle
von aPKCi wahrend der neuronalen Entwicklung. Efitstsich heraus, dass die Anzahl an
GCs inapkci” Embryonen stark reduziert war, was auf eine nigae Zellproliferationsrate
und einen Anstieg an apoptotischen Zellen im Vérglezu Wildtyp Embryonen
zurtckgefuhrt werden konnte. Durch konfokale Zééraufnahmen GFP-markierter GCs hat
sich gezeigt, dass GCsapkci” Embryonen nicht in ihrer Beweglichkeit eingeschitzsind,
aber dass ihre Migration wenig gerichtet ist. ViG€s bewegten sich ziellos mit vielen
Richtungsanderungen und wanderten dabei haufigktapiechen Positionen, sogar Uber die
caudale Kleinhirn-Grenze hinweg ins angrenzenddedtiirn. Eine Farbung apikaler Tight
Junctions zeigte eine luckenhafte Organisation a@ik Strukturen auf, die
hdchstwahrscheinlich ein Entweichen von fehlerhaiigrierenden GCs ins Hinterhirn
ermdglichte. Ein weiteres Ziel dieser Arbeit, aPK@iosaikhaft ausschlief3lich in GCs zu
blockieren, wurde mithilfe von Elektroporation ectd, kombiniert mit zelltyp-spezifischer
Gal4-Expression. Es stellte sich heraus, dasstdeamipulierte GCs trotz blockierter aPKCi
Funktion zielgerichtet wandern konnten. Der in Miiégn beobachtete Phénotyp, die ziellose
Migration von GCs, wurde hier offenbar durch didddyipische Umgebung kompensiert.
Daraus lie3 sich schlieBen, dass aPKCi in Bezug nawironale Migration wohl keine
zellautonome, sondern eher eine Ubergeordnete gepetifische Funktion auslbt.
Zusammengefasst konnte ich mit dieser Arbeit zgeigaas aPKCi und Nok notwendig fir die
Entwicklung des Cerebellums sind. Weiterhin konmte demonstrieren, dass aPKCi
wahrscheinlich eine zellautonome Funktion wéahreadRifferenzierung von Granularzellen
ausubt und notwendig ist, um die Gewebsintegritéiteghtzuerhalten, was wiederum eine

gerichtet Migration von GCs ermdglicht.
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Introduction

1 Introduction

1.1 The cerebellum of zebrafish as model to study neunal
development

The cerebellum is an evolutionary highly conserteain compartment among vertebrates.
Cell types, neuronal connections, development a&nebellar functions are very similar (fig.
1). Despite the large number of neurons (the cdtebecontains about 50% of all neurons of
the vertebrate brain) only few different neuronall types build up the layered structure of
the cerebellum, which therefore possesses a raiimgre neuronal circuitry ideally suited to
study neuronal development. The cerebellum is tmral centre to fine-tune movements of
the locomotor system, proprioception, it regulaaesl controls body posture, balance and
motor-learning. During the past years several iigagons also proved the involvement of
the cerebellum in higher cognitive and emotionaksa and subsequently revealed cerebellar
abnormalities as a potential cause for psycholbgiismrders, like autism and schizophrenia
(for review see Ito 2008; Hibi and Shimizu 2012).

mouse zebrafish

ML
PCL

IGL
[

Figure 1.1: The cerebellum is an evolutionary higly conserved brain region.
The scheme shows a comparison between mouse andfigiebcerebellum and its layered
organization. Image by courtesy of R.W. Koster faeld from Koster, 2006).

Studies in the goldfish indicate, that the cerelmellin teleost is also involved in higher
cognitive tasks, for example in eyeblink-like cdmahed responses, spatial cognition,
memory, learning, ‘emotional’ responses and hestg conditioning (Rodriguez et al. 2005;
GoOmez et al. 2010; Hibi and Shimizu 2012). Teldiks the model organism Danio rerio

(zebrafish) are therefore well suited for studyiceyebellar development. In addition the
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external development and the transparency of tHayrallow live imaging in vivo without
harming the embryo, and the small size of the epsmnables nonetheless the imaging
through the whole cerebellum by confocal laser sranmicroscopy. Because of the large
numbers of eggs, enough genetically altered emblikes homozygous mutants can be
obtained in short time, as well as enough succkssanipulated eggs by injection or

electroporation of nucleic acid.

1.2  Origin of the cerebellum

The position of the vertebrate cerebellum alonggierior-posterior axis of the neural tube is
defined by signals from the Isthmic organizer (Is®¥ignaling center within the neural plate,
which is localized at the junction between mesehakm and metencephalon. Induction of
the IsO is controlled by the expression of the hatieenain transcription factors orthodenticle
homologue 2 (Otx2) and gastrulation brain homeoBogGbx2). During gastrulation the
border between the expression domains of Otx2 amPG@s still diffuse. But during early
neurulation the expression domains of Otx2 on titeraor and Gbx2 on the posterior site of
the mid-hindbrain junction create a clear bordégwmn for zebrafish (Gbx1) (Rhinn et al.
2003) and mosue (Joyner et al. 2000).

Otx2 Fgfg
B Gbx2 Enl, -2
Wnt1 Pax2

Pax2, -5and -8

Figure 1.2: The position of the cerebellum is dafed by the Isthmic Organizer

The schematic drawing of the mouse mid-hindbrapragents the expression of distinct genes along
the 1sO to define the boundary between and thdiposig of the mid- and hindbrain. Expression of
all genes is confirmed for the zebrafish IsO. Imadepted from Wurst and Bally-Cuif, 2001.
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Two other genes are strictly separated at the W§6t1 and Fgf8, which are expressed in a
narrow domain just anterior and posterior to th®, Isespectively (fig. 1.2) (Krauss et al.
1992; Joyner 1996; Wurst and Bally-Cuif 2001; Oddast al. 2005). Transplantation
experiments in chicken embryos and mutation amaliyszebrafish and mouse revealed that
Fgf8 is crucial and sufficient to induce the deypsh®nt of mesencephalic and cerebellar
structures and to maintain them (Wurst and Ballyf@Q01; Sato et al. 2004). The further
regionalization of the metencephalon into 7 rhoméms in zebrafish is orchestrated by
specific expression of Hox genes (Moens and Pr2@€¥). Rhombomere 1 finally gives rise

to the cerebellum and rhombomeres 2-7 become tubitain.

1.3 Ventricle inflation

During brain development, the neural tube openseamidline at several hinge points to form
the brain ventricles. The hinge point of th® ventricle, or hindbrain ventricle, lies at the

border between rhombomere 1 (cerebellar primordama)rhombomere 2.

Figure 1.3: Rotation of cerebellar anlage duringentricle inflation

During embryonic development the neural tube ogrdistinct hinge point along the dorsal midline
starting from 18 hpf onwards and reaches its widegtansion at 24 hpf. Thereby the cerebellar
primordium rotates from an anterior-posterior tmedio-lateral orientation. Upon continuous growth
of the future brain the ventricles start to cldsecase of the rhombencephalon the apical surfaees,
the upper and lower rhombic lip of the ventriclejoa, creating a morphological border between
cerebellum and hindbrain.
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Because of the ventricle inflation but continuethetment of midline cells at the IsO, the
cerebellar anlage rotates around 90° from an amtpasterior towards a medial-lateral

orientation (fig. 1.3) (Sgaier et al. 2005; Distdl al. 2006). Upon subsequent ventricle
closure, caused by continued neuronal proliferatind therefore continued enlargement of
the brain, the ventricular surfaces of the cerelbell(lupper rhombic lip, URL) and the

posterior hindbrain rhombomeres (lower rhombic LRL) adjoin, creating a morphological

border between both brain compartments.

1.4  Structural organization of the cerebellum

The cerebellar primordium is a neuroepithelium hedce, cells span the whole radial width
connecting to the apical ventricular site and béaalina, here the mid-hindbrain boundary
(MHB) by thin processes. With other words, the yarimordium is only a single cell layer
forming a proliferative epithelium. But becauseimterkinetic nuclear movement (INM, s.
chapter 1.7), the position of the nuclei within dg@cal-basal axis varies from cell to cell,
which leads to a pseudostratified appearance of niagroepithelium. Only when first
postmitotic cells disconnect from the apical lamittee site of proliferation, the cerebellar
anlage becomes actually multi-layered, being subldds into zones of proliferating
progenitors and regions of neural differentiation.

The mature cerebellum of mammals comprises thecabellum, which is the phylogenetic
oldest part, the paleocerebellum and the neocdvebdbr cerebrocerebellum). The mature
zebrafish cerebellum is divided into three lobethe- valvula cerebelli, only present in ray
finned fish; the corpus cerebelli, homologuous toe tpaleocerebellum; and the
vestibulolateral lobe, which is homologuous to taehicerebllum and subdivided into
eminentia granularis and lobus caudalis cereb@llilimann 1998). The anterior positioned
valvula cerebelli and the medial corpus cerebalnsist of three layers, which are from
superficial to deep, the molecular layer (ML), therkinje cell layer (PCL) and the internal
granule cell layer (IGL). In contrast the lateralieentia granularis and the posterior located
lobus caudalis cerebelli contain only granule c@B€£s) in teleost (Wullimann et al. 1996).
The ML is mainly comprised by the large dendriteets of PCs and the axons of GCs, called
parallel fibers. Interspersed are small internesiydrasket and stellate cells in mammals and
only stellate cells in zebrafish. The PCL is onheccell thick containing the cell somata of

PCs and Bergmann glia cells. Contrary, in the eaglyrafish cerebellum no glial cells are
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evident (Rieger et al. 2009). The IGL consists tyanri the somata of granule cells, but also
of Golgi cells and, in zebrafish, eurydendroid €ellhich are located close to the PCL (for
review (Hibi and Shimizu 2012). In mammals additithy unipolar brush cells reside within
the IGL, but in teleost fish they are only reporsedfar forGnathonemus petersii (Campbell

et al. 2007; Mugnaini et al. 2011).

' | I | E
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Figure 1.4: Cerebellar circuitry in the zebrafishcerebellum

Precerebellar nuclei provide excitatory input te terebellum, most projecting to GCs, except the 10
which send their axons to PCs. GCs develop longh@xoalled parallel fibers because of their
orientation parallel to the cerebellar surfaceaRarfibers synapse onto dendrites of PCs. Th@s P
integrate finally information from mossy and climgifibers and generate an inhibitory output signal
which is delivered to eurydendroid cells, whichrthgoject out of the cerebellum. Schematic drawing
adopted from Bae et al., 2009.

The cerebellum receives excitatory input from salvpre-cerebellar nuclei. The inferior olive
nucleus (10) is located at the posterior hindbemd sends climbing fibers to the dendrites of
Purkinje cells (PCs). Other pre-cerebellar nuclejgrt their axons, called mossy fibers, to
dendrites of GCs, which subsequently also projecP€@ dendrites. Therefore, signals from
climbing and mossy fibers are finally integrated Bg€s, which generate the main output
signal of the cerebellum. The inhibitory outputrsts by PCs are delivered to other PCs and,
in zebrafish, to eurydendroid cells, which are tedain close vicinity to PCs. Excitatory

eurydendroid cells than project out of the cerelmellin mammals there are no eurydendroid
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cells; however PCs send their axons to the homaledonctioning deep cerebellar nuclei.
They are, in contrast to eurydendroid cells, logdée from PCs in more ventral regions (Bae
et al. 2009; Wullimann et al. 2011; Hibi and Shimi2012). Figure 1.4 illustrates

schematically cerebellar neuronal cell types aed ttonnections in the zebrafish cerebellum.

1.5 Origin of cerebellar neurons

Neurons of the cerebellum arise from two distimclliferative zones along the ventricle. The
dorsal most part, called upper rhombic lip (URLgfided by the expression afohl; and
below the ventricular zone (VZ), expressipgla. Inhibitory GABAergic neurons, i.e.
Purkinje cells and interneurons like Golgi andlatelcells, are derived froptfla expressing
progenitors of the VZ. Excitatory glutamatergic ranms, like granule cells, are derived from
URL progenitors expressing the proneural gemtehl. Interestingly neurons of the 10
projecting to PCs are also derived frafila expressing progenitors of the VZ; and mossy
fiber-type pre-cerebellar nuclei projecting on G@se derived from URL progenitors
expressingatohl. Suggesting a simple mode of how connections anmeugons are already
determined by the dorsoventral origin of their moigors (Wingate 2005; Wullimann et al.
2011).

In mice the different types of neurons originatofgone proliferative zone are generated in a
sequential mode. For example, in the URL, tegmemitadibrain nuclei are generated first,
than deep cerebellar nuclei and finally granuldscéVingate 2005). In zebrafish also
tegmental hindbrain nuclei are born first and sghsatly GCs are delineated (Volkmann et
al. 2008; Volkmann et al. 2010; Wullimann et al12D In contrast most of the eurydendroid
cells in zebrafish seem to origin from the VZ (Bafka, 2009; Kani et al. 2010) though a

small population also arises fraatohl expressing progenitors (Kani et al. 2010).

1.6 The major cell type of the cerebellum: The GranuleCells

Granule cells are the most numerous neurons incéinebellum. They are glutamatergic
excitatory interneurons projecting on PC dendriteanammals and chicken, GC precursors
(GCPs) arise at the apical side of the most dgadlof the URL and tangentially migrate to
populate the whole surface of the cerebellar priiuwn, forming the external granular layer
(EGL). GCP stay mitotically active in the EGL affeaving the ventricular zone, which is

unique for neuronal precursors. Postmitotic GCtharrmove tangentially in the lower part of
12
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the EGL, displaying a bipolar shape with a leadargl a trailing process parallel to the
surface oriented along the mediolateral axis.

Meninges
Basal Lamina

Upper EGL

Tangential migraticn
I 1
| s
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B Centrosome
I F-actin
Molecular Layer @P» Nucleus

E > Ferinuclear cage
b Actomyosing

]:| Activated TrB

] Active Rnoa

SemafiA
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Radial Glia

TRENDS in Neurcsciences

Figure 1.5: Tangential and subsequent radial migation of cerebellar GCs in mammals

GCs migrate tangentially in the transient extergi@nule layer (EGL) before switching to radial
migration through the molecular layer in order @éach their final destination in the inner granwdé c
layer (IGL) where migration ceases. Adopted fronChédotal, 2010.

After a certain time the GCs extend a third progespendicular to the surface projecting to
ventral regions and the cell starts to migrate gl@aial glial fibers (radial migration) through

the molecular and the Purkinje cell layer to thé&.IGhe forward movement of the cell soma
with the nucleus occurs by nuclear translocati@sédbed below).

The initial two processes elongate and form thkapsd parallel fibers, the axons of GCs,
which remain in the molecular layer, whereas tHesmanata, containing the nucleus, migrate
ventrally. Finally, radial migration of GC stops the IGL, ventral to PCs. The respective
final position of the GC is hence determined upeaving the lower EGL (for review see

Chédotal, 2010 and fig. 1.5).
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In teleost fish it is controversially debated whegtlan EGL is existent or not. Chaplin and
colleagues stated that no EGL was formed in theafish cerebellum (Chaplin et al. 2010
127). In contrast, a more recent publication inpmyation with our group suggests the
presence of an EGL, which is however simpler coeghdo mammals, as it does not cover
the whole surface of the cerebellar primordium, ibutaither more restricted to the ventricular
site (Wullimann et al. 2011).

+12min c4-24min

&3
gata1:GER:

Figure 1.6: Chain-like migration of granule cellsin the zebrafish cerebellum
GCs in zebrafish cerebellum migrate tangentialtilizing each other as substrate and contacting by
local temporal adhesion. Adopted from Rieger et24l09.

Another major difference, shown by our group, ie #bsence of radial migration of GCs
along glial fibers in the early cerebellum of zdista in contrast to GCs of mammalian

cerebelli. GCs rather migrate in a chain like mattng each other, with the cell adhesion
protein Cadherin-2 (N-cadherin) playing an impottate for this type of migration (Rieger

et al. 2009). However in the juvenile and adulebetlum, newly generated GCs in a medio-
ventral located stem cell niche first migrate didysalong radial processes before turning and
migrating lateral and ventral to the IGL by tangainigration (Kaslin et al. 2009).

But independent of the migration mode, cells needée polarized with a leading site in

direction of migration. Also in zebrafish, GCs exdea leading process and migrate by
nuclear translocation (for detail s. chapter 18 not clear however whether the leading or
trailing process finally elongates to become thenawhen a GC reaches its final destination.
It has been shown by our group that GCs migrate dhfferent cerebellar regions to form

three clusters. In the transgenic zebrafish sti@fgatal:GFP), GFP is expressed in the

cerebellum solely by GCs, allowing their tracingidg migration by time-lapse recordings.
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Depending on the position of birth along the meatedal axis, GCs migrate to a distinct
cluster and therefore finally contribute to a distimature functional domain. For example,
GCs born near the dorsal midline migrate to the-nmlbrain boundary (MHB) into the
dorsomedial cluster, which later becomes the coxqmrsbelli; whereas GCs arising from
lateral regions of the cerebellar rhombic lip jtie ventrolateral cluster, the future eminentia
granularis (fig. 1.7). Therefore, the final positiof a GC is already partly determined by its
origin of birth in the URL (Volkmann et al. 2008)he same was proven for mice, in which,
for example, expression domains of two engrailedegealong the ventrolateral axis of the
cerebellar primordium partly define the later piositin the mature cerebellum (Sgaier et al.
2005; Sgaier et al. 2007).

eminentia
granularis

cerebellaris

Figure 1.7: Cerebellar GC migration in zebrafish

Cerebellar GCs migrate in different regions to fdhmee clusters, which can be assigned to distinct
mature functional domains. For example, GCs miggatdo form the dorso-medial cluaster (A, B, C,
orange labelling) later contribute to the corpusebelli (D, orange area). Image adapted from
Volkmann et al., 2008.

1.7 Interkinetic Nuclear Movement

Mitosis of GC progenitors (GCPs) and of every otpeoliferating neural progenitor in

neuroepithelia takes place at the apical membrarsgmple reason for this could be, that the
primary cilium and hence the centrioles of the basaly localize apically during G1 and S

phase of cell cycle. During G2 and upon enterintpsis the primary cilium is retracted and
the centrioles duplicate and separate into tworosaimes to set up the mitotic spindle
(Chenn et al. 1998; Tamai et al. 2007; Santos agiteR2008). As mentioned already, the
early cerebellar primordium is a mono-cell-layed aherefore densely packed by a large

number of progenitors, to give rise to the vast bera of neurons of the mature cerebellum.
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Because of the high cell density, not all nuclei t& located at the apical site. To achieve
nonetheless, that all nuclei can be mitoticallyivacto further increase the progenitor pool,
nuclei move between the apical URL and the basaBMiy interkinetic nuclear movement
(INM). After mitosis at the URL the cell soma withe nucleus moves to more basal regions
where DNA replication occurs. Successively, thelews moves back to the apical site during
G2-phase followed again by mitosis. INM is thereftine periodic movement of the nucleus
of neuroepithelial cells from apical to basal posi¢ and back to the ventricular surface in
concert with cell cycle progression (fig. 1.8, IHazell) (Frade et al. 2002; Baye and Link
2007; Tamai et al. 2007).

| ventricular
zone

apical

basal

Figure 1.8: Interkinetic nuclear movement

In concert with cell cycle progression the cell sprrontaining the nucleus, moves between the apical
and basal membrane of the neuroepithelium (bladlk déhis enables all cells to reach the apical
surface having sufficient space to divide and ¢buate to. Image adopted from Baye and Link, 2007

During INM the nucleus is moved by microtubule mretand actomyosin, but also passive
forces like nucleus displacement by neighboring¢saale involved. Throughout the entire cell
cycle the cells stay attached to the apical and#sal side by characteristic endfeet. On the
apical site cells contact each other by tight jiomd, which mark the border between apical
and basolateral domains of a cell. During divistba apical and basal structures and their
associated determinants are divided symmetric ymametric, resulting in most cases in two
progenitors or in one neuron and one progenitospeetively (Alexandre et al. 2010;
Willardsen and Link 2011). Only after a neurogemiision, i.e. when a neuronal
differentiation is initiated, the apical procesgatdes from the ventricular surface (fig. 1.8,
red cell) (Baye and Link 2007; Taverna and Hutt®@t0; Willardsen and Link 2011). The
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cycling exposes the nucleus to different apico-bpsatein gradients, which is supposed to
play a role in cell fate determination. Dependimghow far a nucleus moves basally ahead of
division, a cell will either divide asymmetricalfjenerating one neuron and one progenitor, or
symmetric differentiative resulting in two neurorealls, or symmetrically proliferative giving

rise to two progenitors (Alexandre et al. 2010]l8visen and Link 2011).

1.8 Migration of neuronal cells

Upon leaving the ventricular zone, when GCs becposmitotic, they have to migrate to
their final destination and interconnect properlythwother neuronal cells to build up
functional neuronal network circuits. Cell polarigy important for both aspects. Migrating
neurons are polarized in the direction of migratamel mature neurons need to be polarized to
setup axons and dendrites at the proper locatiothéointerconnection with other neurons.
Migration of precursor cells and postmitotic nelgds an important feature to shape the
developing brain and total nervous system to ialfeappearance. Most migrating neuronal
cells extend a long thin leading process with amfnocone like shape at its tip. Forward
movement of the nucleus occurs in a saltatory patiad is also called nucleokinesis. First a
swelling in the leading process ahead of the nsciedormed, then the nucleus and the cell
body are trans-located into this swelling and #wsulting trailing process is retracted. Finally
the leading process again elongates and a new tavigreycle is initiated (Tsai and Gleeson
2005; Marin et al. 2010; Valiente and Marin 2010yas long thought, that the centrosome
plays an important role in the forward movementhef nucleus, because in cell culture it was
always located first in the swelling of the leadipgcess ahead of the nucleus. However,
recent work has shown that the centrosome doekoate necessarily ahead of the nucleus
during the entire period of nucleokinesis. In earhombic lip-derived neurons of the
zebrafish cerebellum the centrosome is only leadiv nucleus during preparation of a
migratory step, but is trailing behind the nucledter being surpassed by it during nuclear
forward movement (Distel et al. 2010). A study organotypic slices of the mouse
cerebellum suggested, that the nucleus was publedafd by stable microtubules extending
into the leading process and anchored directhhéoanterior part of the nuclear membrane,;
rather than being pulled forward by the centrosgmeshima et al. 2007). A further study
of mouse cerebellar GC culture supports the hyighbat acto-myosin contractility in the

leading process pulls both, the centrosome anddhe forward (Solecki et al. 2009).
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Interestingly, radially migrating neurons have agt leading process, whereas the leading
process of most tangentially migrating neurons $@aseral branches. This is most useful in
order to make fast directional decisions upon lmigdihemo-attractants and -repellents and to
follow a chemically laid down migratory route, raththan having first to retract a single

wrong oriented process and to re-establish it tdaarnew direction (Martini et al. 2009).

1.9 Epithelial polarity

Neuroepithelia, like all epithelia, have a cleapaation between apical and basolateral
membrane sites, because of the different functibeg need to fulfill. The apical membrane
of the early neural tube faces to a fluid fillednken and is sensitive to long range signaling by
the primary cilia and transmembrane proteins of ¢db#s. Different diffusible molecules
generate gradients to which a cell responds intaflg, for example to adopt a neuronal fate.
The baso-lateral sector of a cell interacts witlgimeouring cells and stabilizes cell-cell
contact and tissue integrity. Distinct complexesalize specifically to these regions. There
are two main apical complexes. One complex contidiegproteins Crumbs, PATJ and Palsl
(homologues ar®ros. Stardust and zebrafish Nagie oko or MPP5); andother complex
consists of Par-30ros. Bazooka), Par-6 and aPKC (Margolis and Borg 2@&sémat et al.
2008). In vertebrate epithelia, these complexealiloe to the apical tight junctions (Feigin
and Muthuswamy 2009) (fig. 1.9). The two compleass linked by Par-6 and Pals1 and the
connection is stabilized by Crumbs, which can exdemwith both proteins (Hurd et al. 2003;
Lemmers et al. 2004). The protein kinase aPKC aaatttly interact with Par-3 and Par-6 by
phosphorylating them. Par-6 further recruits aciRacl and Cdc42 to aPKC (Joberty et al.
2000; Johansson et al. 2000; Qiu et al. 2000). RadlCdc42 are involved in modifying the
actin cytoskeleton and hence important playersllirkinds of polarity throughout species
(Fukata et al. 2003) including directed migratidnastrocytes in a wound healing assay, at
least shown for Cdc42 in concert with Par6/aRkaDd GSK-3[3 (Etienne-Manneville and
Hall 2003). Par-3 is the first protein of the P&K&L-complex to arrive at the apical
membrane and is thought to target aPKC and Pattéganembrane region. In turn Par-6 and
aPKC seem to be important to stabilize the assoniaf Par-3 at membrane sites (Harris and
Peifer 2005; Suzuki and Ohno 2006).
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Figure 1.9: Epithelial polarity
Epithelial polarity is maintained by two major colexes. The Crumbs-complex and the Par-aPKC-
complex; the latter antagonizes baso-lateral lacpteteins like Par-1. Adopted from Feigin, 2009.

A basally localized protein establishing polargyHar-1 antagonizing the Par-aPKC-complex.
Parl is phosphorylated by aPKC and therefore canindtto the apical membrane, but only
to the baso-lateral membrane where aPKC is notddcén turn, Par-1 phosphorylates Par-3,
which destabilizes the Par-aPKC-complex and prevéstlocalization to basolateral sites.
Therefore polarity is regulated by mutual antagendgg proteins (Benton and Johnston 2003;
Hurov et al. 2004; Suzuki et al. 2004).

The apical Par-aPKC-complex is highly conservedughout species and plays an important
role for example in anterior-posterior polarizatmfitheC. elegans zygote, the polarization of
the Drosophila oocyte (Pellettieri and Seydoux 2002), embryormim@erm and neuroblasts
(Wodarz et al. 2000) and apical-basal polarizatibmammalian epithelial cells (Izumi et al.
1998; Suzuki et al. 2001). Polarity is also impottor cell proliferation, cell migration and
to establish the polarity of mature neurons. ThedP&C-complex seems to be involved in
all of these processes, whereas the Crumbs-confptexaining MPP5) seems to be more
restricted to epithelial polarity by recruiting tHear-aPKC-complex to apical domains
(Margolis and Borg 2005; Suzuki and Ohno 2006; Asstéet al. 2008).
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Interestingly, it was shown for the zebrafish hiradb, that during asymmetric division of a
progenitor (s. chapter 1.7) the cell inheriting #pcal proteins aPKC and Par-3 most often
becomes a neuron. The cell receiving the basakpsostays in a progenitor mode (Alexandre
et al. 2010), contrary to what was predicted fraodies in the mouse cortex (Kosodo et al.
2004). This might explain the results that losaBKC shifts the mode of divisions to more
proliferative than neurogenic in the retina, i.esd neurons and more progenitors are
generated (Baye and Link 2007; Alexandre et al020Ihe same results were obtained with
two other mutant zebrafish lines deficient for apitocalizing proteinsmpp5 (nagie oko,
nok) andN-cadherin (ncad). In the retina of both mutants the rate is sHitie proliferative at
the expense of neurogenic division (Yamaguchi e2@10). Contrary, in Drosophila the loss
of aPKC causes earlier cell cycle exit of neurdisl@seuronal progenitors) resulting in fewer
progeny cells. Further, imaginal disc epithelia @early reduced in size (Rolls et al. 2003).
And also in mice the loss of Par3 causes prematlteycle exit and the gain of Par3 or Par6
function promotes the generation of self-renewinggpnitors (Costa et al. 2008). The same
was shown for a conditional knockout of Palsl (MPP5the medial cortex of the mouse
brain, which first led to a premature exit of agjtle resulting in a massive increase of early-
born neurons and then to severe cell death ofritieeecortical neuronal cell population (Kim
et al. 2010). Together these data point out an rtapbrole for apical proteins in regulating
the mode of division.

Another in vitro study of 3D culture of Madin-Darby canine kidneMCK) cells also
suggests a role for aPKGnd Par6 in regulation of cell death of epithefr@rphogenesis
(Kim et al. 2007). This result indicates a furtirete of aPKC in cell survival besides
regulating proliferation and establishing cell paia

In vertebrates there are two isoforms of aPKC, aiPd@ aPKC. For mouse it is reported
that aPKCi is essential for early embryogenesis@amaoiskeletal functions, whereas aRKIE
supposed to mediate signal transduction of thetenmamune system (Soloff et al. 2004).
Mice homozygous for a loss-of-function allele agkci are embryonic lethal (Soloff et al.
2004) as well agpkci” zebrafish embryos (Malicki et al. 1996; Schiealetl996; Lowery et
al. 2009); own data)C. elegans andDrosophila embryos possess only one aPKC variant and
a functional knockout of this protein also resuttembryonic lethality (Tabuse et al. 1998;
Wodarz et al. 2000; Cox et al. 2001). In contrasbuse embryos lacking aPKGevelop
rather normal, with defects only in secondary lymighorgans (Soloff et al. 2004). In

zebrafish no aPKCmutant strain is available. Molecular approacloekniockout specifically
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aPKC, are difficult, because pseudosubstrates inhibiiotsnase-dead versions likely inhibit
also the function of aPKCi as the kinase domainbofh variants is highly conserved.
Nevertheless, a morpholino approach specificaligeting eitherapkci or apkc{ showed that
both variants have partially redundant function rgtinal development and a rescue
experiment of theapkci retinal phenotype withapkc, mMRNA revealed that transgenic
expressed aPKCcan compensate for the function of aPKCi to a tgeedend (Cui et al.
2007).

1.10 Nagie Oko and Heart and Soul

The mutant zebrafish strainagie oko (nok) andheart and soul (has) were first identified and
described in a large ENU-mutagenesis screen (Madicll. 1996; Schier et al. 1996; Stainier
et al. 1996). Following studies identified the ediog protein of the genaagie oko as a
membrane-associated guanylate kinase (MPP5, alserkannder the synonym Palsl) (Wei
and Malicki 2002; Rohr et al. 2006); and the pmotncoded by the geieart and soul as an
atypical protein kinase C (aPKCi in mouse and Zédiraand aPK@ in humans) (Horne-
Badovinac et al. 2001).

nok mutant embryos (fig. 1.10 c, ¢’) possess a cutvedy axis, reduced and patchy eye
pigmentation, disorganized retina, severely redueedtricle inflation and abnormal brain
shape, reduced circulation (Malicki et al. 1996hi8c et al. 1996), failure in heart tube
elongation (Rohr et al. 2006) and failure in gudimg (Horne-Badovinac et al. 2003). In the
developing brain ofnok mutant embryos, midline separation and subsequentricle
inflation does not occur or only poorly, and theira tube seems to be stuck. Labeling with
junctional markers at 22 hpf displays a highly digmized neuroepithelium and a midline,
which is not continuous and already impaired follmyv neural tube closure. Although,
junctional proteins localize apical, no cohesivBrabelts characteristic for epithelial cells are
formed (Lowery and Sive 2005; Lowery et al. 2000has been therefore proposed, that Nok
is necessary for early epithelial integrity and towmous midline formation in one plane for
correct midline separation along the neural tulmngry et al. 2009).

Embryos with a mutant allele s (fig. 1.10 a, a’), possess a very similar phenotlyke
nok mutants. They display a curved body axis, reduegd pigmentation and retinal
degeneration, a very small defective heart with digtinctive chambers, reduced brain

ventricle inflation and an abnormal brain shape l{¢hka et al. 1996; Schier et al. 1996;
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Stainier et al. 1996) and also impairment in digesbrgan morphogenesis (Horne-Badovinac
et al. 2001; Horne-Badovinac et al. 2003).

| heart & soul | | wild-type | | nagie oko

Figure 1.10: Phenotype of 24 hpf old heart & soulvild-type and nagie oko embryos

B, B’) At 24 hpfwt embryos possess a straight body axis (black aramvinflated hindbrain ventricle
(asterisk), and a nearly complete pigmented eyétgvalrow). A, A’) The £ ventricle ofhas embryos

is not inflated properly, eye pigmentation is pgtelnd the body axis is curved. C, C’) The phenotype
of nok is most severe, i.e. all brain ventricle are nutated, especially recognizable at th& 4
ventricle, the eye pigmentation is missing in mangas and the body axis is curved. The curvature of
the body axis ohas andnok embryos varied strongly within one clutch.

The neural tube midline ihas mutants is continuous, nevertheless fails to dpeits full
extent and stays adjoined at several sites in itd@bhain. The fore- and midbrain are less
affected, and ventricle opening in those regionsucs rather normally. Midline separation
defects indicate abnormalities in neuroepithelilsc However, junctions appear normal at
early stages around 22 hpf (Lowery et al. 2009}, they are progressively lost during
development and are almost completely lacking ér#tina as well as in the neural tube at 60
hpf (Horne-Badovinac et al. 2001).

Taken together, it has been shown for both mutahit epithelial integrity and tissue
morphogenesis of several distinct organs, alsohthdbrain neuroepithelium is impaired,
suggesting both mutant zebrafish strains suitablentestigate aspects of early cerebellar

development.
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1.11 Aim of the study

Migration of neurons to ectopic locations causeges®e neurological diseases. Neuronal
migration disorders are for example LissencephRotymicrogyria and Heterotopia, which
are often associated with mental retardation ofteppc seizures (Spalice et al. 2009).
Because the cerebellum is a highly conserved brampartment regarding its principle
neuronal network, it is well suited to be investgghin the model organism zebrafish. The
zebrafish enables us to image neuronal migraticth therefore morphogenesis in vivo,
thereby excluding artificial cell behaviour oftezported forin vitro cell culture studies when
compared to results af vivo analysis.

This work aims to determine a possible role of podarity proteins aPKCi and MPP5 in
neuronal migration and maturation, as polaritynsc@al for directed migration. As already
mentioned, well-described mutant zebrafish linestefor both genespkci and mpp5, but
nothing so far is known of their role and expressiothe development of cerebellar neurons,
which is the project of this work.

First the morphogenesis of the cerebellum of thosdant lines compared tat was
investigated, followed by the analysis of gene egpion inwt embryos to clarify whether
apkci and mpp5 could play a role in cerebellar development. Cqosetly, the next step
needed to reveal whether both genes are express&ds.

Subsequently, the development of GCs in the muitaes compared tavt was addressed, to
get a first hint whether our designated neurondl type for further investigations was
affected by the loss-of-function mutation apkci or mpp5. In addition, the migration
behaviour of GCs in both mutant lines was studi@tierefore, the transgenic line
Tg(gatal:GFP), which expresses GFP in cerebellar GCs, was atasse the mutant lines
and surveyeh vivo by confocal laser scanning microscopy.

During this research it turned out that the numifeGCs in the cerebellum of the mutants
was clearly reduced. To investigate possible reasafl proliferation, cell death and cell
differentiation were analysed.

In order to inhibit selectively the function of aBKor MPP5 to answer the question if both
proteins acted cell- or rather tissue-autonomonsslactroporation approach combined with
injection of a dominant-negative version of thetpmes was conducted. To achieve this,
electroporation first needed to be established idptimal settings determined in our

laboratory.
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2 Material and Methods

2.1 Materials
2.1.1 Equipment

Binocular Zeiss Stemi SV 11 (Zeiss, Jena, Geynan

Centrifuges Sorvall Evolution, GSA rotor (Thermo irgtific,
Waltham, MA, USA)
Table centrifuge (Eppendorf, Hamburg, Germany)
Varifuge 3.0R, rotor #8074 (Heraeus, Hanau, Germany

Electroporator ECM 630 (BTX Harvard Apparatus, ksstin, MA,
USA)

Fluorescent Stereomicroscope MZ 16FA (Leica, Wetga&rmany)

Gel electrophoresis chamber Shelton Scientifiag@ofen, Germany)

Gel documentation Herolab gel system (Herolalesléch, Germany)

Microinjectors FemtoJet and FemtoJet express (Eppé&nHamburg,
Germany)

Micromanipulator MN-151 (Narishige, London, UK)

Microinjection needle puller PC-10 (Narishige, dom, UK)

Microscopes: upright Axioplan 2, Zeiss (Zeisma, Germany)

confocal laser scanning LSM510, (Zeiss, Jena, @eyn

LSM510 Meta, (Zeiss, Jena, Germany)
TCS SP5 (Leica, Wetzlar, Germany)

Microscope camera Axiocam HRc digital camerajgZ,elena, Germany)
Photometer Biophotometer, (Eppendorf, Hambuegntany)
PCR machine PTC-100 (MJ Research, Waltham, M3ALJ

2.1.2 Chemicals and Consumables

Standard chemicals were obtained from Sigma-Aldiithka, Merck, Roth GmbH,
Biozym. Plastic ware was used from Eppendorf, NiRath GmbH. Glassware was obtained
from Schott.
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2.1.3

Acridine Orange (SYTOX®)
Alkaline Phosphatase (1U/pul)
Bodipy FL G-ceramide

DIG RNA-Labelling mix

DNasel

dNTPs

MMESSAGE mMACHINE® SP6 Kit

Nucleic Acid and Protein Purification Kit

NucleoBond Finalizer Large

Pfu Ultra II| DNA-Polymerase
Proteinase K

QIAquick Gel Extraction Kit
QIAquick Nucleotide Removal Kit
QIAquick PCR Purification Kit
Restriction Endonucleases

RNasin Plus RNase Inhibitor (40U/pul)
RNeasy Mini Kit

SP6 RNA-Polymerase (20U/ul)

T3 RNA-Polymerase (20U/ul)

T4 DNA-Ligase (5U/ul)

T7 RNA-Polymerase (20U/pl)

6x loading dye

6Xx orange loading dye

1kb standard DNA-ladder

Ultra low gelling agarose (Type 1X-A)

Enzymes, Dyes and Kits

Invitrogen, Darmstade@any
Roche Diagnosticsnivieim, Germany
Invitrogen, Darmstadt, Germany
Roche Diagnostics, Mannhei@®ermany
Roche Diagnostics, Mannheim, Germany
Roche Diagnostics, Mannheim, Germany
Ambion, Darmstadt, Gemyga
Macherdlagel, Diren, Germany
Macherey-Nagel, Du@armany
Stratagene, La Jdlla, USA
Roche Diagnostics, Mannheim, Geyma
Qiagen, Hilden, Germa
Qiagen, Hilden, IG®ny
Qiagen, Hilden, Geamy
MBI Fermentas, St. o) Germany
New England Biolabs, Frankfurt/M, Germany
Roche Diagnostics, Mannheim, Germany
Promega, Manmh Germany
Qiagen, Hilden, Germany
MBI Fermentas, St.n-Bot, Germany
MBI Fermentas, St. Létot, Germany
MBI Fermentas, St. Leon-RGermany
MBI Fermentas, St. Létot, Germany
MBI Fermentas, St. Leon-Rot, Gamgn
MBI Fermentas, St. Leon-Bermany
MBI Fermentas, St. Leat;&Eermany
Sigma-Aldric8t. Louis, MO, USA
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2.1.4 Solutions

2141  Zebrafish Media
Anaesthetic 0.002 g/ml Tricaine in 30%/Danieau
Egg Water 0.3 g/l Instant Ocean Salt Mix/dB

300% Danieau stock solution

174 mM NacCl, 2.1 mM KCI, 1.2 mM MgS01.8 mM
Ca(NG)2, 15 mM HEPES (pH 7.2)
— dilute 1:10 for working solution (30% Danieau)

100x PTU stock solution

(anti-pigmentation agent)

0.3 % 1-phenyl-2-thiourea (m/v)

— dilute 1:100 in 30% Danieau for working solution

2.1.4.2 Bacteria Media

LB-Medium 10 g Bacto-Trypton, 5 g yeast extract, 10 g NaCl
in 11 dH,O, pH 7.4; autoclaved

LB-Agar 15g Agar in 1 L LB-Medium; autoclaved

2.1.4.3 Histology Buffer

Fixative (PFA)

4 % paraformaldehyde in PTW (v/v)

Glycerol 90%

90 % glycerol in ddkO

Glycine

20mg /1 ml PTW

ISH Hybridization Buffer

50 % formamide (v/v), 25 % 20x SSC (v/v), 50mg
Heparin, 100 mg/ml Torula-RNA, 0.1% Tween20 (v/\

ml

ISH Staining Buffer

0.1 M NaCl, 0.1 M Tris-HCI (pH 9.5), 50 mM MgCI2

0.1 % Tween20 (v/v)

ISH Staining Solution

187.5 pug BCIP + 250 pg NBT per 1ml staining buffer

NGS (blocking solution)

10 % normal goat serum (v/v) in PTW/ 1% DMSO

PTW

0.1 % Tween20 in PBS (v/v)

SSC 20x

3 M NacCl, 0.3 M NacCitrat; pH 7.0
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2.1.4.4  Gel Electrophoresis Buffer

Agarose Gel

0.8 % agarose in 1x TAE

TAE stock solution, 50x

100 ml 0.5M NaeDTA (pH8) + 57.1 ml glacial aceti

acid + 242 g Tris in 1L diD
— dilute 1:50 in dHO for working solution

(@)

2.1.45  Electroporation Buffer

Electroporation buffer

180 mM NacCl, 5 mM KCI, 1.8 mM Cagl5mM Hepes

pH 7.2

Agarose

0.7 % low melting agarose in electroporation buffer

2.1.5 Plasmids

Table 1: DNA Cloning Vectors

Plasmid Constructor
pCSili+ Ralf Rupp (Rupp et al. 1994)
pCSII+/GI (Globin_Intron) R. Késter

pBluescript+ (pBS)

Stratagene Inc., La Jolla, CSAU

pCS-B

Blunt PCR Cloning Vector, Stratagene Inc.

pBS/4xXUAS

M. Distel, R. Koster lab

pSC-B/apkci (reverse orientation)

A-L Kerner, R.5t@ lab

pCSili/apkci; pCSll/apkci-Gl

A-L Kerner, R. Kosteald

pCSili/apkci2A

A-L Kerner, R. Koster lab

pCSll/UncVenus

R. Koster

pCSll/UncVenus-T2A-NmycTS

R. Késter

pBS/4xUAS-UncVenus

A-L Kerner, R. Koster lab

pBS/4xUAS-UncVenus-T2A-apkci

R. Koster

pBS/4xUAS-UncVenus-T2A-apkci2A

R. Koster

pCS-B/nagie-oko (wrong ORF, but used for probe)  Kdrner, R. Kdster lab

pCSilli/nagie-oko; pCSli/nagie-oko-Gl

A-L Kerner, Roster lab
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2.1.5.1  Cloning strategy to obtain the full length ORF ofnok, apkci and apkci2A

pCS-B/nagie-oko and pCSll/nagie-oko:

The open reading frame (ORF) pégie oko (nok) was isolated from zebrafish embryonic
cDNA by PCR using primer pair nok5-3 and nok3-5ir(fers are listed in Table 2 under
chapter 2.2.4.1) with including the sequence ofrtsend stop codon, respectively.
Subsequently the blunt end fragment was clonedpStG-B. Because no continuous correct
ORF was achieved, the finabk ORF was combined from two different PCR produttse
5'prime part of 1705bp was restricted by EcoRI fIPsm one PCR product and the
remaining 407bp of the 3’prime part by Pstl / Xhestriction from another amplicon. Both

fragments were finally cloned by a triple ligatioo pCSli+ (and pCSII+/Gl).

pSC-B/apkci and pCSll/apkci:
The ORF ofapkci was isolated by PCR from zebrafish embryonic cDd&ing primer pair

aPKCup and aPKClo including the sequence of stad atop codon, respectively.
Subsequently the blunt end fragment was clonedvetior pSC-B. Sequencing revealed a
reverse orientation of apkci in the plasmid. Toemghe ORF in correct orientation into
pCSli+, pSC-B/apkci was digested with Xbal, blunbgdKlenow polymerase followed by a
Xhol digest and inserted into the pCSli+ backbopened with EcoRI/ blunt/ Xhol. (The
same strategy was applied to obtain pCSll/apkci-Gl)

pCSill/apkci2A:
The mutant variant apkci2A was created using Siected mutagenesis, which is described
in detail in chapter 2.2.4.4.
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2.2 Experimental procedures

2.2.1 Maintenance and breeding of Zebrafish

Breeding and maintaining of zebrafish lines wadgeered as described before (Westerfield
1995). Embryonic and larval stages were determascabrding to Kimmel et al. (Kimmel et
al. 1995).

2.2.2 Zebrafish Strains

Following wild type, mutant and transgenic zebtafi$rains were used during the course of
this project:

- wildtype AB (ZIRC, Eugene, OR, USA)

- wild type EKK (EkkWill Waterlife Resources, Gibbonston, RLSA)

- brass (EkkWill Waterlife Resources, Ruskin, FL, USA)

- Tg(gatal:GFP), strain 781 (Long et al. 1997)

- has™* (Abdelilah-Seyfried; Malicki et al. 1996)

- nok®™® (Abdelilah-Seyfried; Malicki et al. 1996)

- Tog(zch.Gal4,UAS mCherry) (M.Distel, R.W. Koster lab)

2.2.3 Fixation of Zebrafish Embryos

Embryos were anesthetized with 5% Tricaine in 30&hiBau / PTU and transferred to the
fixative (4% PFA / PTW). Embryos were incubatedti fixative over night at 4°C by

continuous shaking; or sometimes 24-48 hpf old gogrvere incubated only for 2h at RT.
Embryos were then washed 3x 15 min in PTW, 2x 5with 100% MeOH, transferred in a 2

ml tube in fresh 100% MeOH and stored at -20°C.

2.2.4 DNA/RNA handling and cloning procedures

2241 Standard PCR

To obtain a DNA fragment of interest a standard P@g the proofreading Polymerase Pfu
Ultra Il, was performed. As a template zebrafisiNeDfrom developmental stages 24 hpf, 30
hpf or adult brain was used. Primers utilised ested in Table 2. The following approach and

cycler protocol were applied:
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Reaction components

DNA
Primer A
Primer B
dNTP mix
10x Buffer
Pfu Ultra 1l
ddHO

1ug cDNA
2 UM

2 uM
280 pM

5 ul

2 ul

— 50l

Cycler Protocol

95 °C
95 °C
X°C

72 °C
72 °C

3 min (denaturation)

30 sec (denaturation)

1 min (annealing; temp. dependent on Prime
1 min/kb fragment length (elongation)

10 min (final elongation)

PCR-products were purified using the ‘QIAquick PE®&ification Kit’ (Qiagen) according to

the manufacturer’s protocol and the amplicon wasrestat -20°C.

Table 2: Primer

Name Sequence Amplification of

nok5-3 GCCCTCACACCATGCAGAA nok from 5' with ATG

nok3-5 CCCATCTCAGCGCAGCCA nok from 3‘ with stop-codon

aPKCup ATGCCCACGCTGCGGGACAGCACCA aPKC from 5° with ATG

aPKClo TCACACACACTCCTCCGCAGACATCAGCA aPKC from 3‘ with stop-codon
2.2.4.2 Restriction Digest

Restrictions were carried out using an appropriaiffer according to the manufacturer.

Reactions were incubated at 37°C for 30 min (stah@pproach) or 3h up to overnight

(preparative restriction).
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Standard restriction

In order to verify the result of cloning procedugsligations an analytical restriction digest
was performed using either one or two restrictindanucleases. The following approach was
used:
1 pl purified DNA solution
0.5 ul of each restriction endonuclease
1 pl restriction buffer suitable to enzymes

X il ddHO to a total volume of 10 pl

Preparative restriction

To obtain restricted DNA fragments, plasmid-DNA BCR-products for further cloning
steps; a preparative restriction was carried ounguthe following reaction protocol:

X 1l DNA solution (up to 10 pg)

3 ul per enzyme

3 ul restriction buffer

X il ddHO to a total volume of 30 pl

Restriction digests were purified using either tki@Aquick Nucleotide Removal Kit’

(Qiagen) following the manufacturer’s protocol grdel-extraction (s. 2.2.4.5).

2.2.4.3 Ligation

Different DNA fragments were joined together usihg DNA-ligase. Standard reaction
mixtures had a total volume of 15 ul and contaifeidwing components:

x pmol insert DNA

x pmol plasmid DNA

1.5ul T4 ligase

1.5 ul T4 ligase buffer

X pl ddHO to a total volume of 15 pl

Ligations were incubated either for 30 min at RTowernight at 16°C. For optimal outcome
the molar ratio of insert to plasmid DNA shouldB8:1 using sticky ends or 1:1 using blunt
end ligation. Ligations were purified using the Aguick Nucleotide Removal Kit’ (Qiagen)

and stored at 4°C, or for longer storage at -20°C.
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2.2.4.4  Site directed mutagenesis of aPKCi

Site directed mutagenesis was performed using thi&xChange Lightning Site-Directed
Mutagenesis Kit (Stratagene, Agilent Technologie$210518) according to the
manufacturer’s instructions. The primers aPKCmutdgand aPKCmutagen2 (s. Table 3)
were used to insert two point mutations in the sega of aPKCi, which leads to a change in
the highly conserved ‘APE’ motif of subdomain Valf the protein, which is important for the

recognition of substrates (Hanks and Hunter 198&) 1).

Wild type sequence: 5'-.. .cccaattacatll;calcagagagalgggagaag Y
Mutagen sequence: 5'-.. .cccaattacatl;calcagcgattql;gagaag. -3

Wild type sequence: N’-...PNYIRHLRGE...-P’
Mutagen sequence: N'-...PNYPRILRGE...-P’

Figure 2.1: Comparison of the wildtype and mutantvariant sequence of aPKCi

To verify the success of site directed mutagenaseantrol PCR was performed using either

the primer aPKCmutaContr or the primer aPKCwtCdntfahe mutagenesis was successful

the latter primer would bind and amplified DNA wdule visible on a subsequent agarose gel
electrophoresis. If the mutagenesis was not suitdessaplified DNA would be obtained with

the other primer.

Table 3: Primers used for site directed mutagenesand control-PCR
Name Sequence Purpose

aPKCmutagenl cccAATTACATTGCAGCAGCGATTCTGAGAGGAGAAG | Insertion of 2 point mutations

aPKCmutagen2 cTTcTCCTCTCAGAATCGCTGCTGCAATGTAATTGGG | Insertion of 2 point mutations

[2)

aPKCmutaContr cTTTCTGTGGAACTCCCAATTACATTGCAGCAGC To check success of mutagenesi

[2)

aPKCwtControl| cTTTCTGTGGAACTCCCAATTACATTGCACCAGA To check success of mutagenesi
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2.2.45 DNA Gel Electrophoresis

DNA fragments of different length can be separatsitig agarose gel electrophoresis. DNA
is negatively charged because of its phosphatebloaekand the DNA therefore moves to the
anode in an electrical field. DNA fragments of diffint length can be separated in agarose as
smaller fragments move faster through the porabebel. Standard gel electrophoresis was
performed using 0.8 % agarose gels. Samples wetednwith 6x loading dye or 6x orange
loading dye and applied into the slots of the geladdition, to identify the size of the DNA
fragments a 1 kb standard DNA ladder (Invitrogeaswapplied. The electrophoresis chamber
was filled with 1x TAE. For separating DNA fragmera voltage between 80 and 140 was
applied. After electrophoresis gels were soakedl1farmin in an ethidium bromide bath
(dilution 1:2000 in 1x TAE). The DNA fragments withe intercalated ethidium bromide
were visualized using UV light at 254 nm and théwas documented using a Herolab gel

system.

2.2.4.6  RNA Gel Electrophoresis

RNA gel electrophoresis was performed like DNA gkdctrophoresis (s. 2.2.4.5) but with

some changes in order to prevent rapid denaturafidthe RNA due to RNase activity. The

gel chambers and combs were washed with soap agd dhad of electrophoresis. The gel
was pre-run without RNA for 10 min at 55 V. Eleghoresis was then performed between
120 and 160 V as short as possible. The stainifgN& fragments occurred in an ethidium

bromide bath reserved for RNA gels.

2.2.4.7 Gel-Extraction of DNA

In order to extract the desired DNA fragments dud oestriction digest or to purify a PCR-
product, a preparative agarose gel electrophovesssperformed. A sample volume up to 50
pl was loaded onto the gel and electrophoresisamagucted. The desired DNA fragments
were cut out as small agarose blocks and trandfam® a 2 ml tube. Extraction was
performed using the ‘QIAquick Gel Extraction KitQ{agen) following the manufacturer’s

manual.

2.2.4.8 Transformation of Bacteria

During this work only chemo-competent (heat shob&yteria were used. Bacteria were

thawed on ice for 10 min. Plasmid DNA (1-5 ul oftandard ligation or ~ 0.1 pl of a Maxi-
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Prep with a concentration of 1ug/pl) was addedoul of competent bacteria. Cells were
incubated on ice for 30 min and then a heat shoak applied for 45 sec at 42°C. Directly
after the heat shock bacteria were placed on ic@ fain. 500 ul of LB-medium was added
and cells were incubated at 37°C for 30 min. Thetdré&a were spread on agar plates
containing an antibiotic corresponding to the d@accassette encoded by the backbone
plasmid, using either glass beads or a spatulairaothated over night at 37°C.
Following E. coli bacteria strains were used fangformation:

- XL1-Blue (Bullock et al. 1987)

- GM4 Dam negative (Bolivar et al. 1979)

- StrataClone SoloPack competent cells (Stratagemilla, CA, USA)

2.2.49 Low Scale Plasmid Preparation

To identify successful cloning events and to obtismall amount of purified DNA a low
scale plasmid preparation (‘Mini-prep’) was perfeanfrom individual bacterial colonies.
Mini-preps were performed using the solutions frahe ‘Nucleic Acid and Protein
Purification’ - Kit (Macherey-Nagel). All centrifusgion steps were performed using a table
centrifuge. After the transformation of the baceand incubation overnight (s. 2.2.4.8)
individual colonies were picked and transferred ibt ml LB-medium with the respective
antibiotic and incubated overnight on a shaker7&C3 In addition, bacteria of the picked
colonies were also transferred onto a culture pliataster plate) and incubated overnight at
37°C. The next day the plates were put at 4°Cdp bacterial growth and the fluid bacteria
cultures were centrifuged in 2 ml tubes for 5 min1@ 000 rpm. The supernatant was
removed and the bacterial pellet re-suspended i 2G1 buffer. 200 pl S2 alkaline lysis
buffer was added and the tubes were inverted imabelgli several times, and the cells were
incubated for 2 min in order to lyse. To neutralize solution and stop the lysis reaction 200
pl of the buffer S3 was added. By adding S3 alspfoteins precipitate. To remove the
proteins the solution was centrifuged for 10 min1& 200 rpm. The supernatant was
transferred into a new 1.5 ml tube. 400 ul Isopnmbavas added in order to precipitate the
DNA. The mixture was centrifuged at least for 2thrat 4°C. Afterward the supernatant was
removed and the DNA pellet was washed by adding€80old 70% EtOH and centrifuging
10 min at 4°C. For further washing of the DNA tlatep could be repeated. The final
centrifugation step lasted for 10 min at 4°C a#tdding -20°C cold 100% EtOH. The EtOH
was removed completely and the pellet dried at roemmperature or at 60°C in an incubator.

The pellet was resolved in de@.
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2.2.4.10 Large Scale Plasmid Preparation

To obtain a large amount of highly purified DNAade scale plasmid preparation (‘Maxi-
prep’) was performed using the ‘Nucleic Acid andtem Purification’ - Kit (Macherey-
Nagel). Individual colonies with the desired PlagdtDINA were transferred from the master
plate (s. 2.2.4.9) into 200 ml LB-medium with artilaiotic corresponding to the resistance of
the plasmid and cultured overnight on a shake7a€3The next day the 200 ml culture was
centrifuged for 15 min at 6000 rpm at 4°C (Son&lblution, GSA rotor) in a closed beaker
and the supernatant was removed. The bacteriatpedls resolved in 10 ml S1 buffer. 10 ml
S2 alkaline lysis buffer were added, the solutioxed well and incubated to lyse the
bacteria. Then 10 ml S3 buffer were added andukpension was incubated in the fridge for
10 min to precipitate the proteins. Meanwhile tlsdumin was equilibrated with 6 ml N2.
After 10 min the lysed bacterial solution was fité to remove the proteins, before the
solution was transferred onto the column whereDNA would bind to the matrix of the
column. To wash the bound DNA the column was filemnpletely with N3. After the
washing buffer had passed through, the column viad fith 15 ml N5 buffer to elute the
DNA. The eluate was captured and 11 ml Isopropamoe added to precipitate the DNA. To
finally obtain the DNA, the mixture was either adfioiged at 4°C, 11 000 rpm for 30min
(Varifuge 3.0R, Heraeus, rotor #8074), then theesugtant was removed, and the DNA pellet
was washed with 5 ml -20°C cold EtHO, air-dried arebolved in 200 pl ddiD.
Alternatively, the solution was filtered throughlaage NucleoBond Finalizer (Macherey-
Nagel), the bound DNA was washed with EtOH, drigdpobessing air through the filter and
eluted with 200 pl ddpD. The concentration of the DNA was measured usirgjandard

photometer. The plasmid-DNA solution was storec@tC.

2.2.4.11 Synthesis of Sense mMRNA for Injection

To obtain a template for mRNA-synthesis, a prepagatestriction digest of plasmid-DNA
containing the desired cDNA fragment was condute®.2.4.2). The restricted DNA was
purified using the ‘QIAquick Nucleotide Removal Ki{Qiagen), according to the
manufacturer’s instructions. Subsequently the reador capped mMRNA synthesis was set up
using the mMMESSAGE mMACHINE® SP6 Kit (Ambion) araléwing reaction approach:

6 ul restricted plasmid-DNA template
2 Ul Enzyme Mix
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2 Ul buffer
10 pl dANTP mix
— incubate for 2h, 37°C
— add 1 ul DNase (Roche) and incubate for anothenigQ37°C

The reaction was then purified using the ‘RNeasyiMKit' (Qiagen) according to the
manufacturer’s protocol. The mRNA was eluted witaRe free water and the integrity was
controlled by RNA gel electrophoresis (s. 2.2.4)e mRNA concentration was measured
with a Photometer. The mRNA solution was store€@tC.

2.2.5 In gtu-Hybridization

Visualization of expression profiles of genes cam &chieved using mRNAn situ-
hybridization. In this approach Digoxigenin conjtegh UTP is incorporated into antisense
riboprobes. Digoxigenin subsequently serves as mtope for an antibody conjugated to
Alkaline Phosphatase (AP). AP then catalyses thevarsion of a chromogenic substrate,
resulting in a blue precipitate.

2.2.5.1 Invitro transcription of antisense riboprobes

For synthesizing riboprobes, plasmids containireggbne of interest were digested at a single
restriction site and transcribed by a RNA-polymerssited for the distinct plasmid to achieve
the synthesis of an antisense RNA strand. In afdit the polymerase, DIG RNA-Labelling
mix (Roche) was added, containing UTP conjugatddigmxigenin.

Preparative digest RNA synthesis
10 ug DNA 10 pl linearized DNA
3 ul enzyme 1 pl RNasin
3 ul reaction buffer 2 pl transcription barfflOx
X ul dHO 2 Ul RNA polymerase
— 30 pl total volume 2 pl DIG labeling mix

3 ul dHO RNase free
The synthesis reaction was incubated for 2-3 h78C3 Optional an additional 1 pl of
polymerase was added to the reaction after 1 h.
In order to digest the template DNA 1.5 ul DNasekvadded to the reaction and incubated

for 20 min at 37°C. The purification of the RNA wasrformed using the ‘RNeasy Mini Kit’
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(Qiagen) according to the manufacturer’'s manual.v&ofy the integrity and yield of the
synthesised riboprobe, a RNA gel electrophoresi®.a4.6) was carried out. RNA-probes
were stored at -20C.

2.2.5.2  Preparation of embryos for further hybridization steps

All steps were performed at RT in 6-well-tissuetatg-plates. Fixed embryos (s. 2.2.3)
stored in MeOH at -20°C were rehydrated stepwiseirbeach in 75% MeOH, 50% MeOH,
25% MeOH, 2x PTW. Proteinase K was added at a ctrat®on of 10 pug per 1 ml PTW,
using 5 ml solution per each batch of embryos. Gualgy gentle shaking was applied. The
duration of digestion varied between the stagegmbryonic development and persisted

according to following table:

24 hpf — 7 min
36 hpf — 20 min
48 hpf — 25 min
72 hpf — 30 min
4 dpf — 40 min
5 dpf — 50 min

To terminate the enzyme reaction, the embryos warefully rinsed twice with 1x Glycine
solution. Embryos were then refixed with 4% PFA/PToY 20 min (gentle shaking) and
finally washed 5x 5 min using PTW (shaking).

2.2.5.3  RNA Hybridization

Embryos were transferred into 2 ml tubes. The sylesat steps were performed at 60°C
using a water bath. Embryos were incubated at [Hasit 60°C in prehybridization buffer
containing torula-mRNA to block unspecific ribopebbinding. For hybridization
approximately 4 ul riboprobe (depending on the Rébhcentration and experience) were
added to 200 ul prehybridization buffer per eachchaof embryos. This hybridization
mixture was denatured at 90°C for 10 min prior addt to the embryos, which were then
incubated overnight at 60°C. The next day embryesewashed 45 min each at 60°C in 50%
Formamide/2x SSC/0.1% Tween20 (twice), 2x SSC/0M¥een20 and 0.2x SSC/0.1%
Tween20 (twice). Finally embryos were washed tvitlces min at RT using PTW.
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2.2.5.4  Antibody detection and staining reaction

PTW was removed from the embryos, 10 % NGS/PTW added and the embryos were
incubated at least 1 h at RT on a rotator to blaegpecific antibody binding sites. Sheep-
anti-DIG antibody was diluted in 10% NGS/PTW (didut 1:2000) and 1 ml of this dilution
was applied into each vial and the embryos wenreliated over night at 4°C on a rotator.

The following steps were performed at RT. Embryosrenvtransferred to 6-well-tissue-
culture-plates and washed on a shaker 5x 15 miATW/ followed by two 5 min washing
steps in staining buffer. The staining buffer wamoved and 5 ml of staining solution was
added to each batch of embryos. Embryos were stfakdnmin and subsequently incubated
in darkness until the desired staining intensitys weached, which was controlled under a
stereomicroscope. To stop the staining reactioretheryos were washed 3x 15 min in PTW

and transferred into 90% glycerol.

Table 4: Antibodies

Antibodie for ISH Host species| Dilution Obtained from (Catalogue-Nr.)
anti-Digoxigenin Sheep 1:2000 Roche Applied Scigiid®©93274910)
IHC Primary Antibodies Host species Dilution Obtained from (Catalogue-Nr.)
anti-GFP Chicken 1:500 Aves Labs (1020)

anti-Zebrinll Mouse 1:500 R. Hawks

anti-phospho-Histone H3 Rabbit 1:150/1:200 Millipg06-570)

anti-PCNA mouse 1:250 Santa Cruz (sc-25280)

anti-PKQ Rabbit 1:200 Santa Cruz (sc-216)

anti-PKCL Mouse 1:200 BD Transduction Laboratories (610207
anti-ZO-1 Mouse 1:200 Invitrogen life technolog(889100)
anti-nok Rabbit 1:50/1:100| S. Abdelilah-Seyfried

IHC Secondary Antibodies | Host specieg Dilution Obtained from (Catalogue-Nr.)

FITC anti-chicken Donkey 1:200 Jackson Immuno Re$eg/03 095 155)
Alexa 488 anti-mouse Chicken 1:500 Invitrogen tédehnologies (A21200)
Cy3 anti-mouse Goat 1:200 Jackson Immuno Research

Alexa 647 anti-rabbit Goat 1:500 Invitrogen lifet@ologies (A21244)
Cy3 anti-rabbit Donkey 1:200 Jackson Immuno Rese@ft1-166-152)
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2.2.5.5 Imaging of embryos

Embryos should be kept in 90% glycerol at leastr avight before taking images. For
facilitated adjustment of the embryo on the gldiskeand in order to obtain better images, the
tail, the yolk and, for lateral images of 3-5 dmhl@yos, also one eye were removed using
precision forcipes (Carl Roth, type 5). Preparedtmos were transferred with a small drop of
90% glycerol onto a glass slide and covered witboger slip. In order to avoid strong
pressure to the embryos the object slides were flraddivith spacers made either of cover
slips or sticky tape according to the thicknesshef embryo. Images were recorded using a
Zeiss Axioplan microscope with Plan-Neofluar 108@).20x/0.50 and 40x/1.30il objectives
and Axio Vision Software 4.5 SP1.

2.2.6  Immunhistochemistry

To detect the expression profile of genes on tloeepr level specific antibodies were used.
Staining reactions were performed on whole-moumfparations of zebrafish embryos. A
primary antibody (AB) was targeted against the r@elsprotein and a secondary AB coupled

with a fluorochrome was used to detect the boundary antibody.

2.2.6.1  Staining procedure

Fixed embryos (s. 2.2.3) stored at -20°C at leastnight were either transferred directly in -
20°C cold Acetone for 7 min or washed with PTW/19M$0. After Acetone treatment

embryos were transferred to dH20 for approximadetyin followed by trnasfere to PTW/1%
DMSO. Embryos were washed in PTW/1% DMSO 3x 5 nmid eacubated for at least 1 h in
10% NGS/PTW/1% DMSO in order to block unspecifidiamdy binding sites. Primary

antibodies were diluted at concentrations accordimgTable 4: Antibodies in 10%

NGS/PTW/1% DMSO and embryos were incubated ovehtrag 4°C on a shaker. On the
next day, embryos were rinsed 2x with PTW/1% DMS@ washed with PTW/1% DMSO

4x 15 min. Secondary antibodies were diluted ateotrations according to Table 4 in 10%
NGS/PTW/1% DMSO and embryos were incubated agaén night at 4°C on a shaker. The
next day, embryos were rinsed 2x with PTW/1% DM3@ washed with PTW/1% DMSO at

least 4x 15 min or as long as possible to reduckdraund signal.
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2.2.6.2 Imaging of embryos

For image recording embryos were embedded in 1.28&-low gelling temperature
agarose/PBS and images were recorded using a ebriéser scanning microscope (Zeiss
LSM510).

2.2.7 Vital Dyes

2271 BODIPY FL C s ceramide

Bodipy ceramide (BC) outlines cellular boundarieghaut harming the living embryo
making it an excellent tool to compare for examplaphological differences between wt and
mutants during development. The use in living erabrabolishes the risk of artefacts like in
fixated embryos. The dye is easy to handle becdussn be added directly to the embryo
medium. Different colours are available but onlg treen fluorescent version (BODIPY FL
Cs ceramide) was used during this thesis.

To obtain a stock solution BC was dissolved in DM&0Oa concentration of 1 mM. For
working solution the stock was diluted 1:2000 forbeyos at 24 and 48 hpf and 1:1000 for all
older stages in 30% Danieau / PTU. Embryos oftaljes were incubated overnight in BC.
The next day embryos were washed extensively with Banieau / PTU (at least 5x 5 min),
mounted in 1.2% ultra-low gelling temperature agarand imaged using a Zeiss LSM510

confocal microscope.

Because of the strong formation of oedema of 45adgf oldapkci” embryos it was difficult

to obtain images of the brain as the dye accunuliatéhe oedema and outshined the labelled
tissue. Therefore also 4 and 5 dpf fixed embryos/iohnd mutant phenotype were used to
obtain better images. The embryos were fixed adegrtb 2.2.3 and the skin in the brain
region ofapkci mutants was removed to deflate the oedema. Fixdahy®s were incubated

and imaged using the same protocol but using PT@l@aesnt instead of Danieau.

2.2.7.2  Acridine Orange

Acridine Orange (AO) can be used to investigaté aehth in living animals, because it can
only enter the nucleus when the nuclear membraaakbrdown as a consequence of cell

death. AO then binds to nucleic acid, i.e. DNA &MdA, by intercalation or electrostatic
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attractions. Excitation and emission maxima diffem AO coupled to DNA (502/525 nm) or
RNA (460/650 nm). In this approach only the emisss30 AO bound to DNA was detected.
Living embryos at the age of 24 and 48 hpf werailiated 20 min and embryos of 3 and 4
dpf were incubated 30 min in Acridine Orange solutat a concentration of 5 pg per 1 mi
30% Danieau / PTU / 5% Tricaine. Embryos were gyiekashed several times with 30%
Danieau / PTU / 5% Tricaine and immediately mounitetl.2% ultra-low gelling temperature
agarose. For image recording a Zeiss LSM510 cohfomaoscope was used.

2.2.8 Injection of MRNA into One Cell Stage Embryos

Transient ectopic gene expression can be achieyeadjdxting either RNA or DNA into a
living organism, for example to block or enhance tihinction of an endogenous gene. In the
course of this project, mRNA was injected into @e#l stage embryos. Injection of MRNA
leads to a ubiquitous expression, as it gets diged to both daughter cells during cell
division. However, mRNA degrades faster than DN#erefore expression is guaranteed only
until approximately 48 hpf and it is also dependamthe stability of the expressed protein.
For injections 1.5 % agarose was filled into pdishes and a special comb floated on top to
spare free lines in which the embryos were embeddidthe animal pole up. A needle filled
with injection solution was pushed through the awind into the cytoplasm of the zygote
with the help of a micromanipulator and a binocul@en a small amount of injection
solution was applied into the cell, by help of acrainjector. Phenol red was added to the

solution for better observance of the injected wodu

A standard injection mixture was prepared as foldw
50-500 ng mRNA
1 pl phenol red
X Ul RNase free ddD to a total volume of 10 pl

2.2.9 Electroporation

Electroporation of plasmid-DNA was used to obtainsaic expression of different aPKCi
variants in the GCs of the cerebellum of zebrafithrting at an age of around 36 hpf.
Compared to one-cell-stage injection cells areaificted by transgene expression in their

early development, but only starting from the tioi@lectroporation.
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Electroporation was performed as described befdferal et al. 2010) with small
modifications. 6-8 embryos at the stage of 36 hpfenmounted in 0.7 % ultra-low gelling
temperature agarose solubilized in electroporaliofier, oriented on the lateral side. The
agarose was placed on ice until it was solid engahghembryos were not floating away when
the agarose was carefully covered with electropmrdiuffer. Injection solution was injected
in the 4" ventricle of the developing brain at a concertra®f 900 ng/pl DNA mixed with
phenol red (for better visualization) until the rmaMm capacity of the ventricle was reached.
Directly after injection, two electrodes were pld@ound the head, positioning the anode on
the side to which the DNA should move (s. fig. 2&8)d electric pulses were applied (settings
see below). The voltage had to be set carefully witery new round of Electroporation to
achieve an output of 24 V. 5-7 pulses were appdiecbrding to the used plasmid, as some
had a superior expression rate and therefore lals®$ were needed to obtain the same
number of labelled cells in the end. Embryos wemaved carefully from the agarose and
placed in 30 % Danieau/PTU overnight. The next dagbryos were selected for
fluorescence and time-lapse imaging was perfornsagua confocal LSM (Zeiss LSM510,
Leica TCS SP5). Confocal stacks were recorded eM@iyr 15 min.

Settings of Electroporator:
- 19-21 Volt (Output: 24 Volt)
- 5-7 pulses

- Pulse: 5 ms (output: 4.5 ms)

- Interval: 1.1 sec

Figure 2.2: Schematic drawing of the principle oklectroporation

A) Injection of Plasmid-DNA into the4ventricle of the brain at developmental stageg@4pf. B) Placing of
the electrodes next to the head, with the anod@anterior side, so the negatively charged DNA@sdn the
direction towards the cb. Image by courtesy of &nKihn.
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2.2.10 Data processing

2.2.10.1 Statistical analysis

All statistics and graphs were obtained by usingrbBoft Excel 2010. Significance was

calculated using a two-tailed students t-test witkqual variance.

2.2.10.2 Imaging software and Image processing

Zeiss Axio Vision Software 4.5 SP1 (Zeiss, Jenantay)

Zeiss LSM 510 (4.0 SP1); Zeiss LSM Image examiner

Leica LAS AF; Leica LAS AF lite

Adobe Photoshop CS3

ImageJ 1.43u (plugins: Timestamper, Stackreg, Mahaeking) (http://imagej.nih.gov/ij/)
Apple QuickTime Player Pro Version 7.1.6

Adobe lllustrator CS3
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3 Results

3.1 Cerebellar Morphology of nok and apkci mutant embryos

It has already been shown that tfevéntricle barely opens in mutants lacking a fusrai
nok (mpp5) or aPKCi allele (Lowery and Sive 2005) (Lowery et al. 2Q0Bpwever, the
further development of the brain was not an isfuavestigation so far. The intention of this
work was to characterize the role of aPKCi and MiPthe development and migration of
granule cells (GCs) in the cerebellum. Therefordirsd step was to prove that cerebellar
development is actually affected in these mutants.obtain a first idea about cerebellar
morphology, the cerebellum was analysed from dayntil day 5 post fertilization. The
embryos were soaked in ‘Bodipy FLs €@eramide’ overnight. This is a vital dye, which
intercalates into cell membranes, visualizing dafland also tissue morphologies.

In wildtype (wt) embryos the @ ventricle was widely open at 24 hpf (fig. 3.1 stesisk), and
therefore the cerebellar anlage was rotated ar@0fdas was described before (Distel et al.
2006). In homozygousok” embryos the ventricle did not open, or only to @bmxtend at
the region of rhombomere 1 and 2 (fig. 3.1 b, &st¥rinstead it remained fused along the
midline (Lowery and Sive 2005; Lowery et al. 2008).homozygousapkci”™ the ventricle
opening did not expand completely. Though a sejparabuld be observed very often in the
region of rh 1 (cerebellar anlage), the midline aje stayed fused at several points from
rhombomere 2 toward the posterior (fig 3.1 c, &sitgr(Lowery et al. 2009). Around 48 hpf
the ventricles in wt embryos started to close agpacause of continuous growth. Because of
the ventricle closure, the apical sides of the lmgltar and hindbrain neuroepithelia adjoined
around 3 dpf, displaying a morphological boundastween both tissues (fig. 3.1 d,
arrowhead). On account of the little ventricle dpgnn the mutants, only a minor rotation of
the cerebellar anlage occurred and subsequentlyntmphological boundary between the
cerebellum and hindbrain was incomplete (fig. 3.%, errowhead). Despite of this strong
divergent morphological development some cerebeal@urons must have been able to
develop in this environment based on the appearaheemolecular layer, which is largely
formed by Purkinje cell dendrites and paralleldbiof GCs (fig. 3.1 e,f, asterisks). This layer
however is less pronounced in both mutants companeti(fig. 3.1 d, asterisk). Furthermore,

parallel fibre projections appeared from 80 hpf ardg (in wt around 58 hpf) forming the
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prominent dorsal commissure, clearly visible atpd dig. 3.1 g, h, i, arrowhead). This is a

very characteristic property of mature GCs (Volkmanal. 2008).

24 hpf

A
20 pm

3 dpf

20 pm

4 dpf

Figure 3.1: Bodipy staining to reveal cerebellar mghology of wt, nok-/- and apkci-/- embryos.

a-i) Single confocal sections of the dorsal celebela-c) dorsal view of 24 hpf old embryos. ajun
embryos the brain ventricles (asterisk) were isfladnd therefore the cerebellar anlage rotatedtabou
90°. b, c) Innok-/- and apkci-/- the neuroepithelium stayed mostly closed. d-f)dabview of one
cerebellar hemisphere of 3 dpf old embryos. dira molecular layer has formed (asterisk) and a
clear border between cb and hb was visible (arraghee, f) In the mutants a molecular layer was
also formed, but no continuous border between cbhdmexisted (arrowheads). g- i) Dorsal view of
one cerebellar hemisphere of 4 dpf old embryodngyt parallel fiber projections of GCs appeared
and formed the prominent dorsal commissure (arradheh, i) Also in the mutants the dorsal
commissure created by projections of GCs were leigdrrowheads).

Cb — cerebellum, GC — granule cell, hb — hindbraiyB — mid-hindbrain boundary, 4thv "4
ventricle.
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3.2 The cerebellum of mutant embryos is smaller compareto
wt embryos

Another observation made with the Bodipy Ceramitdensg was the reduced size of the
cerebellum of both mutant strains, clearly visiate4 dpf, especially regarding the lateral
expansion. Therefore measurements using thesedregerwere done. The expansion of the
cerebellum was measured at two sites on the salexek-at the anterior site the distance
between the most lateral points of the mid-hindbkmundary (MHB) and at the posterior site
the distance between the most lateral points ofdthrsal commissure created by the lateral
fibres of granule cells (fig. 3.2 b-d).

a .
size of cerebellum at 4 dpf
200
o Ewt (n=4)
B nok (n=3)
160 W aPKCi (n=4)
140 ¥
120 I
100
80
60
40
20
£o
OpT Cb anterior Cb posterior
a’ width in um a” p-value
OpT Cb anterior |Cb posterior OpT | cbant | cb post
wt (n=4) 182,87 150,17 132,22 wt/nok | 0,070 | 0,002 | 0,041
nok (n=3) 166,97 97,68 106,38 wt/aPKCi| 0,001 | 0,007 | 0,095
aPKCi(n=4) [ 144,32 110,11 102,55

aPKCi-/-

[ ——]

50 uym

Figure 3.2: Comparison of the cerebellar size betveswt embryos and mutants.

a-a"") Graphe and tables of mean values of thedhtxpansion of the OpT and the cb at an anterior
and posterior site. b-d) Images to illustrate theasured distances. The OpT was measured at its
widest expansion. The cb was measured between ¢ise lateral points of the MHB and the most
lateral points of the dorsal commissure formed lyaltel fiber projections. The OpT afok-/-

46



Results

embryos is in tendency smaller than thatvaf embryos §(=0.07). The cb ofnok-/- is highly
significantly reduced at the anterior sitgs=@.002) and significantly smaller at the postesite
(p=0.041) compared tat. The OpT ofapkci” embryos is highly significantly smaller than wf
embryos =0.001) and the cb is significantly reduced atetheerior site §=0.07) and also in tendency
smaller at the posterior sitp=50.095). Thep-value was calculated with a two-tailed studentsst-
with unequal variance. Cb — cerebellum, OpT — opgctum, *= significantly reduced , **=highly
significantly reduced.

In addition, the optic tectum (OpT) was measuredctomparison at the widest expansion on
the same z-level as the cerebellum. A comparaldger-in all embryos was chosen on the
dorsal side of the cerebellum, using the dorsalrn@sure and the MHB as orientation marks.
Significance p-value < 0.05) was calculated using a two-tailadishts t-test with unequal

variance.

In nok” embryos the optic tectum is in tendency narrolwantin wt p=0.07). The extent of
the cerebellum is significantly reduced at the aotesite =0.002) and also significantly
reduced at the posterior sitg=0.041). The expansion at the anterior site is l@®amvalue
only 97.68 um wide compared to 150 pm in wt (fig 8-a”). In apkci"‘ embryos the optic
tectum and the anterior width of the cerebellum sigmificantly reduced compared to wt
(p=0.01 andp= 0.07, respectively). No significant reductiontbé width at the posterior site
was determined, however, a trend to a smaller editeb could be observeg+£0.095; fig.
3.2 a-a”). A likely explanation for the reduceddth of the cerebellum is the incomplete
rotation of the cerebellar anlage, due to a failargentricle opening, as observed above (s.
3.1).

3.3 apkci and nok are expressed in the early zebrafish
cerebellum

The morphological analysis revealed that the deraknt of the cerebellum is altered in both
mutants. In order to address a possible role of dlo&kPKCi in cerebellar development, the
expression profile of both genes was analysedendgveloping embryo over time bysitu-
hybridization and antibody staining. Because gagnimsight into migration mechanisms of
GCs, another aim was to prove the expressigmkandapkci within GCs.

To obtain the probes for tha situ-hybridization, full length zebrafishpkci and nok were

amplified from embryonic zebrafish cDNA, and suhsaaly ribo-probes were synthezised.
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3.3.1 Expression ofapkci

Whole-mount mRNAIn situ-hybridization onwt embryos with an antisense probeapkci
revealed an expression acki mRNA in the whole brain and hence in the cerebel(tig.

3.3 a-c”, arrows) in 24-72 hpf old embryos. Theatve control with a sense probeapkci
confirmed that this was not unspecific staining).(8.3 d-f), as staining in the cerebellum
(arrows) was not detectable. Stained areas in 24mpryos subjected to hybridization with
the control sense probe were not localized to leellstructures but instead accumulated in
tissue cavities such as brain ventricles (fig.d.3

However, with the mMRNAN situ-hybridization it was not possible to determine thect
distribution ofapkci expression within the cerebellum. Hence a flueesantibody staining

against aPKCi was performed.

wt 24hpf wt 48hpf wt 72hpf

antisense probe

sense probe

Figure 3.3: apkci is expressed throughout the brain ofvt zebrafish embryos.

Whole-mountin situ-hybridization withapkci antisense and sense riboprobesvoembryos. Images
of 24 hpf and 48 hpf are dorsal view, those of p2 dre lateral view. a-c”) Expression apkci
MRNA in the cerebellum (arrows) and throughouthiren could be confirmed in 24-72 hpf embryos.
d-f) The negative control with a sense probeapkci showed no expression in the cerebellum
(arrows). Staining in the 24 hpf negative contsdlikely artificial accumulation of staining reaggin
tissue cavities.

Lines indicate the mid-hindbrain boundary, dasheessl the upper rhombic lip, small dashed lines the
midline. a,b,c) 10x; a’-f) 40x objective, Zeiss Aglan microscope.
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Because the only commercially available aPKC anyo@ported to work in zebrafish so far
was raised against the C-terminus of aRk@d detects both isoforms of aPKC, aPKCi and
aPKC,, several antibodies had to be tested. Antibodiesciédd against epitopes of human
aPKCi, called aPKEand aPK& (BD laboratories) were available and so we deteechitheir
ability to detect zebrafish aPKCi as follows. Bygalng the amino acid sequence of the
human and the zebrafish aPKCi a high similarity wlaserved (sequence alignment fig 5.2 of
appendix). In the epitope region recognized byahgbodies, there were only 7 divergent
amino acids (95.7% identity and 97.5% similarifip. confirm epitope recognition a western
blot analysis was conducted. 293T-cells were temntefl with zebrafish aPKCi (expression
vector pCSll/apkci) and subsequently the protesaly was subjected to western blotting,
which was then analysed by immunohistochemistryhBmtibodies gave a strong signal at ~
70 kDa, the size of aPKCi, confirming their ability cross-react with zebrafish aPKCi
(western blot fig. 5.1 of appendix), and were farthused for fluorescent whole mount

immuno-staining on zebrafish embryos.

“| lateral

wt 24hpf

Figure 3.4: aPKCi is expressed throughout the cb @hhence in GCs of zebrafish embryos.

Antibody staining against aPKCi (a-b) and doubbénshg against aPKCi and GFP (c-c”). In 24 hpf
wt embryos aPKCi was expressed throughout the Jbaihwas most prominent along the ventricular
surface and therefore along the URL (a-a’, arroWhe same expression pattern was apparent at 48
hpf (lateral view), also with a strong localizatian the ventricle surface (b, arrow). aPCKi was
expressed in differentiated and migrating graneléscwhich are GFP positive in the transgenic line
Tg(gatal:GFP), here shown in a lateral view of 53 hpf old emisrya-c”, arrows). Cb — cerebellum,

hb — hindbrain, mb — midbrain.
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The immuno-staining with the tested aPKCi antibeayl subsequent analysis by confocal
microscopy proved the expression of aPKCi throughioe whole brain from 24 hpf until 3
dpf. Expression was predominant along the apicanbmanes of the neuroepithelia and
therefore along the upper rhombic lip (URL) of terebellum (fig. 3.4 a-b, arrows), where
tight junctions are present.

In thegatal:GFP line (Long et al. 1997; Kdster and Fraser 2006)PGs expressed by GCs
in the cerebellum (Volkmann et al. 2008) (see alsapter 3.5). Using this transgenic line, the
expression of aPKCi was not only confirmed in GE€gpirsors but also in differentiating GCs,
according to antibody signals in green fluoresaasils apart from the URL (fig. 3.4 c-c”,

arrows).

Because we then realized, that the aFX@ntibodies were directed against the C-terminus of
the protein, we tried to test the specificity ok$k antibodies in discriminating between
aPKCi and aPKC Comparison of the epitope of human aPKCi and afedtr aPKGC
revealed 82.3% identity and 90.2% similarity, irdihg 4 gaps, compared to 95.7% identity
and 97.5% similarity of human and zebrafish aPKE€if{g 5.3 of appendix). Performed
western blot analysis so far revealed many undpgmibtein bands, obtained either with the
anti-aPKG or the anti-aPKC antibody (data not shown). Thus, the backgroundiemia
impossible to come to a conclusion. Yet, combinath wur results of an affected brain
development and taking into account the distributod apkci expression observed with the
abovein situ-hybridization using a specifiapkci riboprobe, the antibody staining probably

resembles aPKCi expression.

3.3.2 Expression ofnagie oko

Expression of Nok along thé"4entricle has been shown by (Lowery and Sive 2@®%ast

at 22 hpf. However, later stages were not investjao far.

In situ-hybridization with anok antisense probe confirmed expression nok in the
neuroepithelium at 24 hpf, most abundant at theadgide (fig. 3.5 a, arrows). As a negative
control anin situ-hybridization with anok sense probe was performed. In this negative contro
no specific staining was observed (fig. 3.5 a’)]yoartificial accumulations of staining
reagents in tissue cavities (fig. 3.5 a’, astejiské 48 hpfnok expression was restricted to

cells lining the ventricle (fig. 3.5 b, arrows) atie dorsal midline (fig. 3.5 b, arrowheads).

50



Results

The antibody-staining against Nok at 3dpf showexldhme result, i.e. expression along the
ventricle and the midline (fig. 3.5 c, arrows). Esgsion in GCs was not detectable (fig. 3.5 c,

c’, arrowheads).

wt 24 hpf nok  wt 24hpf nok sense

e

L

Figure 3.5: Nok is expressed along the apical side of the cerebetiu

In situ-hybridization ofnok mMRNA (a-b). At 24 hphok is expressed in the cb most prominent at the
ventricular surface (a, arrows). As a negative rbritybridizations with anok sense riboprobe were
performed, and no staining was apparent, besidasradations of staining reagents in cavities, also
visible in hybridizations with th@ok antisense probe (a-a’, asterisks). At 48 hpf esgiom ofnok
concentrated along the ventricular surfaces andnikdéne of the brain, therefore also at the URL of
the cb, the proliferation zone of GCs. An antibagtgining against Nok in the transgenic line
Tg(gatal: GFP) revealed its expression along the ventricle. Noression of Nok was found in GCs
distant from the URL. Cb — cerebellum, MHB — mightbrain boundary, URL — upper rhombic lip;
a-b) 40x objective, Zeiss Axioplan microscope.

Contrary to Nok, aPKCi was not restricted to theca@pmembrane of the cerebellum but
expressed within the cerebellum itself (compareaitu-hybridization). Both proteins play a
role in tight junction formation (Feigin and Mutlwesmy 2009) and it was no surprise they
localized apically. But Nok seems to be more ret&d to the function in setting up tissue
polarity, whereas aPCKi could be involved in otbellular processes in which polarity plays
an important role like directed cell migration @tnhe-Manneville and Hall 2003).
Nevertheless, in the early monolayer of the cefabekuroepithelium the apical side is the
proliferation zone of neuronal cells and expresssadmok could play a role in proper GC

proliferation.
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3.4 Differentiation of GCs in apkci”™ and nok” embryos

For both loss-of-function mutants morphological rabgons of cerebellar development were
observed, and in addition both genapkci and nok, were found to be expressed in the
cerebellum. Therefore a detailed investigation euronal differentiation of the most
prominent cell type of the cerebellum, the granao#dls, was performed. Whil@pkci
expression could be shown in differentiating G@ek was restricted to the apical
proliferation zone and thus most likely expressedsiC progenitors. To address neuronal
differentiation, genes expressed in different stagé granule cell development were
investigated regarding their pattern and onseipfession by mRNAR situ-hybridization in
whole mount embryos. The selected GC marker gesess lfelow) are expressed in a time
dependent manner during different stages of GC Idpreent until terminal differentiation
(Volkmann et al. 2008).

Expression ofatonal homolog la (atohla) defines the rhombic lip, which is a highly
proliferative zone of the rhombencephalon, whickursher subdivided into a cerebellar part,
termed the upper rhombic lip (URL), and a lower miic lip (LRL) along the dorsal
ventricular side of the remaining hindbrain (Machahd Fishell 2005; Wang et al. 2005). As
already mentioned in the introduction the URL natlyogives rise to GCs but also to
tegmental hindbrain nuclei and deep cerebellarenwatl an earlier stage (Volkmann et al.
2010). Henceathola is not an exclusive marker for GCs, but its exgigs still provides a
first hint whether the proliferation zone, from whiGCs arise, is affected in the mutants or
not. Expression aodthohla was broad throughout the rhombic lip in both mtga@omparing
mutant with wt embryos (fig. 3.6 a-a”), the difeat appearance of the pattern though is
immediately obvious. In wildtype embryos the expres of atohla outlines the trigonal
shape of the@ventricle, whereas in both mutants only one lanetshed expression domain
in the centre of the hindbrain region was visillereasonable explanation for this finding
was presented in chapter 3.1, where Bodipy Cerarsiid@ing revealed that the ventricle
remains mostly closed in both mutants. Thereforth pooliferation zones of the rhombic lip
(URL and LRL) stay in line adjacent to the midlinéthout the rotation of the cerebellar
anlage like inwt. However, the broad expression aibhla restricted to a central domain
suggested that a rhombic Iper se was defined and thus neuronal proliferation wkslyi

taking place in mutant embryos.
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nok-/-

atoh1
Jdy vz

neuroD
Jdp¢

vglut1
Jdp ¥

gaba, Ra6
Jdp s

Figure 3.6: Expression of granule cell marker geneis the cb of wt and mutant embryos.

MRNA in situ-hybridization on whole mount zebrafish embryostsdb view of the mid-hindbrain
region, b-d” only one hemisphere. a-a”) In 24 tgifl wt embryos the expression atiohla outlined
the open ventricle. lapkci” andnok” expression ofitohla concentrated around the midline without
a gap in the middle. b-bheuroD expression seemed comparable betwaeand mutants, however
less cells expressingeuroD were visible. c-c’") The expression profile afflutl showed a clear
difference betweemt and mutants. Imok’” embryos fewer cells expressegdlutl in the medial
cerebellar region and iapkci” mutants no expression could be seen in the mexial (yellow
arrowhead). Expression in the lateral cerebellgioreis comparable betweevt and mutants. d-d”)
Strikingly no expression of the terminal differetitbn marker gengaba, Ra6 at all was visible in
apkci” mutants. Innok” embryos the number afaba, Rx6 expressing cells was clearly reduced
compared to wt (arrowheads and arrows).

Cb — cerebellum, MHB — mid-hindbrain boundary, OpDptic tectum, URL — upper rhombic lip;
a-d”) 40x objective, Zeiss Axioplan microscope.
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Next, the expression afeuroD was analysed, which is a marker gene for earlynpitatic
neurons and is expressed in differentiating andatiitgg GCs (Miyata et al. 1999; Schuller et
al. 2006; Volkmann et al. 2008; Pan et al. 2008)wt embryos expression was already
prominent at 3 dpf (s. fig. 3.6 b, arrow). Compatedvt fewer cells were labelled by the
hybridization with theneuroD riboprobe in the cerebelli of both mutant lineg.(8.6 b’-b”,
arrows). Possible reasons could have been lespméiferation, increased cell death, or a
postponed onset of differentiation of GCs.

At 4 dpf expression ofesicular glutamate receptor 1 (vglutl) appeared in the cerebellum of
wt embryos, thus GCs had begun to acquire their tmsmitter identity as glutamatergic
neurons (fig. 3.6 c¢) (Volkmann et al. 2008). Conaplatowt embryos the region ofglutl
expressing cells was markedly reducechdk’” mutants, especially in the medial cerebellar
region (fig. 3.6 ¢ and c’, arrowheads), whereasettveas only a slight reduction concerning
the lateral region (fig. 3.6 ¢, arrows). Regarditige lateral cerebellar region ipkci”
embryos there was also only a slight reductiorellsanarked byglutl expression compared
towt (fig. 3.6 ¢ and c”, arrows), but strikingly no gression could be found in the medial
region of the cerebellum iapkci™ (fig. 3.6 ¢, arrowheads). This points eitheraamassive
cell death during development of GCs in the mutamtso a postponed onset of or even a
failure in differentiation.

To further address the question of differentiatierpression of the terminal differentiation
marker geneagabaa receptor a6 subunit (gaba, Ra6) was investigatedGaba, Ra6 is solely
expressed in cerebellar GCs (Kato 1990; Liuddelas 4990; Bahn et al. 1996; Volkmann et
al. 2008). Again in theok mutants fewer cells express@dbas Ro6 in the medial cerebellar
regions compared wot (fig. 3.6 d and d’, arrowheads), but the exprassicthe lateral region
was similar (fig. 3.6 d and d’, arrows). Howeveo, expression ofjabas Ra6 was visible,
neither in the medial nor in the lateral regionshaf cerebellum odipkci mutants (fig. 3.6 d”).
This confirms the conclusion made by the obsematiof thevglutl expression. Taken
together these findings suggest alterations in @@ldpment imok” andapkci”™ embryos,

caused by cell death or differentiation problems.

3.4.1 Terminal differentiation is not reached by GCs inapkci mutants

To test the hypothesis that cell differentiationpsstponed, the expression m#uroD and
vglut was reanalysed at later stagesajpkci” embryos, which displayed the stronger

phenotype of the mutants. The early postmitotickeageneneuroD was analysed at 4 and 5
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dpf. At 4 dpf cells were labelled along the URLwhembryos (fig. 3.7 a). lapkci” embryos
cells were mainly labelled along the URL as wellf In addition cell clusters in ectopic
positions could be observed (fig. 3.7 a’). At 5 dipé expression analysis showed a similar
result, confirming that cells were still existingevertheless, the amount of cells expressing
neuroD was reduced irapkci (and nok) mutants compared tat embryos. The staining of
vglutl in 5 and 6 dpf old embryos revealed, that stilyd&Cs in the lateral cerebellar region
were expressingglutl (fig. 3.7 ¢’ and d’) like at 4 dpf (fig. 3.7 c”)This indicated problems
of GCs in the medial clusters of achieving a neardmitter identity after cells have become
postmitotic.

Interestingly, although no expression of the neara@mitter markevglutl and the terminal
differentiation markefGabaa Ra6 could be observed, still a dorsal commissure ofgagillel
fibores was formed (compare fig. 3.1 andFigure 3®)is suggests that in this case the
outgrowth of axons precedes the specification afearotransmitter identity and terminal
determination as GCs. In summary, GC number wasicegll in the mutants and GCs
especially in the medial cerebellar regions didneach a neurotransmitter identity.

I wt || aPKC-/- | aPKC-/- |

| neuroD, 5 dpf || neuroD, 4 dpf |

| v-glutl,6dpf || v-glutl, 5dpf |

Figure 3.7: Analysis of the expresison of neuroD ahv-glutl at later developmental stages

Whole mountin situ-hybridizations; dorsal view of the cerebellum. pixpression ofneuroD was
analysed at 4 and 5dpf in wt aagkci” embryos. At both stages expression was evideapki
mutants, but the number néuroD expressing cells was less thamin c-d’) Expression ofglutl at 5
and 6dps was comparable to 4 dpf. No expression wsble in the medial cerebellar region
(arrowheads), only in the lateral part (arrows)regpion could be found.

Cb — cerebellum, MHB — mid-hindbrain boundary, Op@ptic tectum, URL — upper rhombic lip;
a-d’) 40x objective, Zeiss Axioplan microscope.
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3.5 The number of GCs is reduced in the mutants and GCare
localized partly at divergent areas compared tawt.

The transgenic lingg(gatal: GFP) was originally established to investigate eryttircells, as
the transcription factor Gatal is specifically eegwed in these cells (Long et al. 1997).
However due to a position effect in thig(gatal: GFP) 781-line, expression of GFP is also
driven in other cell types, and particularly in tterebellum. Our research group could show
that these cells represent the granule cell papualafvolkmann et al. 2008). Therefore
embryos of this transgenic strain represent anliexteool to investigate migration of GCs in

the zebrafish, and their spatio-temporal differaidn throughout the cerebellum.

3 dpf 4 dpf 5 dpf

WT, gatal:GFP

20pm
——

nok;gata1l:GFP

aPKC; gata1:GFP

Figure 3.8: The number of GC is reduced in the mutats and GCs are localized partly at

divergent areas compared to wit.

Dorsal view of the cerebellum db(gatal: GFP) in wt (a-c),nok” (d-f) or apkci” (g-h) background,
displaying GFP expression in cerebellar GCs (eladic a-c) Inwt, GFP expression and onset of
migration started at 48 hpf and GCs migrated irted clusters: dorsomedial (orange circle),

56



Results

dorsoposterior (yellow circle) and ventrolaterdluébcircle). Parallel fibers were visible at 3 dpfd

the prominent dorsal commissure and dorsal projeatiere apparent at 4 dpf (arrows). b-i)nsk™
andapkci” GFP expression and onset of migration startedoappately one day later and the amount
of GCs was markedly reduced comparedvtdhroughout all stages. Cluster formation (circlasy
outgrowth of parallel fibers (arrows) occurred iathh mutants, but displayed a more disorganized
shape and arrangement thaminindicating problems in path finding of migrati®{s.

Cb - cerebellum, MHB - mid-hindbrain boundary, Opdptic tectum, URL - upper rhombic lip.

Scale in mutants similar tat at the correspoding age.

To make use of this knowledge for this researcheptpzebrafish carrying a mutaapkci
allele were bred with fish homozygous for the tgaregatal:GFP. Subsequently, identified
carriers forgatal:GFP and a mutanapkci allele were than inbred in order to obtain
homozygous mutant offspringgkci”™ or nok™) expressing GFP in granule cells. This way it
was possible to follow migration of GCs in a mutdraickground and compare it ta

migration behaviour.

It has been shown previously by our group (Volkmanal. 2008) that GCs migrate into three
different clusters later contributing to distinarebellar compartments. In the mutants the
cluster formation was affected. Depending on thérgm clusters were not prominent in the
mutants regarding the size and number of GFP esipgesells (fewer than in wt) and hence
the outline of the region they occupied differeisgly between embryos, especially for the
dorsomedial (orange circles) and dorsoposteriasteiu(yellow circles). The formation of the
ventrolateral clusters was less affected but #td number of GFP expressing cells was
reduced (fig. 3.8, blue circles). This again wasaeordance with the differentiation analysis
of GCs in the mutants comparedwo (s. chapter 3.4). On account of the later iniatof
differentiation, protrusion formation also lackeehind by about one day, but parallel fibres
were emanating in the mutants starting from 3 dpivards (fig. 3.8 a-i, arrows). Taken
together GCs were altered in both mutant stra‘ipkci"‘ and nok”, regarding granule cell

number, onset of migration and cluster formation.

3.6 The number of GCs in apkci mutants is reduced by
increased cell death and a decreased cell prolifetran

The results of the experiments performed so faremtadbvious that the number of GCs was
reduced irepkci” andnok” embryos, which could not exclusively be explaibgda delayed
differentiation. To elucidate the reason for theduced GC number, cell death, cell

proliferation and Purkinje cell development wereeistigated. Becausapkci” embryos
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showed the stronger phenotype in the expressidysasaf GCs differentiation marker genes
(chapter 3.4) and becauapkei is expressed in migrating GCs, further experiméntsised

on this mutant line.

3.6.1 Cell Death Analysis in the Cerebellum

First, increased cell death was addressed as @aserrdor the reduced number of granule
cells. Therefore, an Acridine Orange (AO) staimvags performed at different developmental
stages (fig. 3.9). AO binds to nucleic acid and ocaty do so if nuclear membranes are
broken down, which is a characteristic sign forl ddath. Throughout all developmental
stages analysed (48 hpf, 3 dpf, 4 dpf, 5 dpf), delith inapkci” embryos was significantly
increased compared tat (p=0.007, 0.011, 0.030, 0.038, respectively, sigaiite was
calculated using the students t-test; fig. 3.10).

One has to keep in mind though, that this staimsngpt selectively marking GCs but all cell
types dying. Acridine Orange has an emission mawinai 525 nm and is in the same
emission range of GFP. Hence, it cannot be useethieg with the transgenic line
Tg(gatal:GFP) in which only GCs in the cerebellum express GFévestheless, AO was not
restricted to one area, but evenly distributedughmut the cerebellum. Therefore, it is likely

that all cerebellar cell types, and hence GCs wHested by increased cell death.

48 hpf

Figure 3.9: Acridine Orange staining to analyse cetleath in the developing cerebellum
a-b) Dorsal view of Acridine Orange staining (are)wn 48 hpf embryos. Cell death was increased in
the cerebellum of apkci mutants. Maximal projecsioh confocal LSM z-stacks.
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Cell Death Analysis Wt vs aPKCi-/- = wt
2 & ¥ o maPKCi
20 * %
18 .'
16 T
14
12

10

number of dead cells

o N b O @

48hpf 3dpf adpf 5dpf

Figure 3.10: Cell death analysis imt and aPKCi” embryos

Cell death was analysed by subjecting living embryo an Acridine Orange staining. At all
developmental stages investigated (2, 3, 4, 5 chif)death rate was significantly increasedyhci™
compared tavt embryos =0.007; 0.011; 0.030; 0.038, respectively).

3.6.2 Cell proliferation Analysis in the Cerebellum

Besides increased cell death, a further reasoth®reduced cell number observedapkci
mutant embryos could be a reduction in cell pradifien. Even though no severe impairment
of the proliferation zone was observed by the esgiom ofatohla (chapter 3.4), proliferation
was addressed, by performing a whole-mount fluemsantibody staining against phospho-
Histone H3 (pH3), which marks mitotic cells in 1&&/M-phase of the cell cycle (Hendzel et
al. 1997).

Cell proliferation rate

Cells expressing pH3 were counted in the cerebelbfnapkci”™ and wt embryos. The
counting (fig. 3.11) revealed that there was naoificant difference at 24 hpf in the extent of
cell proliferation in the cerebellar primordium Wweenwt andapkci” embryos. However, cell
proliferation decreased significantlp=0.024) inapkci” compared tovt embryos from 48
hpf onwards, a developmental stage when the cédvabdlegins to generate the vast numbers
of GCs. Even less proliferation could be observéd3adpf and 4 dpf g=0.007 and
p=0.00001), when GC proliferation wt reaches its peak.
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Cell Proliferation
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Figure 3.11: Cell proliferation is decreased in theerebellum ofapkci” embryos

Cell proliferation was analysed doing ampH3 staining and counting all labelled cells ireth
cerebellum. At 24 hpf the amount of dividing cellas comparable betweev andapkci” embryos.
Starting from 48 hpf cell proliferation decreasamhtinuously inapkci mutants =0.024) and was
highly significantly lower at 3 and 4 dpf compatedvt (p=0.007; 0.00001).

From this analysis it cannot be concluded thouglat the reduced rate of proliferation
specifically applies for GCs. Howeven-pH3 staining was reduced throughout the
cerebellum and not localized to certain areas, esigyy that the reduction of cell
proliferation affected all cerebellar cell poputeis that arise from day 2 onwards. At this
developmental stage GCs, which are by far the nmosherous neuronal cells in the
cerebellum, start to be generated. Therefore, it weost likely that the rate of GC
proliferation was decreased. Taken together ineckasell death and decreased cell

proliferation are a plausible cause for a reduc€s Gumber irapkci” embryos.

Localization of proliferating cells

In 24 hpfwt embryos, pH3 positive cells were located alongUuiid (fig. 3.12 a, arrows)
which was expected, because proliferation of priagenin early neuroepithelia takes place at
the apical surface (Frade et al. 2002). The sartterpavas observed ipkci” embryos (fig.
3.12 b), suggesting intact tissue polarity for #asly stage. At 48 hpf pH3 positive cells were
no longer restricted to the URL, but appeared amdhtly throughout the cb imvt and in
apkci” embryos (fig. 3.12 ¢, d; arrowheads).

In addition, an antibody staining with Prolifergji€ell-Nuclear-Antigen (PCNA) was

performed. PCNA is a marker for cells in S-phaseli€cand Celis 1985).
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24 hpf 48 hpf 3 dpf
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Figure 3.12: Cell cycle analysis illustrates the sae pattern in apkci mutants like in wt embryos

a-b) Maximum projection of confocal z-stacks of Bgf wt and apkci mutant embryos. PCNA
expression (green) spanned the whole width from URLMHB, depicting the pseudo-stratified
appearance of the early neuroepithelium. Phosps$to#e 3 (red) is only expressed along the URL in
apical dividing progenitors in both phenotypes) &€dnfocal section of 48 hpf old embryoswhand
apkci mutant embryos, PCNA expressing cells were obsearveorsal layers of the cb from the URL
to the MHB; and pH3 positive cells are no longestnieted to the URL, but appeared throughout the
cb (arrowheads), indicating an existing EGL in zebrafish embryo.

MHB - mid-hindbrain boundary, URL - upper rhombig. |

Because of occurring interkinetic nuclear moven(#iM) from apical to basal lamina and
back in progress of cell cycle (s. chapter 1.7ph&se nuclei were distributed throughout the
cerebellum from URL to MHB imt embryos at 24 hpf (fig. 3.12 a, green). The saateem
was observed faapkci” embryos.

At 48 hpf S-phase nuclei were still covering thenptete dorsal cerebellar surfacewhand
apkci” embryos (fig. 3.12 c, d), whereas in ventral regiofithe cb S-phase nuclei were more
restricted to the ventricular side (not shown).sTisi interesting with respect to the question,
whether a transient external granular layer (EGU3te in zebrafish or not. The observed
PCNA signal covering the dorsal cb, together wht@dt-pH3 staining at 48 hpf revealing cell
division apart from the URL, would argue in favdor an existing EGL. At 3 dpf PCNA

staining inwt embryos seems to get more restricted to the weuhdri site also in the dorsal cb
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with a diameter of ~5 cell somata (Figure 3.12ijlicating the progressive development

from a monolayer to a multi-layered tissue arclitee

3.6.3  Purkinje Cell Development

A research study in mice concluded that a masslledeath of glutamatergic cells (amongst
others GCs) occurred, ptfla derived cells like PCs were completely missings ttulack of
synaptic connections (Hoshino et al. 2005); thisasshown for zebrafish so far, but it should
be likely comparable, because these synaptic ctioneare the same in the zebrafish (Bae et
al. 2009). To investigate the possibility that tiieserved increased rate of cell death in the
mutants is caused by affected PCs, the developofiés was analysed.

As a first step (comparable to chapter 3.4) theresgion of several differentiation marker
genes for Purkinje cells was analysed by whole mauRNA in situ-hybridization inwt and
apkci” embryos.

| ptfla 36hpf |[ rora2 3dpf || ca8 4dpf || grid2 5dpf |
b d

aPKCi-/-

Figure 3.13: Purkinje cells differentiate inapkci mutants.

Dorsal views of whole-mount mRN# situ-hybridization on zebrafish embryos. wn, expression of
ptfla appeared along the ventricular zone of the hiridbrantricle, thus in the cerebellar primordium
(a, arrow). Inapkci™” expression was visible mostly in a broad line altrgmidline (e), but also in the
cerebellar primordium (e, arrow in small image)eTxpression pattern ofra2, ca8 andgrid2 in wt
(b, c and d) was each highly reproducible, wheiraapkci™ the pattern varied strongly between
embryos within the same batch. Nevertheless express all three genes was presentajkci
mutants at all tested developmental stages (3d4baipf), but in fewer cells comparedwbembryos.
MHB - mid-hindbrain boundary, URL - upper rhombip;la, €) 20x; b-d), f-h) 40x objective, Zeiss
Axioplan micrsoscope.
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The proliferation markeptfla is expressed along the ventricular zone whereifjarkells
(PC) proliferate, just below the expression zonatbbhla (URL), which is the proliferation
zone of GCs (Wullimann et al. 2011). In wt embryatfla was expressed along the
ventricular zone of the hindbrain neuroepitheliumd athe cerebellar anlage, thereby
displaying a trigonal shape (fig. 3.13 a).dpkci” embryos expression could be seen in a
broad stripe along the midline in the hindbrainieagwhich was slightly divided in two parts
at the anterior hindbrain region (fig. 3.13 e). Eegsion in the cerebellar primordium could be
observed as well (fig. 3.13 e, arrow in small piejuindicating the presence of a ventricular
proliferative zone for GABAergic neurons.

The expression of the three distinct differentiatioarker genes for PCsarbonic anhydrase

8 (ca8) (Bae et al. 2009)retinoid-related orphan receptor alpha (rora2) and glutamate
receptor 62 (grid2) (Mikami et al. 2004; Katsuyama et al. 2007) waalgsed each at 3, 4 and
5 dpf. At all stages expression of these markergemas visible invt and apkci mutant
embryos (fig. 3.13 b-d and f-h). Although a robespression was visible, the number of cells
displaying mRNA-expression was reduced apkci” embryos compared tovt. The
expression pattern imt was continuous in a clearly restricted area amdilai between
embryos stained for the same marker gene, whenghg imutants the pattern looked patchier

and varied from embryo to embryo. But differenbatof PCs seemed not to be altered.

In addition to than situ-hybridization, an antibody staining against Zebnmas performed.
Zebrin2 is the protein encoded by the gefdolase C (Ahn et al. 1994). Expression was
robust inapkci”” embryos at developmental stages 3, 4 and 5dpé, ésemplarily shown for

4 dpf (fig. 3.14 b), but again fewer cells weredidd compared tavt, as shown by the
MRNA expression analysis above. However, the adyibstaining clearly outlined the
emanating axons to the vestibular nucleus compatadtiveerwt and mutants (fig. 3.14 a, b,
arrow). A double staining of PCs and GCswh and apkci mutant background of the
Tg(gatal:GFP) line revealed the positioning of both cell typesedach other within the
cerebellum. During the development of wt embrydSs higrate from ventral to dorsal to the
final Purkinje cell layer, and GGsce versa from dorsal to more ventral regions to the inner
granule cell layer in the medial corpus cereb@bnsequently, in the end PCs reside dorsally
to GCs ((Wullimann et al. 1996); fig. 3.14 c). Tmss also the case apkci mutants (fig.
3.14 d, arrows), i.e. PCs migrated to dorsal regarove GCs.
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In summary, PCs in mutants seemed to develop guait@al during the developmental stages
investigated, and were thus no likely cause fordhered development of granule cells in

apkci mutants.

| 4dpf, lateral ] 5dpf, lateral

aPKCi-/-

I

Figure 3.14: Expression of the PC specific markernptein Zebrin2

Lateral view of 4 and 5dpf olavt,gatal: GFP and apkci”,gatal: GFP embryos subjected to an
antibody staining against Zebrin2 and GFP. Theesgion pattern at 4 dpf was comparable between
wt (a) andapkci™ (b) and axons were emanating (a and b, arrowsjouble staining of PCs (red,
arrows) and GCs (green, arrowheads) revealed libat ¢ell bodies were placed in the same relation
comparingwt andapkei” (c and d). CB - cerebellum, MHB - mid-hindbrainubdary, URL -
upper rhombic lip.

3.7 Migration of Granule Cells in the Cerebellum of apkci
mutants

The major goal of this work was to address a pakmble of apkci in regulating GC
migration. For this reason, time-lapse recordinf®mbryos of the transgengatal:GFP
strain inwt andapkci mutant background (s. chapter 3.5) were perforusaéag confocal laser
scanning microscopy, and subsequently single gadle® manually tracked over time using
ImageJ software (http://imagej.nih.gov/ij/). Cellere chosen randomly preferably nearer to

the midline than to lateral regions (fig. 3.15 a,celoured dots), because of the stronger
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phenotype expected based on the differentiationlysisa (chapter 3.4) and the
characterization of th&g(gatal:GFP) line (chapter 3.5). Ahead of tracking, the moviasw
subjected to the plugin ‘stackreg’. This plugin otarbalances the movement of recorded
samples (caused by the living embryo), by compasngcessive frames. Otherwise this
movement would have sophisticated the results Oftacking. Subsequently, cells were
manually tracked using the plugin ‘Manual trackinginally, the software calculated the
migrated distance between frames and the speedigration and displayed the covered
migratory paths (fig. 3.15 b, f). Tracking occurmer a time period of 17 hours. In total 26
cells in 4wt embryos and 25 cells in &kci mutants were tracked, and the total migrated
distance and mean velocity in 17 hours were detexchifor each cell. The linear distance
between start- and endpoint of migration was measwith the ImageJ software, too, using
the ‘set scale’ and ‘straight’ tool. Figure 3.1®wls exemplarily for each phenotype the first
and last frame of tracking, the resulting path #relmean values of the tracking. Exemplary

movies can be viewed on the attached DVD.

55.00 hpf | b

wt, gatal.GFP

apkci, gatal:GFP ||

) total start - end Velocity
distance um pm pum/min
wt (n=26) 468.31 35.79 0.46
apkci (n=25) 510.45 36.36 0.51
ttest ( p-value) 0.270 0.936 0.195

Figure 3.15: Time-lapse recordings ofg(gatal: GFP) in wt and apkci mutant background
a, b) Dorsal view of the cerebellum ofvggatal: GFP embryo, scale 20um. a) Recording started at 55
hpf. b, ¢) Displaying the tracking of GCs reveatledt they migrated predominantly towards the MHB
and to the lateral cluster, without dramatic changpe direction. d) Thus migration of all cells is
directed anterior and slightly lateral, besidedscebntributing to the dorsoposterior cluster (gree
line). e, f) Dorsal view of the cerebellum ofapkci,gatal: GFP embryo. e) Because of the delayed
start of migration compared ta recording started at 78 hpf. f) Mostly GCs migdate the MHB and

65



Results

lateral clusters, but an increased number of adttn changed direction and even crossed the URL
and emigrated to ectopic positions in the hindbkaimows). g) Thus the displayed migration paths
were disordered and (h) pointed in all directioBee movies 1, 2, 3, 4 on attached DVD (movie
legend at chapter 5.2). CB - cerebellum, MHB - milddbrain boundary, URL - upper rhombic lip.

Recordings ofv,gatal: GFP embryos (movie 1) started around 55 hpf, wheradlyeseveral
GCs expressed GFP (fig. 3.15 a). The tracing (shewemplarily in movie 2) revealed that a
cell of awt embryo migrated in average 468.31 pum in 17 houits avspeed of 0.46pum/min.
The average linear distance between start- andoamtdpf the observed migration period was
~36 um (for summary see fig. 3.15 i). The total rign distance seemed to be very long
compared to the direct linear distance, but thengeacells always moved a little for and
backward or to the side and back, even in theostaty phase of the saltatory migration mode
of GCs. Because the tracking was done by clickinipé centre of the cell, instead of moving
the cursor only at an actual migration step, thegke values were reached.

In apkci mutants similar results were obtained by the miinaeking. On account of the later
start of migration of GCs in the mutants, recordimgere started one day later around 78 hpf
(movie 3). The results of the tracing (movie 4)aaed a mean total migration distance of
510.45 pm in 17 hours with a velocity of 0.51 pmrmimihe linear distance between start- and
endpoint was also ~36 um, similarwd, while the total migration distance and speed were

somewhat increased compared to wt.

However, observing the displayed migration pathg. (B.15 c, g), differences became
obvious. Inwt (fig. 3.15c; movie 2) cells migrated predominaritlya straight direction on
one of the following described paths. Either a oatjrated to the MHB and the ventrolateral
cluster (white and red track), or to the MHB andritio the lateral cluster (pink; recording
was longer than tracking), or directly to the lataruster (blue), or the cell stayed at the URL
in the dorsoposterior cluster (not shown). Somediraecell on the way to the MHB turned
back to the URL and contributed in the end to tbesdposterior cluster (green track). In the
end all arrows, generated by connecting start-eartipoint, pointed to the MHB and slightly
lateral away from the midline, besides the cellstebuting to the dorsoposterior cluster (fig.
3.15d).

In apkci mutants (fig. 3.15 g; movie 4) many cells migratedhe MHB (lower red track) and

the lateral cluster (pink) as well. But more cdhan in wt (observation by eye) turned on
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their way back and forth, hence changing directibmigration and moving longer distances.
Strikingly, some of the cells migrating backwardstie URL even crossed this apical tissue
border and migrated into hindbrain regions to ectégrations. This contributed to the above
observed reduced number of GCs in the cerebelluaplai mutants compared tot. When
emigrated granule cells came to a halt in the hidb they rounded up and stayed there for
the entire duration of the time lapse recordingcdmse of this disordered migration the
vectors pointed in all directions at the end otkiag (fig. 3.15 h). Another observation was
that GCs seemed to lose contact to each otherglamigration more often than in wt, and
suddenly migrated in opposite directions.

In summary, migration of GCs apkci mutants was not hindered regarding motility and
velocity. However, keeping direction of migratiomsvimpaired and some cells even migrated

to ectopic positions, penetrating the border betwssparated brain compartments.

3.8 GCs might escape through gaps appearing in the ap@t
border between cerebellum and hindbrain inapkci mutants

Discovering the escaping cells, the question ralsaa it was possible that cells leave the
cerebellum, thereby crossing the border betweentisgnes. Grant and Moens (Grant and
Moens 2010) demonstrated, that migrating faciahtimémotor neurons in the zebrafish
hindbrain can escape through gaps in the basaht&gmihich appear iapkc-iota+ zeta double
morphants but not imt. In accordance to this, we investigated the agrear of the apical
border inapkci mutants compared wt. To achieve this, an antibody staining against1ZO-
(zonula occludens-1) was performed. ZO-1 is a madidkethe apical residing tight junctions
in epithelia tissues (Stevenson et al. 1986) amtdauitable to outline the apical border of
the cerebellum and its integrity (fig. 3.16 a,, e

At 24 hpf ZO-1 was located along the open ventsidtebothwt andapkci” embryos and no
disruption in the URL was visible (fig. 3.16 a, Btarting from 48 hpf (not shown), when the
ventricles are closing again, holes appeared inagheal border of the mutants, whereas it
remained a continuous line between cerebellum ambhain inwt. At 3 and 4 dpf even large
gaps were visible in the URL apkci” embryos (fig. 3.16 d and f, arrows). These gaps ar
most likely generated through the incomplete opgrohthe ventricle. Therefore no clear
separation of the cerebellum and the hindbraireartwer large areas and cerebellar GCs can
easily emigrate into the adjacent hindbrain.
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3 dpf 4 dpf

wt

aPCKi -/-

Figure 3.16: Outline of apical borders visualized # an antibody staining against ZO-1.

Dorsal view of zebrafish embryos subjected to aibady staining against ZO-1. At 24 hpf th8 4
ventricle is clearly outlined in a continuous limewt (a) andapkci mutants (b). At later stages the
URL stayed a continuous border between cb and b @mbryos (c and e), whereasyskci mutants
gaps were visible (d and f, arrows) and the ZQOainstg pattern looked more patchy.

CB - cerebellum, MHB - mid-hindbrain boundary, URuUpper rhombic lip. Scale a-f: 20um.

3.9 The role of aPKCi in Direct Migration of Granule Cells

3.9.1 Test of the mutated protein aPKCi2A for usage as aominant
negative inhibitor to intrinsic aPKCi

To address whether aPKCi acts cell autonomouslgrdégg migration, aPKCi should be
inactivated in individual cells. To achieve thisimaitated version of aPKCi, called aPKCi2A,
was generated by site directed mutagenesis andarmgair according to Rohr et al. (Rohr et
al. 2006) (s. 2.2.4.4), who showed that embryosciejd withapkci2ZA mRNA resembled the
phenotype ofpkci mutants. Subdomain VIII of the protein kinases/plan important role in
recognition of peptide substrates, of which thehhjigonserved Ala-Pro-Glu (‘APE’) motif
faces the cleft (Hanks and Hunter 1995). TherefoeeAPE motif was changed to Ala-Ala-
Ala (‘AAA’) by the mutagenesis approach. To tese tlunctionality of aPKCi2A in the
cerebellum, injections apkci2A mMRNA were performed. The resulting phenotype witiie

first 24 hours copied convincingly the phenotypeapkci mutants (s. fig. 3.17, compare to
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fig.Figure 1.10). Inapkci2A mRNA injected embryos the"4ventricle was only opening at
interval regions along the midline and not as a lehmbmpared tom (fig. 3.17 a’, b,
arrowhead). Also, unlike imt, the retinal pigment epithelium was not complef@lymented
(fig. 3.17 a’, b’, arrow) and an oedema was fornaédhe heart region in injected embryos
(fig. 3.17 a’, b’, asterisk).

|[400ng/ul apkci2A|[ wt non-injected |

24 hpf; Bodipy

Figure 3.17: aPKCi2A mRNA injection resembles the penotype ofapkci mutants

Comparison of non-injected (a-a”) anapkci2ZA-mRNA injected (b-b”) wt embryos. Injection
occurred in the one-cell stage and images werentakéen later. b’) Injection ofipkci2A-mRNA led to

a reduced inflation of the hindbrain ventricle ¢avhead), an incomplete pigmentation of the retinal
pigment epithelium (arrow) and heart oedema (asdteric-e) A dorsal view of Bodipy ceramide
staining visualized the similar defects in vengriaiflation caused bgpkci2A-mRNA injection (e) or
non-functional aPKCi in the mutants (d) comparedtdc).

A staining with Bodipy ceramide clearly outlinedfelgts in midline separation and ventricle
inflation comparable t@apkci mutants (s. fig. 3.17 c-e). Injections of GFP &g mRNA,
which were performed as a control, did not resenthk phenotype (not shown). This
suggested that aPKCi2A indeed functions as a darimegative version to aPKCi. However,
a final proof would require the injection of baipkci2A mRNA andwt apkci mMRNA together
and to observe, if the phenotype is rescued.
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3.9.2 aPKCi does probably not act cell-autonomous in direted cell
migration
The advantage of electroporation compared to ilgestat the single cell stage of the embryo
is, that cells can be manipulated in a mosaic ntaana selected time point of choice. This
allows temporal control over the start of interfeze of developmental processes within the
embryo. In consequence, the embryo develops normalitil the time-point of
electroporation. ~
In order to manipulate only GCs a transgenic lineswsed, which expresses the yeast
transcriptional activator Gal4 and a fluoresceregorter (UAS:mCherry) under control of the
GC specific zic4 promotoiTf(zicd: Gal4, UAS mCherry)). In combination, the electroporated
plasmids (fig. 3.18) contained the Gal4 dependeAS {Upstream Activating Sequence)
domain in front of the transgenapkci or apkci2A). To be able to follow electroporated cells,
the injected plasmids co-expressed the fluoresegdrter Venus fused tanc-76 localizing
to the cell membrane and the cytoplasm, but bekujuded from the nucleus (Dynes and
Ngai 1998). The gene of interest and the reporerewnder control of the same 4xUAS and
spaced by a T2A sequence. During translation ofrtR&A-transcript into a peptide, the T2A
domain leads to a break between the reporter (Umg§)eand the transgene (aPCKi or
aPKCi2A). Therefore both proteins are expressedairstoichiometric ratio. A strong

fluorescence thus indicates strong transgene expres

UncVenus —-— apkci2A

UncVenus

o

UncVenus

Figure 3.18: Gal4 dependent Electroporation Vectors

a-c) The expression vectors contained a 4xUAS Gadbgnition site and coding region for the
reporter protein UncVenus. a) contained the mutaniant aPKCi2A to block cell intrinsic aPKC
function and b) the wt version aPKC for overexpi@sexperiments; ¢) was used as a control.

Injection of the plasmid into the hindbrain vengiand electroporation were performedain
embryos around 36 hpf ahead of the start of migmatif GCs, which takes place at 48 hpf.
Therefore, early neuronal development would noatiected by influencing aPKCi function.
4xUAS:UncVenus-T2A-aPKCi2A would block intrinsic KEi function and single altered
cells could be followed in avt environment. In contrast 4XxUAS:UncVenus-T2A-aPKCi
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electroporated intaapkci™ embryos would lead to single cells expressing aPKCan
otherwise mutant background. As a control experiman plasmid only containing

4xUAS:UncVenus was used.

tg(zic4:Gal4,UAS:mCherry); UAS:UncVenus
a o/ 6200hpf 71.25hpf | c

EPLLT B

45

77.25hpt R f 80.00shpf

K

Figure 3.19: Electroporation of 4xUAS:UncVenus inrg(zic4: Gal4,UAS:mCherry)

Time lapse recording of a dorsal view of a parttted cerebellum offg(zic4: Gal4,UAS mCherry)
embryos electroporated wikkUAS. UncVenus. Cells expressing the plasmid appear yellow (&. G
behavior is shown exemplary for one cell (arrows)GC precursor was dividing (b, arrow) and
afterwards both daughter GCs were migrating towtredMHB, here visible for one cell (c-f, arrows),
in a saltatory motion (supplementary movie 5).

Hpf — hours post fertilization, MHB — mid-hindbraoundary, URL — upper rhombic lip.

Time-lapse recordings by confocal laser scanningrascopy of the control experiment
revealed that granule cells expressing only thentep UncVenus (fig. 3.19 a (yellow), b-f
(green)) in wt background showed similar behaviasr observed in the transgenic line
Tg(gatal:GFP). At the dorsal view of the cerebellum of electngied embryos one could
observe that GCs were dividing (fig. 3.19 b, arr@anyl differentiated neurons detached from
the URL and migrated towards the MHB (fig. 3.19, @frows) or into lateral clusters (not
shown). Many cells stayed stationary in one placeften moved only for and backwards,

still attached to the URL (supplementary movie 5).

A similar result regarding division (fig. 3.20 b-dhd migration of GCs (fig. 3.20 e-f) was
observed for the electroporation with the mutanmtarda aPKCi2A into wt background. GCs

expressing aPKCi2A exhibited the same mode of @bog and rounding up of saltatory
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migration steps and extended and retracted protrasisupplementary movie 6). A similar
ratio between moving and stationary cells was oleserby eye compared with the
electroporation of the control plasmid. This indezh that aPKCi had no cell-autonomous

function in directed cell migration.

tg(zic4:Gal4,UAS:mCherry); UAS:UncVenus-T2A-pkci2A
65.00 hpf §f c 66.50 hpf

Figure 3.20: Electroporation of 4xUAS:UncVenus-T2Aapkci2A in Tg(zc4:Gal4,UAS:mCherry)
Time lapse recording of a dorsal view of a parttted cerebellum offg(zic4: Gal4,UAS mCherry)
embryos electroporated withxUAS UncVenus-T2A-apkci2A. Cells expressing the plasmid appear
yellow (a). GC behavior is shown exemplary for teels (arrows). A GC precursor was dividing (a-
b, arrow) and afterwards both daughter cells weigrating towards the MHB (d-f, arrows), in a
saltatory motion (supplementary movie 6). Hpf — tsopost fertilization, MHB — mid-hindbrain
boundary, URL — upper rhombic lip.

Furthermore, a few injections of vapkci in mutants were tried. Preliminary results varied
strongly from embryo to embryo. Either most labélkzells were rounded up or were long
stretched and connected by protrusions to both, @Rd MHB. Cells were predominantly

completely stationary, but in two recordings a,cetakly labelled, migrated into the lateral

cluster.

In summary these results suggest, that apkci isgimy not necessary cell autonomously for
granule cell migration, but rather in a tissue aotoous manner. The phenotype observed
with the Tg(gatal:GFP) strain inapkci mutant background (s. 3.7), i.e. GCs often chanpgin

direction and migration to ectopic positions, wotlldn be caused by lost tissue integrity.
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4 Discussion

4.1 Morphology of wt and mutant cerebella

With this work we showed that the development efdhrebellum impkci andnok mutants is
severely altered. Because the hindbrain ventriclendt inflate properly and the midline was
not separating completely, a reduced rotation efdtrebellar primordium was the result and
no clear boundary between cb and hb arose. Theitygtmoteins MPP5 (Nok) and aPKCi
play an important role in specifying epithelial @pibasal polarity (for review see Margolis
and Borg 2005; Suzuki and Ohno 2006; Assémat @08&I8). This polarity is necessary to set
up the midline of the neural tube, which is subsedly necessary for a clear midline
separation during ventricle inflation (Lowery and/es2005; Lowery et al. 2009). It was
shown by Lowery et al. (2005), that in the rhomiegt@lon ofnok mutants nuclear
positioning is disorganized, and staining with jumeal markers revealed no continuous
midline, which might explain the failure in midlirseparation. Impkci mutants a continuous
midline was present but still separation was imgzhitthis work and Lowery et al. 2009). At a
small area including rhombomere 1 and 2 a smi3itehtricle opened, but the midline stayed
fused at several points. In contrast tfevéntricle inwt opened wide along the hindbrain. The
weaker phenotype dadipkci mutants compared took is likely explainable by the isoform
aPKC., which probably compensated to some extent forldbe aPKCi function, because
both isoforms have partially redundant functiorideast shown for retinogenesis in zebrafish
(Cui et al. 2007).

However, although initially junctions are formedapkci mutant zebrafish embryos, it was
observed that apical junctions get progressivedy ilo the retina and also neural tube starting
from 2 dpf (Horne-Badovinac et al. 2001). This cbekplain the inability to establish a clear
apical boundary between the cerebellum and thebhama upon ventricle closure observed in
the apcki mutants. Inwt this boundary became evident around 3dpfndk mutants hardly
any midline separation occurred, and therefore wophological boundary between cb and

hb, normally visible by cellular membrane stainioguld arise.

Another observation by the performed Bodipy Ceransthining was the reduced brain size

in the mutants compared . Measurements at 4 dpf revealed that the |lateyzdresion of

the cerebellum in the mutants was significantly lenawhich could also be explained by the
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reduced ventricle inflation and subsequent no dy orinor rotation of the cerebellar anlage
from an anterior-posterior to a medio-lateral aiaion. That the cerebellum ofpp5 mutants
was in tendency smaller than that aggkci mutants favoured this argumentation, because
ventricle inflation was most severely impairechok mutants.

Remarkably, although the re-orientation of the lsellar primordium was affected and apico-
basal polarity was absemok) or got successively losaggkci) in the mutants, some typical
cerebellar tissue organization was recognizablatat differentiation stages. A molecular
layer was detectable (although it was patchy avgémeached the expansion comparedt)o
and parallel fibres of GCs emanated and formed esatlocommissure, although less
pronounced than in wt. A double staining of GCs &@s confirmed the impression of
principal cerebellar tissue organizatiorapkci mutants, because those cell types were located

correctly with respect to each other.

4.2 Expression profile ofnok and apkci in the cerebellum

GC development imt zebrafish has been already well characterizedubymup (Volkmann

et al. 2008). GCs have to migrate long distancem ftheir place of origin to their final
position within the brain network. For this diredteigration GCs likely require to establish a
polarity with a leading and trailing process. Th@€;s are well suited to investigate a possible
role of aPKCi and MPP5 in neuronal migration. Bustf the expression of both proteins
within GCs had to be confirmed.

In situ-hybridization and antibody staining in 1-3 dpt embryos showed thatok was
localized at the URL of the cerebellum. Expressiothin the cerebellum was not apparent.
Contrary aPKCi not only localized along the URL,tbmas distributed throughout the
cerebellum and the whole brain. This is consisigttt other research studies, which suggest
a role for MPP5 only in apcio-basal polarity by dtizing the apical complex to tight
junctions, whereas aPKCi is a highly conserved miglg@rotein throughoutC. elegans, D.
melanogaster and vertebrates (Henrigue and Schweisguth 2003¢aMa2004) and is
involved in different mechanisms in which polanilays an important role, for example cell
migration or proliferation (Hurd et al. 2003; Malgoand Borg 2005; Suzuki and Ohno 2006;
Assémat et al. 2008).

In order to dissect whether aPKCi is expressed @s @n antibody staining against aPKCi

was conducted. Indeed, with the used aPKCi antikmdygnal within GCs was observed.
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However, later analysis of the epitope sequencealed that the obtained signal could not be
stated as specific aPKCi expression with certaiiihe antibody used was raised against the
C-terminus of the aPKCi protein, which is, howeveighly similar to the C-terminus of
aPKC.. This made it likely that both aPKC isoforms weatetected. A request to BD
laboratories revealed that they have not testedpkeific binding so far.

Nevertheless, it is very likely that the isofoapkci is expressed throughout the brain, and
therefore within GCs, based on the whole-moumsitu-hybridization with anapkci ribo-
probe. To obtain a better idea of the possibleetbffit distribution ofapkci and apkc{
expression one should performiarsitu-hybridization with amapkc{ antisense riboprobe and
compare the result with the expression patterap&€i. Further, the western blot to test the
ability of the aPKCi and aPKCantibodies to detect zebrafish aRKg&hould be repeated.
First trials did not work, only unspecific signalgere obtained with both antibodies.
Meanwhile antibodies against the N-terminus ortigdle region of aPKCi are available and
should be tested in zebrafish, because the N-tesngimore divergent from aPKCi to aPKC
and should guarantee more specificity. These exyatis are necessary in order to clarify if
aPKCi and aPKCcould have potentially a functional redundancy afsthe cerebellum, like

it was shown for zebrafish eye development (Cuale007), in order to be able to better

interpret functional studies in the cerebellum.

4.3 Granule cell development

To investigate cerebellar GC differentiation apkci” and nok” embryos, the onset and
pattern of distinct genes, expressed successivelingl GC maturation (Volkmann et al.
2008), was analysed Iy situ-hybridization.

In nok” embryos, expression of all addressed genes wasrgreanging fronatonal homolog

la (atohla), that is expressed in progenitor cells of the URLthe terminal differentiation
markergaban receptor a6 subunit (gabaa Ra6) of GCs, the latter indicating the formation of
synapses with GABAergic neurons like PCs. A diffex® betweemok’ andwt embryos was
the extent of expression of these genes. Especlalyexpression of the late differentiation
markersvesicular glutamate receptor 1 (vglutl) andgabaa Ro6 at 4 and 5 dpf, respectively,
revealed fewer cells expressing these genesokhmutants, leading to a patchy pattern
compared to area-wide expressionvith embryos. This suggested problems in terminal

differentiation and / or an increased rate of delith in GCs that lacked functional MPP5.
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In apkci” embryos only the expression levelathohla andneuroD were comparable with
wt, however the pattern was aberraAtohla expression depicted the missing ventricle
inflation, which was also the case faok mutants. Instead of lining the trigonal shapehef t
4" ventricle as in wt, the expression in the mutamés apparent in one broad stripe-like
domain along the dorsal midline. Remarkablyajkci” embryos expression eflutl was
only observed in ventro-lateral regions and nahandorso-medial part of the cerebellum; and
expression ofjabas Ra6 was not visible at all in the cerebellum, indingteither massive GC
death, failure in or delayed onset of terminal etéhtiation. Subsequent expression analysis
of vglutlat developmental stage 5 and 6 dpf excluded theilpbty of later onset of
expression, because in both stages expressionavabserved in the dorso-medial part of the
cerebellum and development is only delayed by oag id the mutants. In contrast the
expression of the postmitotic marker gewaroD was robust throughout all stages. However
this does not exclude the possibility of cell death new GC are generated until the juvenile
stage and could constantly replenish the poaleafoD expressing cells. The vast majority of
GCs inwt zebrafish migrates between 48 hpf and 3-4 dpfKwalnn et al. 2008) and the
broad expression domain néuroD observed at 5 dpf iapkci mutants could also represent
this peak of migrating GCs, if the delayed develeptrof one day in the mutants is taken into
account. Nevertheless the number of cells exprgsguroD in wt was never reached in the
mutants. Taken together, the reduced number of eslbressing the marker genes and the
missing expressioaf vglutl andgabaa Re6 indicated less cell proliferation and increased cel
death. In addition a failure in terminal differation of GCs and therefore a failure in
reaching a neurotransmitter identity were apparent.

Atypical PKCs and other apical located proteins #reught to play a role in early
determination, during progenitor division. Depentdam the distribution of apical proteins the
descendant becomes a neuronal cell or stays naigtiactive (Alexandre et al. 2010;
Willardsen and Link 2011). However nothing is regpdrof aPKC playing a role in later
differentiation so far. But considering that aPKE able to translocate to the nucleus
(Perander et al. 2001; White et al. 2002) a rolgifierentiation might be possible.

4.4  Possible mechanisms leading to a reduced GC number

A reduced GC number became also obvious by angl\yGid development with help of the

transgenic straifg(gatal: GFP). In this line GFP is only expressed in GCs in¢heebellum
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and using this line it was demonstrated that GGgaie into three distinct clusters, which can
be recognized easily (Volkmann et al. 2008). Cesragd the mutanapkci or nok allele were
crossed with fish of thdg(gatal:GFP) line. Subsequently, GFP positive embryos with a
homozygous mutant background were analysed atreiffedevelopmental stages ranging
from 3-5 dpf. It turned out that GC number and ffipasitioning especially in the medial
clusters were severely altered in both mutantsenmbryos displaying a strong mutant
phenotype, clusters were scarcely recognizableciwhias a first hint of impaired directed
GC migration. In embryos with a milder phenotypeda@ainly migrated into the described
three clusters, but these were clearly reduceizen $hese observations further strengthened
the notion that GC cell death was probably incréased proliferation of GC progenitors
decreased. Because of the stronger impairmentferehtiation of GCs irapkci compared to
nok mutants, and because of the most likely expressiapkci in migrating granule cells,

further research was focussedaphci” embryos.

4.41 Cell death is increased in the cerebellum afpkci” embryos

The findings of a reduced GC number and a smakeebellar size inapkci mutants
compared to wt, led to investigation of cell dea#kcridine Orange staining revealed
increased rate of cell death from 48 hpf onwarddéncerebellum adipkci mutants compared
to wt embryos. Because embryos die latest at 6iidwAs not surprising to find increased cell
death. We rather expected an even higher numbeying cells at 5 dpf irpkci” embryos
compared tavt than observed, because of the daily increasingnedhiappearance of mutant
embryos. One explanation could be that apoptolis ege recognized quickly and removed
efficiently by microglia through phagocytosis (Kerttmann 2007; Peri and Nusslein-Volhard
2008).

Although the staining did not selectively mark G@syas likely that GCs were affected, as
dying cells were equally distributed throughout tkeeebellum. To overcome the problem that
GC death could not be evaluated selectively wel ttieuse AnnexinV Cy5, another marker
for cell death with an emission range in the fak. t@nfortunately, several trials with different

conditions gave no recordable signal so far.

In this context it is interesting to mention th&kaCi seems to be involved in apoptosis and
also promotes tumour development (Fields et al.7260m et al. 2007). A research study

showed that Par6, aPKC and GSK-3[ regulate celthdemna 3D model of epithelial
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morphogenesis of MDCK cells. In this system inhdritof aPKC promotes cell death (Kim
et al. 2007). This, besides many other effects yfuhctional aPKCi and the involved
pathways, could be one explanation for the early death of mutant embryos. Further,
overexpression of aPKCi promotes tumour progressiomany tissues including the brain,
because aPKCi activates multiple signalling patrsvihat confer resistance to apoptosis
induced for example by carcinogens and chemothatigpagents, and therefore promotes
cell survival (Murray et al. 2011). In turn disrigst of aPKCi expression blocks multiple
aspects of abnormal tissue growth in hunramitro models and in nude mice (Fields et al.

2007), further supporting a regulatory role for &Rl cell death.

4.42 Cell proliferation is decreased in the cerebellum foapkci” embryos

With respect to the observation that cell death l@as increased than expected, based on the
malformations of mutant embryos, we looked for Hert explanation for the reduced GC
number. As a logic following step, cell prolifei@ti was investigated next. A reduced number
of GCs became obvious earliest around 3 dpf, whemwast majority of GCs are born.

To analyse cell proliferation an immuno-stainingaiagt Phospho-Histone H3 (pH3), a
marker for late G2/M-phase of the cell cycle (Hexldzt al. 1997), and against the S-phase
marker Proliferating-Cell-Nuclear-Antigen (PCNA) €l and Celis 1985) was conducted.
The number of proliferating cells marked by pH3 wasnted. The rate of proliferating cells
decreased constantly from 48 hpf until 4 dpf sigaifitly in apkci mutant compared to wt.
This is the time span, when GC proliferatiorwihreaches its peak. To selectively count GC
precursors (GCPs) this experiment should be regeatthe transgenic linég(gatal: GFP).
Nevertheless, comparable with the Acridine Orarigmisg the equally distributed reduction
of proliferating cells in wt and mutant embryos ahd fact that GCs are the most numerous
neurons, which are generated during the time peénieestigated, lead to the conclusion that it
was most likely that GCPs were affected by decikaseliferation. Taken together increased
cell death and decreased cell proliferation explithe reduced occurrence of GC and the

smaller size of the cerebellum in the mutants.

Another aspect to explain a reduced GC number dosldlterations in the division mode of
precursor cells. It was shown for zebrafish thatragenesis in the retina of aPKCi mutants
was initiated normally, but subsequently the praipar of progenitor cells that divide

neurogenically was significantly reduced, insteadren proliferative progenitors were
78



Discussion

segregated (Baye and Link, 2007). Further it wasatestrated, that cell fate decision of
apical epithelial progenitors is, amongst otheepehdent on the distribution and localization
of polarity proteins during division (Alexandre at 2010; Willardsen and Link, 2011). Lost
aPKCi function could lead to aberrant localizatioihfurther apical polarity proteins, and
therefore contribute to a shift in the modes ofgerator division. A shift towards more
proliferative progenitor segregation could explaireduced number of GCs in the cerebellum
of apkci” embryos. However, the strong level mduroD expression observed at 3 dpf in
apkci mutants implies a high number of postmitotic URIsdendants, i.e. postmitotic GCs.
The pH3 counting demonstrated a rather normal fpralion rate around 24 hpf, when
tegmental hindbrain nuclei neurons are born. But8ahpf proliferation was decreased when
GC proliferation occurs. A study iDrosophila stated that neuroblasts (progenitordDobs.
neuronal cells) exit cell cycle earlier in embrymsitant for aPKC and also in larval eye
imaginal discs (Rolls et al. 2003). An early celtle exit consequently leads to fewer cells
proliferating. This explanation would fit better thvi our observation in the zebrafish
cerebellum of an initially normal proliferation eafollowed by a progressive reduction of

cells proliferating, than the above mentioned gagsiltered division mode.

4.4.3 Basic tissue organization is reached iapkci mutants

The areas of proliferation were similar betweenawtl apkci mutants, especially obvious at
early stages (24-48 hpf). This was interesting beeat further supported the impression of
correct tissue architecture although an apical rigaiion factor was missing and brain
morphogenesis was impaired by reduced ventricleatioh. But, as already mentioned,
aPKC could likely compensate to some extent for the-fumctional aPKCi in the early
embryo. In addition, the initial formation of tighinctions and their only progressive loss
would support the establishment of early tissueityl and therefore allow at least partial
cerebellar organization.

Further, the staining with the proliferation markevas interesting in regard of the on-going
discussion whether an EGL does exist (Wullimanal.e2011) in zebrafish or not (Chaplin et
al. 2010). In mammals GCPs form a transient extegramule cell layer (EGL), which spans
the whole surface of the cerebellum. The EGL isjueirelating to the fact that progenitor
cells stay mitotically active after leaving the @i proliferation zone (Chédotal, 2010). The
PCNA labelling together with the pH3 staining whighs conducted in this work indicated a

transient EGL in wt zebrafish. PCNA expressing apanned the whole surface of the
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cerebellum and also pH3 staining aside the URL wlaserved. This is similar imapkci
mutants, but because of the delayed developmeahéyay, the EGL is still visible at 3 dpf.
And again the observed similarities between wt apkkci™ embryos demonstrated that

correct organization of cerebellar tissue is paatigieved in the mutants.

4.4.4  Purkinje Cells develop rather normal in apkci mutants

The final maturation of neurons depends on synagtntact with their afferents and efferents.
For example, wheptfla derived cells like PCs are completely missinghia Ibrain of mice, a
massive cell death of glutamatergic cells is th@seguence, due to lack of synaptic
connections (Hoshino et al. 2005). Furthermoreliferation of GC progenitors in mammals
is crucially dependent on Sonic hedgehog (Shhaselé by PCs. The primary cilium of GCPs
(found on mostly all eukaryotic cells) is necessfnyrecognizing Shh, which subsequently
induces proliferation (Spassky et al. 2008)h expression was also confirmed in zebrafish
(Babaryka, 2009; Wullimann et al. 2011). Therefoitewvas necessary to exclude the
possibility that the main interaction partner of £ @he Purkinje cells, were severely altered
and hindered GC development.

As a first stepin situ-hybridizations with distinct genes expressed ins RIOring different
stages of their development were conducted. Theakigptained with a riboprobe pffla,
which is expressed in ventricular zone progenitavas prominent inapkci"‘ embryos
comparable in strength to the signalnhembryos. The pattern was divergent, though, as the
ventricle did not inflate to its full extent in tmeutants, leading to a broad stripe of expression
instead of the trigonal shape like observe@inThe expression ajrid2, rora2 andca8 was
apparent irapkci” embryos throughout 3-5 dpf, demonstrating difféegion of PCs, but the
number of cells expressing these genes was redlibecexpression of the glutamate receptor
(grid2) is an indicator that a neurotransmittemiity is reached and therefore PCs develop
normal in apkci™ embryos, despite deviance in total number of cafisl slight pattern
divergence compared to wt. In addition, a doubdéngig of PCs and GCs revealed that PCs
migrated to correct positions with respect to G@isaning PCs resided dorsal to GCs in the
medial corpus cerebelli. Gross localization is heal; but is nevertheless not totally correct
and might impair interaction between GCs and PCs.

To rule out impairment by missing synaptic contame could investigate the molecular layer,
formed by dendritic trees of PC and parallel fibcdsGCs more closely. For example by
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applying synaptic and PC marker ovi;gatal:GFP and apkci;gatal: GFP embryos and

subject them to high resolution imaging.

In summary, the observed lower number of GCs is@adly increased cell death and a
reduced rate of cell proliferation, the latter pably caused by an earlier cell cycle exit of
neuronal progenitor cells. Embedded into the cdantéxpublished literature this suggests a

cell-autonomous function for aPKCi in cell surviggnalling.

4.5 Migration of Granule Cells

In wt embryos GCs follow straight paths during migratioostly without changing direction.
GCs migrate from the URL towards the MHB or in vertteral regions of the cerebellum
(Volkmann et al. 2008, this work). In contrast, raijpn of GCs inapkci” embryos was
rather disorganized. Migrating cells often chandedction, especially when they lost contact
to other cells. Matility itself was therefore ndtesied by GCs missing functional aPKCi, but
migration in a directional manner was scarcely oteg. Still, the speed and total migration
distance were even slightly increased in the mastatite latter reflecting probably the
increased changing of direction of GCspkci mutants. Migration into the lateral cluster was
hardly affected or less affected than in mediakbelar regions. Cells contributing to the
lateral cluster migrated in a direct fashion, whiecas already indicated by the results of the
differentiation analysis of GCs. In parachute mtgasCs of the lateral cerebellar region
were less affected as well. Parachute mutants g@sseutated version of Cadherin-2, which
was shown to be important for cell-cell adhesionirdu GC chain migration (Rieger et al.
2009). It is, however, not clear why lateral migrgtGCs are less impaired.

A role for aPKCi in cell orientation during migrati was proposed by a study investigating
neuronal precursors in the chicken cerebellum. ®hentation of the tip of the leading
process was inhibited and its branching aberrdng dominant-negative version of Par6
formed a defective complex with aPKC (Sakakibaral &torwitz, 2006), whereas the
formation of the leading process was not alteredour studies, elongation and therefore
polarization and protrusion formation was obserasdwell. Hence, confused directional
changes and migration to ectopic positions coulkhzeen caused by defective leading tip

orientation.
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4.6 GCs emigrate into hindbrain through holes in apicalborder

The most striking observation of the cell tracimgtihe gata:GFP line, was GCs migrating
across the border from the cerebellum into the bviaid, which never occurred in wt and
indicates severe impairment in cerebellar tissuegnity. The Bodipy ceramide staining
already outlined a disrupted cell alignment alomg toorder between cerebellum and
hindbrain. In addition, a recent research studymeg holes in the basal lamina in double
apkci/apk§ morphant zebrafish embryos (Grant and Moens, 200@nsequently we
investigated the integrity of the URL iapkci” embryos. Therefore an immuno-staining
against the apical located zonula occludens-1 (¥@-1ight junction marker, was performed.
It became obvious that the URL was often not ainantis border irapkci” mutants. This
partial loss of tissue integrity was likely caudedthe early incomplete midline separation
and probably also by the progressive loss of fighttions in the neural tube apkci mutant
embryos observed by others (Horne-Badovinac e2Qf)1; Lowery et al. 2009). This result
provides a good explanation for the phenomena cdpsg GCs. In order to confirm that
GCs migrated through these holes, we tried to mo®C during migration by microscopy
and fixate the embryo when a GC would escape mtchindbrain. Finally a ZO-1 antibody
staining would have been conducted. However, fifats in capturing a cell while escaping
were not successful. Granule cells escape to raredyat not defined time-points. Further GC
emigrated rather fast and finally rounded up, mgkhem indistinguishable from cells of the
hindbrains expressing GFP as well. In the endgethes simply not enough time left within

this thesis to observe GC migration in more emhryos

4.7 aPKCi in directed cell migration - cell autonomous?

Because of the observed migration phenotype iniapkdants the question was raised
whether aPKCi has a cell autonomous function iealed cell migration. To survey this
possibility we wanted to manipulate only singlelseh an otherwise wt environment.
Therefore we electroporated a dominant negativesimer of aPKCi called aPKCi2A.
Supposedly, both aPKC variants are blocked, becalupartly the same interaction partners
and substrates. The ‘APE’-motif in the catalytilmtre of the kinase domain, which was
mutated, is also conserved in aRKCTo proof that aPKCi2A blocks intrinsic aPKC fuioct,
MRNA coding for the dominant-negative version wiagdted into one-cell stage embryos.
The obtained phenotype at 24 hpf resembled comgihgcithe phenotype ofpkci mutant
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embryos. To finally confirm the dominant-negativegerties a rescue experiment should be
conducted. That would mean to injegkci mMRNA with the same ratio agpcki2ZA mRNA
and monitor if the phenotype is rescued.

It turned out however, that GCs expressing apkdi2haved likent GCs. Manipulated GCs
proliferated, elongated, formed a leading procesgrated to the MHB and their final
positions and retracted the leading process upaving the MHB. Therefore single cells or
also cell clusters missing aPKC function can migraarmally in anvt environment, indicating
that aPKCi does not have a cell autonomous fundtioregard to cell migration. However,
that does not rule out the already mentioned pihsgilthat aPKCi is involved in the
orientation of the tip of the leading process, shofer cerebellar explants of chickens
(Sakakibara and Horwitz, 2006), although both aRi&€Gants (aPKCi and aPKEseemed to
be inhibited like in our study. GCs in the earlypwdish cerebellum move along each other by
collective cell migration without using glial fibsefor guidance (Rieger et al. 2009). In our
electroporation experiment, this coherent chainratign might have helped aPKCi deficient
cells to migrate directionally along not affectedcells. In turn this would mean that intrinsic
leading tip orientation is not crucially importafdr directed cerebellar GC migration.
Especially if one considers that the formationhed teading process per se was not altered by
missing aPKC function in the chicken explants (&#aa and Horwitz, 2006) and judging
from our experiments (personal observation).

These results demonstrate in addition, that elpotadion is a good approach to examine
functions of genes more stringently by choosing tthee point of interference and thereby
excluding some of the pleiotropic effects of a pnot for example roles in the early
development of organs. This is one advantage oskrtransplantation between embryos,
which however has its own usefulness. Within thirky transplantation of cells @pkci
mutant gatal: GFP embryos into wt embryos would have made certdiat bnly aPKCi
function was missing, and not both aPKC variamsaddition, transplantation would have
guaranteed a complete loss-of- function of aPKQiemas electroporation led to divergent
expression rates between manipulated cells, judiyethe expression of the reporter gene
Unc:Venus. Thus, aPKCi function is not completelgcked for certain in electroporated
cells. However, transplanted cells would lack aPKi©m the beginning, and it could be
possible that other cell types in the surroundih@Gs were mutant faapkci. In contrast, by

combining electroporation and the Gal4-system weacdy affected only one cell type and
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excluded the possibility that other cell types waffected and hindered GC behaviour. But,
with the electroporation approach we most likelgdiled also aPKC Still, in case of a gene
broadly expressed in early development and necessastablish polarity of early epithelial
tissue, electroporation would be the better apgraacexamine developmental later gene
functions for cell migration or differentiation. @sidering above arguments it would be worth
trying to find another dominant-negative aPKCi gatithat does only block aPKCi and not
aPKC, function. This could be achieved by altering the¢eNninal region of aPKCi. This
region consists of binding domains for interactu@mtners, and differs more strongly from the
corresponding aPKCsequence. The dominant-negative aPKCi2A used is wiork was
chosen because of its reported functionality am@targ and testing other possible variants
would not have been possible within the time scheedtithis work.

Another interesting site aspect would be to loakdifferentiation of the electroporated cells.
Terminal differentiation of GCs impkci” embryos did not occur, which points to a cell-
autonomous function of aPKCi. A study in the zelsrafeye suggests a cell-autonomous
function of aPKCi for differentiation of retinal gmented epithelial cells (Cui et al. 2007).
But considering the strongly divergent results fioe GC migration behaviour of mutant
apkci, gatal:GFP embryos and the behaviour of electroporated deliat background, it
could be possible that there is also a differenaée ability of GCs to differentiate in the two
systems. That means that GCs lacking aPKCi functigght differentiate in wt background.
This could be investigated by situ-hybridization with marker genes for GC differetita,
like it was performed in this work to analyse GGrelepment inmpp5 and apkci mutant
embryos compared tot.

In summary more experiments are needed to clartigther the functions of aPKCi and
MPP5 in cerebellar GC development are cell auton@mrar not. If a gene affects so many
developmental processes and is expressed in nadktglls in many organs, it is not easy to
investigate its role for one particular developna¢aispect. Electroporation could be a good
solution for such cases, but has to be carefulhtrotied for specificity in time, cell type and
affected gene. Within this work, | optimized thenddions for electroporation and based on
this, | further revealed that the cell type specf@ald expression in combination with UAS

coding plasmids could be used for manipulating @eljs of interest (see also Hoegler, 2011)
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The first important observation of this work waspmired terminal differentiation of GCs in
apkci mutants, but additional experiments must be coeduto elucidate to which extend this
was caused by a lost cell-autonomous function &GP

The second important observation based on this vepithat aPKCi is not important for cell
motility. It might however facilitate GC orientatioduring migration by orientating the
leading tip and regulating the number of its preiwans formed (Sakakibara and Horwitz,
2006). In addition it might help migrating GCs tedp contact to neighbouring migrating
cells to allow chain migration. However, if aPKQinction was only suppressed in a mosaic
manner, so that manipulated GCs migrated in anrwibe wt background, other factors

seemed to compensate for missing aPKCi functiomduirected GC migration.
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5 Appendix

5.1 Supplementary Figures
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Figure 5.1: Western Blot Analysis to test cross-redivity of the a-aPKCiv and a-aPKCA
antibodies (BD #610175, #610207) with zebrafish alRK

1 ygmckeglrpgdttstfcgtpnyiapeilrgedygfsvdwwalgvim fem 50 zf aPKCi
(TETTETRERTE R Il

1 ygmckeglrpgdttstfcgtpnyiapeilrgedygfsvdwwalgvim fem 50 human aPKCi

51 magrspfdivgssdnpdgntedylfqvilekqiriprsisvkaasvl kgf 100
AR |1

51 magrspfdivgssdnpdgntedylfqvilekqiriprsisvkaasvl ksf 100

101 Inkeskerlgchpgtgfadimahpffrnvdwdlmegkqgvvppfkpni sge 150
(TR TR TR Il

101 Inkdpkerlgchpgtgfadigghpffrnvdwdmmeqgkgvvppfkpni sge 150

151 fgldnfdaqgftn 162 Gap_penalty: 10.0
B Extend_penalty: 0.5

151 fgldnfdsqftn 162 Identity: 155/162 (95.7%)

Similarity: 158/162 (97.5%)
Gaps: 0/162 ( 0.0%)

Figure 5.2: Comparison of the amico acid sequencd the zebrafish aPKG and human aPKCi
recognized by the tested-aPKCu antibodly.

Analysis was performed by using EMBOSS Needle (titpw.ebi.ac.uk/Tools/psa/emboss _needle/)
Zebrafish (zf) aPKCi: NP_571930.2

Human aPKCi: NP_002731.4
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1 ygmckegirpgdttstfcgtpnyiapeilrgedygfsvdwwalgvim

1 ygmckeglrpgdttstfcgtpnyiapeilrgedygfsvdwwalgvim

51 magrspfdii--tdnpdmnteeylfgvilekpiriprsisvkaasvl

51 magrspfdivgssdnpdgntedylfqvilekqiriprsisvkaasvl

99 Inkdpkerlgcqvqtgftdikshtffrsidwdgleqgkqvtppfkpqi

101 Inkdpkerlgchpgtgfadigghpffrnvdwdmmeqgkgvvppfkpni

149 yglenfdtgftnep 162

SIHTIRIIY
151 fgldnfdsqftn—162

fem 50

Il
fem 50 human aPKCi

zf aPKC 4

kgf 98
|1

ksf 100
tdd 148

sge 150

Gap_penalty: 10.0
Extend_penalty: 0.5
Identity: 135/164 (82.3%)
Similarity:148/164 (90.2%)
Gans: 4/164 ( 2.4%)

Figure 5.3: Comparison of the amico acid sequencd the zebrafish aPKC, and human aPKCi

recognized by the testedi-aPKCi antibody

Analysis was performed by using EMBOSS Needle

Zebrafish aPKC NP_001025262.1

human aPKCi: NP_002731.4

1 ygmckeglrpgdttstfcgtpnyiapeilrgedygfsvdwwalgvim

1 ygmckegirpgdttstfcgtpnyiapeilrgedygfsvdwwalgvim

51 magrspfdivgssdnpdgntedylfqvilekqiriprsisvkaasvl

51 magrspfdii--tdnpdmnteeylfgvilekpiriprsisvkaasvl

101 Inkeskerlgchpgtgfadimahpffrnvdwdlmeqgkgvvppfkpni

99 Inkdpkerlgcqvatgftdikshtffrsidwdgleqkqvtppfkpqi

151 fgldnfdaqftn-- 162

1
149 yglenfdtgftnep 162

fem 50

Il
fem 50

zf aPKCi
zfaPKC ¢
kgf 100

08

sge 150

tdd 148

Gap_penalty: 10.0
Extend_penalty: 0.5
Identity: 134/164 (81.7%)
Similarity: 147/164 (89.6%)
Gaps: 4/164 ( 2.4%)

Figure 5.4: Comparison of the amico acid sequencé the zebrafish aPKQd and zebrafish aPKC

recognized by the testedi-aPKCi antibody

Analysis was performed by using EMBOSS Needle

Zebrafish aPKCi: NP_571930.2

Zebrafish aPKG NP_001025262.1
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Danio rerio aPKCi (NP_571930.2)

1 mptlrdstms hpgenphgvr vkayyrgdim ithfepsisy

61 mkwideegdp ctvssqglele ealrlyelnk dseliihvfp
121 garrwrklyy atghafqakr fnrrahcaic tdriwglgrg
181 vecgrqvigd pmigridpgs thpehpdqvl gkknstesin
241 Iglidfdlir vigrgsyakv llvrikkter iyamkvvkke
301 asnhpflvgl hscfgtesrl ffvieyvngg dimfhmarqr
361 Ihergiiyrd Ikldnvllds eghikltdyg mckeglrpgd
421 dygfsvdwwa Igvimfemma grspfdivgs sdnpdgnted
481 aasvlkgfln keskerlgch pgtgfadima hpffrnvdwd
541 Idnfdaqgftn epiqltpddd davkkidgse fegfeyinpl

Danio rerio aPKC (NP_001025262.1)

1 mpvsngsmmd Ipseyvkika hyggdmlisd Idlaltytev
61 iddegdpcti ssgmeleeaf riysrsrhsg lllhvfpsip
121 rwrklyrvng hifgakrfnr kaycghcser iwglgrggyk
181 gqrhmdpvmps geplvdddks geevelpped pedtdaipvp
241 vvdgiegiqi sqclglgdfd lirvigrgsy akvlivrikk
301 idwvqgtekhv fegastnpfl vglhscfqte sriflvieyv
361 rfyaaeicia Inflhekgii yrdlkldnvl Idgdghiklt
421 tpnyiapeil rgedygfsvd wwalgvimfe mmagrspfdi
481 piriprsisv kaasvlkgfl nkdpkerlge qvqtgftdik
541 pfkpqitddy glenfdtgft nepvqltpdd edvikridgs

Homo sapiens aPKCi (NP_002731.4)

1 mptgrdsstm shtvagggsg dhshqvrvka yyrgdimith
61 dneqlftmkw ideegdpctv ssqleleeaf rlyelnkdse
121 dksiyrrgar rwrklycang htfgakrfnr rahcaictdr
181 kchklvtiec grhslpgepv mpmdgssmhs dhaqtvipyn
241 esgkassslg lqdfdlirvi grgsyakvll vrikktdriy
301 tekhvfegas nhpflvglhs cfqtesrlff vieyvnggdl
361 eislalnylh ergiiyrdlk Idnvlldseg hikltdygmc
421 apeilrgedy gfsvdwwalg vimfemmagr spfdivgssd
481 iprsisvkaa svlksfinkd pkerlgchpq tgfadiqghp
541 pnisgefgld nfdsqftnep vqgltpddddi vrkidgsefe

eglcnevrdm csmdndglft
cvpekpgmpc pgedksiyrr
gykcinckll vhkkchklivt
hegeeheavg sresgkavss
Ivnddedidw vgtekhvfeq
klpeeharfy saeislalny
ttstfcgtpn yiapeilrge
ylfgvilekq iriprsisvk
Imegkgvvpp fkpnisgefg
Imsaeecv

ckevremcgv rketpitlkw
ekpgmpcpge dksiyrrgar
cinckllvhk rchklvpltc
flahnrkvek aeddsedlka
neqiyamkvv kkelvhdded
nggdimfhmq rgrklpeeha
dygmckegir pgdttstfcg
itdnpdmnte eylfgvilek
shtffrsidw dglegkqvtp
efegfeyinp llisteetv

fepsisfegl cnevrdmcsf
llihvfpcvp erpgmpcpge
iwglgrqgyk cinckllivhk
psshesldqv geekeamntr
amkvvkkelv nddedidwvq
mfhmqrgrkl peeharfysa
keglrpgdtt stfcgtpnyi
npdqgntedyl fqvilekqir
ffrnvdwdmm egkqvvppfk
gfeyinplim saeecv

Figure 5.5: Complete protein sequence of aPKCs &fanio rerio and H. sapiens
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5.2 Movie Legend

Movie 1: wt;gatal GC migration

Time-lapse recording of a transgemit;gatal: GFP embryo from 55-72 hpf. Dorsal view of
the cerebellum. The movie shows early GC migratind the migration path of selected GC
in the final frame.

Movie 2: wt,gatal_GC tracing
Time-lapse recording of a transgemit;gatal: GFP embryo from 55-72 hpf. Dorsal view of
the cerebellum. Throughout the movie the tracingedécted GC is depicted.

Movie 3: has,gatal GC migration
Time-lapse recording of a transgerias,gatal:GFP embryo from 78-95 hpf (17 hours).
Dorsal view of the cerebellum. The movie showsye&C migration and the migration path
of selected GC in the final frame.

Movie 4: has,gatal_GC tracing
Time-lapse recording of a transgemid;gatal: GFP embryo from 78-95 hpf (17 hours).
Dorsal view of the cerebellum. Throughout the mdkietracing of selected GC is depicted.

Movie 5: wt,zic4_UncVenus-Control

Time-lapse recording of an transgemit;zic4: Gal4,UAS mCherry embryo injected with the
expression vector pCS-4xUAS:UncVenus. Control meeishow migration of electroporated
GCs without affected functionality of aPKCi. The etyo was injected into the™4ventricle
and subjected to electroporation at ~36 hpf. Theviem@hows the dorsal view of one
hemisphere of the cerebellum recorded from 70-80 hp

Movie 6: wt,zic4d_UncVenus-aPKCi2A

Time-lapse recording of an transgemit; zic4: Gal4,UAS. mCherry embryo injected with the
expression vector pCS-4xUAS:UncVenus-T2A-aPKCi2AeTmovie shows migration of
electroporated GCs with inhibited function of aPKThe embryo was injected into th& 4
ventricle and subjected to electroporation at ~36 he movie shows the dorsal view of one
hemisphere of the cerebellum recorded from 60-80 hp
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5.3 Abbreviations

AA
AcO
aPKC
ATP
BCIP

BSA
cb
CNS
LRL
DMSO
DNA
DNase
dNTP

dpf
EGL
EtOH
ENU
GC
GCP
GFP
has
hb
hpf
IGL
INM

IsO
4thv
kDa
LB

amino acid

Acridine Orange
atypical protein kinase
adenosine triphosphate
5-bromo-4-chloro-3'-
indolyphosphate p-toluidine
base pair

bovine serum albumine
cerebellum

central nervous system
lower rhombic lip
dimethylsulfoxid
deoxyribonucleic Acid
desoxyribonuclease
deoxynucleotide

triphosphate

days past fertilization
external granular layer
ethanol
N-ethyl-N-nitrosourea
granule cell

granule cell precursor
green fluorescent protein

heart & soul

hindbrain

hours past fertilization
inner granular layer

interkinetic nuclear

movement

isthmic organiser
fourth ventricle

kilo dalton
Luria-Bertani medium

LSM
MeOH
met
MHB
ML
MRNA
NBT

NGS
nok
OpT
PBS
PC
PCL
PCNA

PCR
PFA
pH3
PTU
PTW
Rh
RNA
RNase
rpm
RT
RT-PCR
Tg
UAS

URL
VZ

laser scanning microscope
methanol

metencephalon
mid-hindbrain boundary
molecular layer
messenger RNA
nitro-blue tetrazolium
chloride

normal goat serum
nagie oko

optic tectum
phosphate-buffered saline
Purkinje cell

Purkinje cell layer
Proliferating-Cell-Nuclear-
Antigen

polymerase chain reaction
paraformaldehyde
phosphp-histone H3
phenylthiourea

PBS with Tween
rhombencephalon
ribonucleic acid
ribonuclease

rounds per minute

room temperature

reverse transcription PCR
transgenic

upstream activating
sequence
upper rhombic lip
ventricular zone
wildtype
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