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Abstract

I Abstract

L.I Cadherin-2 regulates directional and coherent migration of cerebellar

granule progenitor cells

Long distance migration of neuronal progenitor cells from the upper rhombic lip into
prospective target regions is a prominent feature of zebrafish cerebellar development. While
the migratory paths of these progenitors have been well described, their mode of migration
and the molecules that control their migratory behavior remain largely unknown. In vivo
time-lapse imaging of migrating granule progenitor cells (GPCs) in the differentiating
zebrafish cerebellum revealed that GPCs exhibit a chain-like migration behavior via
homotypic neurophilic interactions. A candidate factor to mediate such homotypic
interactions is the cell-cell adhesion factor Cadherin-2, being expressed by migratory
cerebellar GPCs. Temporal rescue of parachute R2.10 (pac-/-R) mutant embryos, lacking
functional Cadherin-2, indicates a direct role for Cadherin-2 in the establishment and
maintenance of GPC polarization and orientation, as well as in the directional migration of
GPCs along chains. In the absence of Cadherin-2, GPCs lack migratory directionality and
coherence, thus leading to their ectopic positioning and subsequent cell death in the dorsal

cerebellum.

Expression of the centrosomal marker Centrin2-tdTomato in pac-/-R embryos showed a
randomized positioning of the centrosome in migrating cerebellar GPCs, whereas the
centrosome in wild type GPCs located predominantly anteriorly during migration. This is in
good agreement with the randomized migration behavior of cerebellar GPCs. Genetic
mosaic analyses in addition demonstrated that mutant donor GPCs retained their migration
defects in the wild type cerebellum, suggesting that the impaired directional migration

results mainly from cell-autonomous effects.

Rather than mediating rigid interactions, in vivo time-lapse imaging revealed that
Cadherin-2 containing adherens junctions are dynamically relocated in migrating GPCs via
directed intra-membranous transport of Cadherin-2 clusters. These findings uncover a key
role for zebrafish Cadherin-2 in the establishment and maintenance of polarization and in
mediating cell-cell adhesion during chain-like migration of cerebellar GPCs. This directional
and coherent migration along chains is achieved through the dynamic remodeling of

Cadherin-2-containing adherens junctions along cellular contacts.



Abstract

I.II Neuronal migration in the differentiating cerebellum is linked to

polysialyltransferase expression and polysialylation of NCAM

Modulation of cell-cell adhesion is crucial for the regulation of neuronal migration and
maintenance of structural plasticity in the embryonic and mature brain. Such modulation
can be obtained by the reversible attachment of polysialic acid (PSA) to the neural cell
adhesion molecule (NCAM) via the two known polysialyltransferases STX and PST. PSA-
NCAM function is likely regulated by the differential expression of STX and PST in the
CNS. In mammals, PSA-NCAM has been implicated in the regulation of neuronal

migration, whereas such a role remained elusive in zebrafish.

To investigate the function of both polysialyltransferases and PSA-NCAM in the
zebrafish CNS, homologues of stx (st8sia2) and pst (st8sia4) were isolated from embryonic
cDNA. Their expression patterns were subsequently compared to PSA-NCAM in the
embryonic and adult zebrafish brain. During development, strong polysialyltransferase
expression was often confined to regions of neuronal migration, with szx being the exclusive
enzyme for polysialylation of NCAM in the differentiating cerebellum where neuronal
migration is especially pronounced. Furthermore, expression analysis on adult brain
sections showed that szx and pst are found in complementary and overlapping domains in the
cerebellum, suggesting a synergistic or redundant function for both enzymes in the
regulation of adult neurogenesis, neuronal migration and plasticity via enzymatic
modulation of NCAM. The role for PSA-NCAM in the regulation of migrating neuronal
progenitors in the differentiating zebrafish cerebellum was further examined by in vivo time-
lapse imaging after enzymatic ablation of PSA, as addition of polysialic acid residues on
NCAM has been suggested to promote motility of migrating cells by reducing cell-cell
adhesion. The absence of PSA in the cerebellum resulted in strong immobilization of
neuronal progenitors, normally migrating from the upper rhombic lip in anteroventral
directions. These findings unravel a novel function for PSA-NCAM in the regulation of

progenitor cell motility in the differentiating zebrafish cerebellum.



Zusammenfassung

II ZUSAMMENFASSUNG

ILI Cadherin-2 reguliert die direktionale und koharente Migration von
Granularzellvorlaufern im Zebrafisch Kleinhirn

Ein Hauptmerkmal der Zebrafisch Kleinhirnentwicklung ist die Migration neuronaler
Vorlauferzellen uiber weite Distanzen von der Kleinhirn-Rautenlippe in Gehirnregionen die
das vestibulare und nicht-vestibulare System bilden. Obwohl die Migrationswege dieser
Vorlauferzellen detailliert beschrieben wurden, ist bisher wenig uiber das Verhalten und die
Molekiuile bekannt, die diese Zellwanderung im Zebrafisch steuern. In vivo
Zeitrafferaufnahmen von migrierenden Granularzellvorldaufern im differenzierenden
Kleinhirn haben gezeigt, dass sich diese Zellen in kettendhnlichen Formationen mittels
homotypischer neurophiler Interaktionen fortbewegen. Ein Adhdsionsmolekiil, das solche
Zell-Zellkontakte vermitteln kann ist Cadherin-2. Dieses Protein ist in
Granularzellvorlaufern des differenzierenden Kleinhirns exprimiert und daher ein viel
versprechender Kandidat zur Regulierung der Kettenwanderung dieser Zellen. Die Injektion
von cadherin-2 messenger RNA in Parachute R2.10 Mutanten, denen endogenes Cadherin-
2 fehlt fuhrt zum zeitlich begrenzten ,,Rescue* frither embryonaler Defekte dieser Mutante.
Allerdings wird das Protein uiber die Zeit wieder abgebaut und fehlt daher zu Beginn der
Granularzellvorlaufermigration im differenzierenden Kleinhirn. Dieser ,,Rescue® von
Parachute Mutanten konnte zeigen, dass Cadherin-2 eine direkte Funktion in der
Etablierung und Aufrechterhaltung von Zellpolaritit sowie der Ausrichtung von
Granularzellvorlaufern hat. Weiterhin vermittelt Cadherin-2 deren direktionale Migration
entlang von Ketten. Fehlt Cadherin-2 kommt es zu einer ungerichteten inkoh#renten
Migration in ektopische Kleinhirnregionen. Obwohl solche ektopisch lokalisierten Zellen zu
differenzieren beginnen sterben sie nach weiteren ein bis zwei Tagen. Durch die
Markierung des Centrosoms uiber einen Centrin2-tdTomato Fluoreszenzreporter in ,,Rescue®
Mutanten konnte weiterhin gezeigt werden, dass die Position des Centrosoms in Cadherin-2-
defizienten Granularzellvorlaufern randomisiert ist, wahrend es zumeist im anterioren Teil
von migrierenden Wildtypzellen gefunden wurde. Diese randomisierte Positionierung des
Centrosoms in“ Rescue®“ Mutanten ist ein zusatzlicher Hinweis auf den
Direktionalitatsverlust migrierender Granularzellvorlaufer im Kleinhirn. Mit Hilfe von
genetisch mosaiken Embryonen konnte zudem gezeigt werden, dass die ungerichtete
inkoharente Migration von Cadherin-2-defizienten Granulédrzellvorlaufern groBteils

zellautonom erfolgt. Anhand von in vivo Zeitrafferaufnahmen konnte weiterhin
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nachgewiesen werden, dass Cadherin-2 in migrierenden Granulédrzellvorlaufern innerhalb
der Zellmembran transportiert wird. Das zeigt, dass Cadherin-2 nicht nur am Aufbau starrer
Zell-Zellverbindungen beteiligt ist, sondern dynamisch in migrierenden Zellen relokalisiert
werden kann. Diese Ergebnisse weisen auf eine Schlusselposition von Cadherin-2 in der
Etablierung und der Aufrechterhaltung der Polarisation und Zell-Zelladhdsion von
Granularzellvorlaufern bei deren Kettenwanderung hin. Die dynamische Umgestaltung von
Cadherin-2-vermittelten Adhédrenzverbindungen entlang von Zell-Zellkontakten ermoglicht
eine direktionale und koharente Migration im Zebrafisch Kleinhirn, welche entscheidend fur
die Positionierung, terminale Differenzierung und das Uberleben von Granularzellvorldufern

ist.

ILII Neuronale Migration im differenzierenden Zebrafisch Kleinhirn wird

uber die Polysialylierung von NCAM vermittelt

Die Modulierung von Zell-Zelladhiasion ist notwendig fur die Regulation neuronaler
Migration and der Aufrechterhaltung von Plastizitat im embryonalen und adulten Gehirn.
Eine solche Modulation wird in Zellen durch die reversible Addition von Polysialylsdure
(PSA) an das Adhiasionsmolekill NCAM durch zwei bekannte Polysialyltransferasen STX
und PST erzielt. Der Grad der Polysialylierung von NCAM wird durch die differenzielle
Expression der beiden Polysialyltransferasen reguliert. In Saugetieren wurde eine Funktion
fur PSA-NCAM in der Regulation neuronaler Migration beschrieben, welche jedoch bisher
im Zebrafisch nicht bekannt ist. Zur genaueren Untersuchung der Funktion von PSA-
NCAM wurden zuerst die homologen Gene der beiden Zebrafisch Polysialyltransferasen stx
und pst mittels embryonaler cDNA kloniert. Die Expressionsmuster von stx und pst wurden
anschlieBend mit der Expression von PSA-NCAM im embryonalen und adulten zentralen
Nervensystem verglichen. Dadurch konnte gezeigt werden, dass stx und pst wahrend der
Embryonalentwicklung grof3teils in Regionen neuronaler Migration exprimiert sind. stx ist
zudem als einzige Polysialyltransferase im Kleinhirn, in dem neuronale Migration besonders
ausgepragt ist, exprimiert und daher ausschlieBlich fur die Polysialylierung von NCAM in
dieser Region verantwortlich. Zusatzlich zeigten Expressionsstudien an adulten
Gehirnpraparaten, dass stx und pst in teils komplementdren, aber auch uberlappenden
Kleinhirndomdnen exprimiert sind. Das konnte auf eine Funktion beider
Polysialyltransferasen in der Regulation adulter Neurogenese, neuronaler Migration und

Plastizitat im adulten Kleinhirn hinweisen.
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Es wird angenommen, dass die enzymatische Polysialylierung von NCAM die neuronale
Migration positiv beeinflusst, indem Zell-Zelladhdsion in PSA-NCAM exprimierenden
Zellen reduziert wird. In vivo Zeitrafferstudien sollten deshalb klaren, ob migrierende
neuronale Vorlauferzellen im sich entwickelnden Zebrafisch Kleinhirn in ihrer Migration
beeinflusst werden, wenn PSA enzymatisch von der Zelloberflache entfernt wird. Durch in
vivo Konfokalmikroskopie konnte gezeigt werden, dass die Ablation von PSA zum
Motilitatsverlust fruher neuronaler Zellen im Kleinhirn fuhrt. Diese Ergebnisse deuten auf
eine neuartige Funktion fur PSA-NCAM in der Zebrafisch Kleinhirnanlage bei der

Regulation der Motilitdt von neuronalen Vorlauferzellen hin.
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IIT Abbreviations

aa amino acids

AP alkaline phosphatase

BCIP 5-Bromo-4-chloro-3-indolylphosphate
bHLH basic helix-loop-helix

BLBP brain lipid binding protein

BMP bone morphogentic protein

bp base pairs

cb cerbellum

Cdh2AEC2-4AC Cadherin-2 lacking EC2-4 and the cytoplasmic domain
Cdh2AN dominant-negative Cadherin-2, lacking EC1-4
cDNA complementary DNA

CNS central nervous system

Cy2 cyanine-2 (green)

Cy5 cyanine-5 (far red)

AC deletion of the cytoplasmic domain
DAB diaminobenzidine tetrahydrochloride
DCN deep cerebellar nuclei

DCX doublecortin

dEosFP dimerized monomeric Kaede variant
DIG digoxigenin

Dil 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate
DMSO dimethylsulfoxide

DNA desoxy-ribonucleic acid

DNase desoxy-ribonuclease

dNTP desoxy-nucleotide-tri-phosphate

dpf days post fertilization

DTT 1,4-Dithioerythritol

E Embryonic day

EC ectodomain

ECL enhanced chemiluminescence

ECM extracellular matrix

ECN external cuneate nucleus

EGFP enhanced green fluorescent protein
EGL external granule cell layer

EGTA ethylene glycol tetraacetic acid
EndoN Endoneuraminidase

fabp7a fatty acid binding protein 7a

FBS Fetal bovine serum

GABA gamma-aminobutyric acid

gaba,Roa6 gaba, receptor alpha 6 subunit

GCL granule cell layer

GPC granule progenitor cell

GFAP glial fibrilliary acidic protein

GFP green fluorescent protein

HAV Histidine-Alanine-Valine

hb hindbrain

hpf hours post fertilization

HRP horse-radish peroxidase

HSE oligomerized heatshock binding elements
Hyb-mix Hybridization mixture

IGL internal granule cell layer

ION inferior olivary nucleus

IQGAP1 IQ motif containing GTPase activating protein 1
ISH in-situ hybridization

KalTA4 kozak gal4 transactivator domain 4
LB Luria Bertani

LRL lower rhombic lip
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LRN
LWR
LynGFP
mCherry
MCS
MHB
ML
MNCD2
mRNA
MT
MTOC
MW

n

NA
NBT
Ncad
NCAM
NeuroD
NGS
NIH

OB

oD

P

pac
pacR2.10
pac-/-R
PBS

PC

PCL
PCR
PenStrep
PFA
PGN
PMZ
PSA
PSA-NCAM
PST
Ptf1
PTU
PVDF
rl

RMS
RNA
RNase
rpm
RTN
RT-PCR
SD

SDS
SEM
Svz
TEM
TAE
TBE
TBS

td

UBCs
URL
Vglutl
VN

vVZ

lateral reticular nucleus

length — width ratio

Lyn kinase domain fused to GFP
monomeric Cherry

multiple cloning site
mid-hindbrain boundary
molecular layer

monoclonal anti-Cadherin-2 antibody
messenger ribonucleic acid
microtubule

microtubule organizing center
molecular weight

sample number

numerical aperture

Nitro blue tetrazolium

neural cadherin

neural cell adhesion molecule
neurogenic differentiation
normal goat serum

National Institute of Health
olfactory bulb

outer diameter

postnatal day

parachute

parachute carrying the R2.10 allele
rescued parachute R2.10 mutant
phosphate buffered saline
Purkinje cell

Purkinje cell layer

polymerase chain reaction
Penicillin/Streptavidin
Paraformaldehyde

pontine gray nucleus
pre-migratory transitory zone
polysialic acid

polysialylated neural cell adhesion molecule
polysialyltransferase st8sialV
pancreas transcription factor 1
1-phenyl-2-thiourea
Polyvinylidene fluoride
rhombomere 1

rostral migratory stream
ribonucleic acid

ribonuclease

rotations per minute
reticulotegmental nucleus
reverse transcription PCR
standard deviation

sodium dodecyl sulfate

standard error of the mean
subventricular zone
transmission electron microscopy
Tris-Acetate-EDTA
Tris-Borate-EDTA
Tris-buffered saline

tandem dimer

unipolar brush cells

upper rhombic lip

vesicular glutamate transporter 1
vestibular nucleus

ventricular zone
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1 Introduction

The cerebellum (Latin: little brain) makes up about 10% of the brain volume. It is part of
the hindbrain, where it covers the dorsal surface of the pons and medulla. Although the
cerebellum is of considerable size it bears relatively few classes of neurons. Its major cell
type, the cerebellar granule cells are highly abundant and present the largest cell population.
Only seven other cell types, including Purkinje cells, Golgi cells, Lugaro cells, basket cells,
stellate cells, unipolar brush cells and candelabrum cells constitute the remaining cell types
of the cerebellum (Sotelo, 2004). The cerebellum evolved in association with the electric
and vestibular senses from the evolutionary ancient vertebrate central nervous system
(Paulin, 2005). Its development, anatomical organization and functional properties have
been largely conserved among vertebrate species, ranging from teleost fish to mammals
(Altman, 1997). The cerebellum is the primary center for motor coordination and motor
learning through feedback regulation. It furthermore functions in maintaining muscular tone,
control of body posture, and it has been recently shown to contribute to cognitive processing

and emotional control (Schmahmann, 2004, Schmahmann and Caplan, 2006).

1.1 Shaping the cerebellar system from a simple tissue into a functional

brain compartment
1.1.1 Anatomical organization of the cerebellar domains

The anatomical structure of the cerebellum highly correlates with its function, thus
allowing for tremendously fast and synchronized processing of information. The cerebellum
in zebrafish is composed of three major components, the vestibulolateralis lobe (in zebrafish
termed auricles, including the eminentia granularis and lobus caudalis), the corpus cerebelli
and the valvula cerebelli, being further subdivided into medial and lateral valvula (Fig. 1.1).
The valvula cerebelli is special with respect to its uniqueness in ray-finned fish species. The
cerebellum receives input from the precerebellar system through afferent fibers, while most
cerebellar neurons within the cerebellum project efferents to the deep cerebellar nuclei and

Purkinje cells, which in turn send their axons into the brain (Wullimann, 1998).

The cerebellar granule cell population outnumbers other cell types in the cerebellum.
Granule cells in teleost fish receive input from different precerebellar nuclei (Wullimann
and Northcutt, 1988, Wullimann and Northcutt, 1989). In addition, granule cells in the

corpus cerebelli receive mossy fiber afferents from spinal and tectal neurons that synapse
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with dendrites of the granule neurons, thereby transmitting proprioceptive and other sensory
input to the cerebellum. The corpus cerebelli is most homologous to the non-vestibular
system in mammals and coordinates locomotion and higher motor functions. In contrast,
granule cell that are situated in the eminentia granularis and lobus caudalis receive mainly
input from the vestibular and lateral line systems (Puzdrowski, 1989, Wullimann, 1998),

thereby processing information for coordination of balance and body posture.

Figure 1.1 Anatomical view of the zebrafish cerebellum

(Fig. 1.1) The cerebellum in context of the zebrafish brain. The scheme shows a lateral view of the
brain. Cerebellar components that are covered by the optic tectum are represented in pale colors. The
corpus cerebelli (blue) constitutes the largest part of the cerebellum and is located in the dorso-
medial domain of the hindbrain, with the lobus caudalis (purple) residing at its posterior edge. The
eminentia granularis (yellow) is positioned adjacent to the corpus cerebelli in ventrolateral domains.
The valvula cerebelli (pale green), comprising the lateral (Val) and medial (Vam) valvula, is buried
deep in the midbrain and covered by the optic tectum. It is bounded to the corpus cerebelli at its
posterior edge. Adapted from (Reichert, 1996). Abbr.: CCe: corpus cerebelli, EG: eminentia
granularis, LCa: lobus caudalis, Val: valvula lateralis, Vam: valvula medialis.

1.1.2 Morphogenetic movements of the cerebellum

Cerebellar development results from a complex interplay of gene expression and local
cellular interactions. These events are largely conserved among zebrafish and mammals and
follow a spatially and temporally precisely controlled pattern. Development of the
cerebellum involves the unitary specification of the midbrain-hindbrain boundary (MHB)
that first establishes rhombomere 1 (r1)/cerebellar identity along the antero-posterior axis in
the rostral hindbrain (Wurst and Bally-Cuif, 2001). Morphological changes then lead to a

rotation of the cerebellar anlage from an initially anteroposterior into a mediolateral
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orientation (Fig.1.2, see Supplementary Movie 1). This process occurs concomitantly with
the opening of the fourth ventricle in the hindbrain, placing the ventricle with its anterior
limit to the caudal aspect of rl1 (Sgaier et al., 2005, Distel et al., 2006). It has been proposed
that this rotation might help to bring the precerebellar primordium of the caudal hindbrain
closer to the cerebellum during differentiation of the brain, to facilitate the establishment of

connections between both systems (Altman, 1997).

Figure 1.2 Rotation of the cerebellar anlage

A (13hpf) B (16hpf)

mes

(Fig. 1.2) (A-C) Dorsal view in vivo time-lapse sequence showing the cerebellar anlage as it rotates
from an initially anteroposterior (A) into a mediolateral position (B, C). Confocal stacks were
projected to single images for each time-point. (A) The fourth ventricle (black lines, arrow) starts to
open at the posterior edge of the cerebellar anlage at approx. 13hpf. (B) Three hours later, the
cerebellar anlage has begun to rotate as the ventricle further expands (black lines, arrow). (C) At
26hpf, the cerebellar primordium is recognizable by its typical morphology, with both cerebellar
halves extending now in mediolateral orientation (arrow, black lines mark the posterior edge of the
cerebellar anlage, while the anterior border of the cerebellar anlage along the MHB is depicted by a
dashed line, see also Supplementary Movie 1). Abbr.: cb: cerebellum; mes: mesencephalon; rh:
rhombencephalon.

1.1.3 Specification of cell types from the precerebellar system and ventricular zone of

the cerebellum

Following the morphogenetic reorganization, both the precerebellar and cerebellar
primordium start to generate diverse neuronal cell lineages. Neurons of the precerebellar
system arise from the caudal hindbrain in the rhombencephalon and form six symmetrical
bilaterally positioned nuclei along the anteroposterior axis, including the pontine gray
(PGN), reticulotegmental (RTN), vestibular (VN), lateral reticular (LRN), external cuneate
(ECN), and inferior olivary (ION) nuclei (Altman, 1997, Rodriguez and Dymecki, 2000).
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Neurons of LRN, ECN, RTN, VN and PGN derive from the lower rhombic lip (LRL) and
express Atonall. These neurons have been characterized in mammals and found to project
afferent mossy fibers to dendrites of the cerebellar granule cells and to glutamatergic deep
cerebellar nuclei (DCN). Atonall-positive lower rhombic lip descendants are furthermore
defined by expression of high levels of Wntl (Rodriguez and Dymecki, 2000, Wang and
Zoghbi, 2001). In contrast, progenitors of the ION do not express Atonall and derive from
regions in the anterior spinal cord (Landsberg et al., 2005, Wang et al., 2005). Mature ION
neurons project climbing fibers into the cerebellum (Sotelo, 2004), where they synapse with
dendrites of GABAergic Purkinje cells (Desclin, 1974, Sotelo et al., 1975) and some DCN,

giving them excitatory glutamatergic input.

Neurons of the cerebellum originate from two germinative zones, the upper rhombic lip
(URL) and the ventricular zone (VZ) (Fig. 1.3A). These zones give rise to distinct neuronal
cell populations that are born in sequential slightly overlapping waves, as being revealed by
fate mapping studies in chick and mouse (Goldowitz and Hamre, 1998, Hoshino et al., 2005,
Machold and Fishell, 2005, Wang et al., 2005, Wingate, 2005). The induction and
patterning of the temporally and spatially distinct cell types along the dorso-ventral axis is
crucially dependent on signaling from the rl roofplate, which overlies the cerebellar
primordium (Fig. 1.3A). In mouse, the roofplate is defined by expression of the LIM
homeodomain transcription factor Lmx1la and members of the bone morphogenetic protein
(BMP) family such as Bmp6, Bmp7 and Gdf7 (Alder et al., 1999). The importance of the
roofplate has been demonstrated in dreher mice, bearing a mutation in the Lmxla gene.
Homozygous mutants lacking the roofplate, exhibit patterning and differentiation defects of
neurons along the entire dorsal CNS. While r1 roofplate cells do not contribute to cerebellar
cell populations themselves (Chizhikov et al., 2006), their secretion of BMPs is crucial for
the induction of Atonall in cells of the URL, located just beneath the roofplate (Alder et al.,
1999). The role of roofplate induction for cell fate specification in the zebrafish cerebellum

remains elusive.

Induction of cerebellar progenitor pools in more proximal domains, such as in the
underlying VZ are not dependent on rl roofplate signaling, although the roofplate has been
shown to be necessary for their proliferation and positioning along the dorso-ventral axis
(Chizhikov et al., 2006). Purkinje cells (PCs) are the first neurons to arise from the VZ and
are defined by expressing the transcription factor Ptfla (Hoshino et al., 2005, Pascual et al.,
2007). The VZ gives further rise to other GABAergic cells, such as interneurons, including

some deep cerebellar nuclei, basket, stellate and golgi cells (Goldowitz and Hamre, 1998,
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Hoshino et al., 2005). PC development has been well characterized in mammals. Soon after
final mitosis, PCs start to express calbindin and begin to migrate along radial glial fibers into
the cerebellar cortex (Hatten and Heintz, 1995). Once arrived in the cerebellar cortex their
maturation is critically dependent on Wnt3 expression (Salinas et al., 1994). PC neurons in
the cerebellum are easily identifiable by their large soma and their extensive two-
dimensional dendritic arbors that synapse with the parallel fiber axons of the cerebellar
granule neurons (Hatten and Heintz, 1995). Purkinje cell axons and that of DCN, which are

the teleost equivalent of eurydendroid cells, provide the sole output of the cerebellum.

1.1.4 The upper rhombic lip and its derivatives

The zebrafish upper rhombic lip extends along the medio-lateral aspect of caudal
rhombomere 1 (Fig. 1.2C), adjacent to the fourth ventricle above the VZ and below the rl
roofplate (Fig. 1.3A). The URL is a germinal layer that gives rise to several cerebellar
neuronal cell types that migrate over long distances in order to reach their final target
regions (Fig. 1.3B, C). URL-descendants are specified by expression of the bHLH
transcription factor Atonall (Fig. 3.5G). Atonall expression has been conserved but its
function has been poorly characterized in zebrafish. The importance of this transcription
factor in the specification of rhombic lip derivatives was first revealed by analyses of
Math1“” mutant mice, lacking functional Atonall (mouse, Math1). In these mutants, several
rhombic lip derivatives including early born neuronal populations and granule cells are

missing (BenArie et al., 1997, Machold and Fishell, 2005).

Neuronal progenitor cells generated in the URL emerge in temporal waves and
subsequent to their final mitosis migrate over long distances into respective neuronal
clusters that are located either within or outside the cerebellar domain (Koster and Fraser,
2001, Machold and Fishell, 2005, Wang et al., 2005, Wingate, 2005, Koster and Fraser,
2006, Volkmann et al., 2007) (Fig. 1.3A, B). Fate mapping studies in mouse, chick and
zebrafish have recently identified several neuronal cell lineages that emerge from the URL
(Wingate and Hatten, 1999, Karam et al., 2001, Koster and Fraser, 2001, Luckner et al.,
2001, Gilthorpe et al., 2002, Machold and Fishell, 2005, Wang et al., 2005, Wilson and
Wingate, 2006, Volkmann et al., 2007).

In mouse, the earliest neuronal progenitors arise from the URL between E10 and E12.5
and constitute neurons of the cholinergic mesopontine tegmental system as well as large

glutamatergic neurons of the DCN (Machold and Fishell, 2005). Following the generation
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of these early populations, glutamatergic granule progenitor cells (GPCs) are produced from

E12.5 onward in mouse (Machold and Fishell, 2005, Wang et al., 2005) and ~ 48hpf in

zebrafish (Volkmann et al., 2007).

Figure 1.3 Cerebellar proliferation zones and migration routes of URL-derived progenitors
in zebrafish
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(Fig. 1.3) (A) The URL is a proliferating neuroepithelium located at the dorsal aspect of the
cerebellum (demarcated by the red lines), below the rl roofplate (arrow) and above the ventricular
zone (black and red lines). (B) Dorsal view showing one cerebellar lobe. The URL is located at the
caudal aspect of the cerebellum, anterior to the fourth ventricle. Soon after birth, URL-derived
neuronal progenitors migrate (red arrows) towards the MHB (dashed line). (C) Lateral view of the
cerebellum. Upon arrival at the MHB, cells either remain in this domain or migrate further ventrally

towards the brain stem (red arrows). Abbr.: MHB: mid-hindbrain boundary, URL: upper rhombic lip,
VZ: ventricular zone.

In addition, to the observed temporal differences in the generation of distinct neuronal
cell lineages, the URL has been further shown to be spatially subdivided along its medio-
lateral aspect during granule cell development (Mathis et al., 1997, Machold and Fishell,
2005, Sgaier et al., 2005, Volkmann et al., 2007). GPCs destined for distinct cerebellar
domains arise in parallel but remain within their parasagittal subdivisions during migration.
For example in the differentiating zebrafish cerebellum, GPCs that arise medially migrate

into rostromedial directions and differentiate into granule neurons of the corpus cerebelli,
while GPCs that originate in more lateral positions migrate ventrolaterally and populate the
future eminentia granularis (Fig. 3.6C). A third granule cell population with large soma

remains posteriorly, along the entire aspect of the medio-lateral extension of the cerebellum.

These cells become granule neurons of the lobus caudalis.
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Analyses of the mammalian cerebellum showed that granule cell-specification depends
on several molecular factors. Atonall is thereby the earliest transcription factor to be
expressed, starting as early as E9 during mouse development (BenArie et al., 1997, Kim et
al., 1997), and in zebrafish at ~18hpf. Soon after departure from the URL, GPCs in the
mammalian cerebellum start to express Nestin, a marker for undifferentiated neuronal
progenitors. Several other transcription factors including Pax6, the zinc-finger domain genes
Zicl, Zic3, Ziprol and the cell cycle genes cyclin D1 and D2 are also upregulated at this
stage and necessary for granule cell proliferation (Aruga et al., 1994, Engelkamp et al.,
1999, Huard et al., 1999, Machold and Fishell, 2005, Wang et al., 2005, Pogoriler et al.,
2006, Su et al., 2006). Proliferating GPCs sequentially populate the external granule cell
layer (EGL), which forms at the dorsal-most surface of the cerebellar anlage (Alder et al.,

1996, Wingate and Hatten, 1999, Wingate, 2001).

During postnatal cerebellar development, postmitotic GPCs start to migrate inward along
radial glia fibers to form the internal granule cell layer (IGL). It has been suggested that
early migration of GPCs in the prenatal rat cerebellum occurs mainly without glial-guidance
(Liesi et al., 2003). Whether a glial-dependent or independent migration mode is used by
GPCs in the zebrafish cerebellum remains to be investigated. Postmitotic GPCs in the PMZ
downregulate Atonall before onset of radial migration and start to upregulate differentiation
factors such as the bHLH transcription factors NSCL1 (Duncan et al., 1997) and NeuroD
(Miyata et al., 1999). NeuroD is required for granule cell survival, as mutant mice lacking
NeuroD show increased apoptosis of differentiating granule cells. Prior to migration into
the deep cerebellar cortex, a transient population of radial Bergmann glia fibers arises,
which derive from Golgi epithelial cells (Goldowitz and Hamre, 1998). In preparation for
radial migration, differentiating granule cells in the PMZ adopt a bipolar shape (Edmondson
and Hatten, 1987) and extend parallel fiber axons perpendicular to the radial migration
direction (Wang et al., 2007). A third short leading process is further extended towards the
IGL, perpendicular to the parallel fibers. Radial migration into the IGL depends on the
interaction of neurons and glia through specialized interstitial junctions (Hatten, 1999). In
meander (mea) tail mutant mice, these interactions are disturbed and radial glia fibers are
disorganized and atrophic. These mice further reveal reduced survival rates of granule cells
(Ross et al., 1990). Interestingly, the effects of glial abnormalities are secondary to the
granule cell phenotype (Hamre and Goldowitz, 1997), reflecting the importance of neuron-
glia interactions during radial migration. Factors being involved in glial-guided migration

include the brain-lipid binding protein (BLBP), which is expressed by differentiating radial
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glia cells, neuregulin and ErbB4, which are important for the induction of radial glia
morphologies (Rio et al., 1997) and neuron-glia interactions (Hatten, 1999), and the ECM
molecules thrombospondin (Adams and Tucker, 2000) and tenascin (Husmann et al., 1992),
being involved in axon extension of migrating neurons. Final maturation of granule cells in
the IGL involves expression of GABA, receptor alpha 6 subunit (Raetzman and Siegel,
1999) and glutamate vesicular transporters (Miyazaki et al., 2003), being highly conserved
for their expression throughout vertebrates species (Higashijima et al., 2004, Volkmann et

al., 2007).

The last cells arising from the upper rhombic lip are unipolar brush cells (UBCs). This
class of interneurons is defined by the expression of Tbr2/Eomes in mouse. UBC
progenitors migrate in two distinct dorsal and rostral streams (Kalinichenko and Okhotin,
2005, Englund et al., 2006). The dorsally migrating progenitors disperse throughout the
white matter of the cerebellum and from there migrate into the IGL. Progenitors of a second
rostral stream migrate first along the ventricular zone and then towards the brainstem into
the cochlear nucleus. UBCs are involved in vestibular functions (Dino et al., 1999) and two
subtypes have been identified, expressing either calretinin or the metabotropic glutamate
receptor 1 (mGluR1) (Nunzi et al., 2002). Both subtypes are further defined by the
expression of GluR2 (Sekerkova et al., 2004). UBCs function in the amplification of inputs
from the vestibular ganglia by spreading and prolonging excitation signals within the IGL
(Nunzi et al., 2001). The origin and existence of unipolar brush cells in the zebrafish

cerebellum has not been described until now.

1.2 Migration dynamics and cell polarity control of neuronal progenitors

1.2.1 Routes of migrating URL-derived neuronal progenitors in the developing

zebrafish cerebellum

Neuronal migration is a key event during vertebrate brain development with postmitotic
progenitor cells migrating over significant distances in order to reach their prospective target
regions. For example, neuronal progenitor cells from the ventricular zone of the lateral
ganglionic eminence migrate up to 120um to the ventrolateral surface of the telencephalic
vesicle in the rat forebrain (Wichterle et al., 1999). Also, migrating neuronal progenitors in
the developing zebrafish cerebellum migrate over 100xm from the URL into regions of the

brainstem (Koster and Fraser, 2001).
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Migration in the differentiating zebrafish cerebellum starts at ~30hpf. Up to this stage,
single neuronal cells span the entire width of the cerebellar anlage (Fig 1.4), while
displaying frequent interkinetic nuclear movements. Analysis of early migrating progenitors
in the differentiating cerebellum of zebrafish by time-lapse confocal microscopy revealed
that migrating cells exhibit distinctive migration characteristics (Koster and Fraser, 2001).
They change their cellular morphologies from a unipolar to a bipolar shape after initiation of
migration, thus leaving the cell anchored in the URL via a trailing process. Upon reaching
the MHB, the trailing process is retracted and a unipolar cell shape is adopted again.
Progenitor cells subsequently extend a long perpendicular leading process, sometimes up to
S50um into ventral directions, which is then being followed by the soma. These observations
suggest that the MHB may serve as an attractant for migrating progenitor cells, whereas
other guidance cues direct these cells ventrally upon arrival at the MHB (Koster and Fraser,

2001).

Figure 1.4 Neuronal progenitor cells span the entire width of the early cerebellar anlage in

zebrafish

*
L)
*

=
ms

(Fig. 1.4) Confocal projection of the zebrafish cerebellar anlage at 28hpf, showing neuronal
progenitor cells transiently expressing cytoplasmic GFP in a mosaic manner. At this early stage,
neuronal progenitors span the entire width of the cerebellar anlage and exhibit interkinetic nuclear
movements, while being attached via two process (arrowhead and arrow) to the URL (solid line) and
MHB (dashed line), respectively.

1.2.2 Neuronal progenitor migration via nucleokinesis

In the differentiating cerebellum, migrating neuronal progenitor cells execute a carefully
choreographed series of movements (Koster and Fraser, 2001) by exhibiting saltatory
forward movements typical of nucleokinesis (Schaar and McConnell, 2005, Tsai et al.,

2005). Nucleokinesis is a repeated two-step process involving extension of a leading process
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and displacement of the nucleus towards the leading edge. During the first step of
nucleokinsesis, the neuronal cell rapidly extends and retracts neurites, and one of them
becomes subsequently stabilized ahead of the soma into the direction of cell movement.
Thereby, a characteristic dilation is formed in the leading process. The large over-
proportional nucleus is then translocated into this dilation, while the soma contracts at the
rear end and pushes the nucleus forward (Schaar and McConnell, 2005). At the same time
the trailing process retracts. Extension of the leading process and nuclear displacement are
not synchronized, thus the mechanisms that control nucleokinetic movements seem to be

rather loosely linked.

1.2.3 Cytoskeletal coordination of nucleokinesis

Ultrastructural examinations of migrating neuronal cells from the postnatal rat SVZ
revealed that nuclei of migrating cells are significantly elongated just before nuclear
translocation (Schaar and McConnell, 2005). Similarly, such elongated nuclei have been
found in progenitors of the differentiating zebrafish cerebellum, as revealed by TEM studies
(Fig.3.3A). Nuclear elongation most likely results from pulling of microtubules (MTs) that
are anchored in the nuclear membrane. MT plus-ends grow from the centrosome, also
termed the microtubule organizing center (MTOC), towards opposing directions, anteriorly
into the leading edge and posteriorly around the nucleus of the migrating neuronal cell (Fig
1.5A). The nucleus becomes thereby enveloped in a cage-like manner (Rivas and Hatten,
1995). MTs can however also terminate in the vicinity of the nuclear membrane at the

anterior edge of the nucleus (Xie et al., 2003).

Nucleokinesis is critically dependent on the coupling of the nucleus to the centrosome.
The centrosome has been shown to be translocated into the leading process prior to
nucleokinetic movement and was sometimes found as far as 8um ahead of the nucleus
(Tanaka et al., 2004, Schaar and McConnell, 2005). Current studies suggest two models that
lead to nuclear translocation. In the first model, a complex of Lis1, Ndel (an ortholog of
NudE) and dynein, being localized to the nuclear membrane seems to be crucial in this
process, with doublecortin (DCX) further stabilizing MTs at the perinuclear cage. In this
model, displacement of the nucleus is achieved by the minus-end activity of dynein on MTs,
which subsequently pulls the nucleus towards the centrosome (Tsai et al., 2005,
Higginbotham and Gleeson, 2007) (Fig. 1.5B). Interference with the function of dynein,

Lisl or Ndel results in the disruption of nuclear translocation and defective nucleus
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centrosomal coupling (Hirotsune et al., 1998, McManus et al., 2004, Shu et al., 2004,
Tanaka et al., 2004).

Figure 1.5 Microtubule-based nuclear translocation in migrating neuronal cells

A nucleus
MTOC

MT-based
pulling forces

(Fig. 1.5) Model for nuclear translocation established by pulling forces from the centrosome. (A).
Microtubule plus-ends emanating from the centrosome grow anteriorly into the leading process and
posteriorly around the nucleus to form a perinuclear cage. Adapted from (Solecki et al., 2006). (B)
The centrosome (MTOC) is positioned in front of the nucleus in the direction of migration.
Microtubules are coupled via Par proteins and Lisl/dynein to the centrosome. MTs are further
anchored in the nuclear membrane through Lisl and dynein/dynactin, whereby DCX additionally
stabilizes MTs along the nucleus. The dynein motor complex at the centrosome generates force on
MT minus-ends, which then tears the nucleus towards the centrosome and leading edge. Additional
contraction of myosin II at the rear end generates membrane blebbings that pinch the nucleus
forward. Adapted from (Higginbotham and Gleeson, 2007).

Nuclear translocation seems to be additionally regulated by the interactions of MTs and
myosin II. Myosin II serves different functions in this process. Myosin II located in the rear
end of the cell helps breaking down cell adhesion just before the onset of nuclear
translocation. In addition, it acts as contractile force by generating membrane blebbings in

the posterior cell compartment that squeeze the nucleus towards the leading edge (Schaar
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and McConnell, 2005). Its role in the front of the cell during nucleokinesis is controversial

but it seems to counteract the activity of MTs (Schaar and McConnell, 2005).

In a second model, the pulling forces of MTs from the cell cortex are crucial for nuclear
translocation into the leading process, being mediated by the dynein-dynactin motor
complex, which anchors MTs in the cortex. These forces then reorient the centrosome and
Golgi apparatus into the direction of migration (Gundersen, 2002, Ridley et al., 2003) (Fig.
1.6). This has been suggested to further facilitate the growth of MTs into lamellipodia,
thereby enabling vesicular transport along MTs into the leading process. MT anchoring and
centrosome repositioning seems to be required to pull the nucleus into the leading process.
Rather than using a single mechanism, it is likely that the interplay of both mechanisms
leads to nuclear translocation and nucleokinetic movement. Many of the investigations of
nuclear translocation have been carried out in cell culture, as these cells are easily
manipulated and accessible for time-lapse imaging. So far, it remains however unclear
whether similar mechanisms for nucleokinesis may also apply to migrating cells of the

differentiating zebrafish cerebellum.

1.2.4 Establishment of cell polarity and adhesion in migrating cells

Migrating cells dynamically polarize in response to extracellular cues, which leads to the
reorientation of the centrosome into the leading edge (Schaar and McConnell, 2005,
Higginbotham and Gleeson, 2007). This process is tightly linked to reorganization of the
actin cytoskeleton and to the growth and anchoring of MTs in the leading edge (Noritake et
al., 2004, Watanabe et al., 2004). Several molecular pathways control the protrusive activity
of the leading edge in migrating cells (Fig. 1.6). For example, partitioning-defective (Par)

genes have been shown to play a crucial role in the process of cell polarization.

Par genes were first discovered in genetic screens searching for mutations in C. elegans
that perturb AP-polarity of the zygote (Kemphues et al., 1988) and it has been discovered
that Par genes are evolutionary highly conserved. For example, Par pathway components
appear crucial for polarity establishment of neural cells in the vertebrate nervous system (Shi

et al., 2003, von Trotha et al., 2006).

In response to integrin-mediated signaling in cultured astrocyte monolayers, a complex of
mPar6 and the kinase PKCC is recruited to the cell cortex at the leading edge. This complex

in conjunction with the polarized activity of the small Rho-family GTPase Cdc42, which
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stabilizes APC at the cell periphery, is necessary for the direct phosphorylation of glycogen-
synthase kinase (GSK)-3f and localized inhibition of its kinase activity, thus promoting cell
polarization and centrosomal reorientation towards the site of protrusion (Etienne-

Manneville and Hall, 2001, Etienne-Manneville and Hall, 2003).

Figure 1.6 Model for cell polarization and centrosomal repositioning in response to cell-cell
adhesion

centriole

centrosome

MT-based
pulling force

\
N\
N

adherens junction

(Fig. 1.6) In response to guidance cues assembly of adherens junctions and actin polymerization is
stimulated by activation of Cdc42, which in turn recruits a complex of Par-3, Par-6 and aPKC to the
leading edge. Formation of this complex promotes phosphorylation and inactivation of GSK3-f3,
whereby APC can bind to MT plus-ends and stabilize them, thus enabling cell polarization. IQGAP1
provides the link between MT plus-ends, adherens junctions and the actin cytoskeleton. IQGAP1
acts as molecular switch between adhesion and non-adhesion, also interacting with MT plus-ends
through binding to CLIP-170. Lisl and the dynein/dynactin motor activity in the cortex of the
leading edge promote centrosomal reorientation, by applying pulling force on MTs, thereby leading
to the repositioning of the centrosome towards the direction of migration. Adapted from
(Higginbotham and Gleeson, 2007). Abbr.: MTs: microtubules.

APC together with the dynein-dynactin complex localizes in clusters at cortical regions near
the plus-ends of growing MTs in migrating cells (Mimori-Kiyosue et al., 2000, Barth et al.,
2002). There, it helps to stabilize MTs within the leading edge at sites of adherens junctions

during reorientation of the centrosome. For example, the cell-cell adhesion molecule N-
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cadherin has been shown to co-localize with APC, p-catenin and the small scaffolding
protein IQGAPI in actin-positive membrane ruffles of migrating NIH3T3 cells to regulate

their adhesive activity (Sharma et al., 2006).

IQGAPI1, which binds actin, is an effector of Cdc42 and Racl and has been shown to act
as molecular switch for cell-cell adhesion. For example, it has been shown that activated
Racl and Cdc42 positively regulate E-cadherin mediated cell-cell adhesion in epithelial cells
through binding and inhibition of IQGAP1 at adherens junctions, thereby tethering actin
filaments to the Cadherin-Catenin complex (Kuroda et al., 1998, Noritake et al., 2004,
Noritake et al., 2005). In contrast, inactivation of Racl and Cdc42 leads to the accumulation
of IQGAPI at adhesion sites and to its increased binding to [3-catenin. This causes o-catenin
to dissociate from adherens junctions, thereby reducing cell-cell adhesion. The regulation of
E-cadherin-mediated adhesion through IQGAP1 has been proposed to depend on a dynamic
equilibrium state between two complexes, involving E-cadherin-f3-catenin-a-catenin and E-

cadherin-f-catenin-IQGAP1 (Noritake et al., 2004).

IQGAPI1 further binds the MT plus-end capping protein CLIP-170 (Fukata et al., 2002).
For example, in fibroblast cells MT plus-ends containing CLIP-170 grow towards sites in
the cell cortex that have been marked by the expression of Cdc42/Racl, thus promoting
leading edge formation (Noritake et al., 2005). IQGAP1 therefore seems to link leading
edge formation and cell polarization to Cadherin-mediated cell adhesion and Cdc42/Racl in

migrating neuronal cells.

1.3 Classic Cadherin-mediated neuronal migration

1.3.1 Structure and regulation of type I classic Cadherins

The classic Cadherins are membrane integral cell-surface glycoproteins that mediate
homophilic cell-cell adhesion in a Ca**-dependent manner (Redies, 2000). Classic Cadherins
comprise five extracellular (EC) repeat domains, a single transmembrane and a cytoplasmic
domain. Binding of Ca® to the ectodomain linker regions confers rigidity to the protein
structure and resistance to proteolysis (Pokutta et al., 1994, Steinberg and McNutt, 1999),
whereas the removal of Ca®* by the calcium chelator EGTA leads to a collapse of the
ectodomains and their subsequent internalization (Fig. 1.7). Strand-dimer formation in cis
and trans configuration plays an important role for type I classic Cadherins in the

homophilic binding to other type I Cadherins (Shapiro et al., 1995, Brieher et al., 1996, Yap
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et al., 1997, Tamura et al., 1998). For example, clustering has been shown to increase E- and
N-cadherin mediated adhesion by formation of zipper-like structures. This lateral clustering
seems to be a prerequisite for the formation of trans dimers (Tamura et al., 1998, Kim et al.,
2005). Cis- and trans-dimerization is at least in part mediated by a conserved tryptophane at
amino acid position 2 of the mature peptide, within the first ectodomain (Shapiro et al.,
1995, Ahrens et al., 2002, Kim et al., 2005, Patel et al., 2006). An evolutionary conserved
Histidine-Alanine-Valine (HAV) motif in EC1 also plays an important role in trans-adhesive
interactions. Evidence for this has been derived from studies, in which HAV inhibitory
peptides were applied to cells. Blocking the HAV motif interfered with different biological
processes such as neurite outgrowth (Doherty et al., 1991), myoblast fusion (Mege et al.,

1992) or embryonic compaction (Blaschuk et al., 1990).

Although the importance of the EC1 domain in mediating cis and trans dimers has been
confirmed, other ectodomains may also be involved and necessary for dimerization
(Chappuis-Flament et al., 2001, Ahrens et al., 2002). For example, it has been shown that a
conserved aspartic acid residue in ectodomain 2 at amino acid position 134 of the mature
peptide is necessary for the formation of trans dimers. The mutation of this aspartic acid to
alanine in E-cadherin and N-cadherin prevents cell aggregation (Ozawa, 2002, Kim et al.,
2005), while cis interactions still occur. In addition, the cytoplasmic domain of E-cadherin
has also been shown to play a role in dimerization. A 70 amino acid deletion in the
cytoplasmic tail of E-cadherin prevents trans but not cis dimer formation (Ozawa, 2002),
demonstrating that several structural features in type I Cadherins contribute to homophilic

interactions.

Classic Cadherin-mediated adhesion is largely regulated through intracellular signaling
pathways and several mechanisms have been proposed (Gumbiner, 2000). First, the
composition of the adherens junction core complex, involving Cadherin, (3-catenin and o-
catenin seems to influence the strength of cell-cell adhesion. The cytoplasmic levels of
Cadherin thereby determine the increase in adhesion, whereas the levels of cytoplasmic [3-
catenin play only minor roles (Bradley et al., 1993, Hinck et al., 1994). Cytoplasmic levels
of Cadherins may be controlled by the metalloproteinase ADAMI10, which regulates
ectodomain shedding of Cadherin-2 and thereby the overall levels of Cadherin-2 at the cell
surface (Reiss et al., 2005). In some cell types however, changes in cell-cell adhesion do not
necessarily depend on the levels of surface Cadherins. For example, signaling from certain
growth factors leads to morphogenetic movements that result in the loss of Cadherin-

mediated adhesion without changing the morphology of adherens junction complexes at the
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cell surface (Weidner et al., 1990, Shibamoto et al., 1994). These observations suggest that
adhesion in these cells is regulated by phosphorylation, such as tyrosine-phosphorylation of
[-catenin through receptor tyrosine kinases (Matsuyoshi et al., 1992, Behrens et al., 1993,
Shibamoto et al., 1994, Daniel and Reynolds, 1997, Rhee et al., 2002).

Figure 1.7 The adherens junction complex

Cytoplasm

Ca2+ depletion

(Fig. 1.7) Type I classic Cadherins comprise five extracellular (EC) repeat domains (brown). Ca*
(red) is bound in Ca®*-binding pockets located at the interface of two ectodomains, thereby
conferring rigidity to the protein, whereas Ca®* depletion leads to destabilization of the protein at the
cell surface. Classic Cadherins possess a single transmembrane domain (dark blue) and a
cytoplasmic domain (purple), which is being bound to (3-catenin in a complex with a-catenin. This
adherens junction core complex furthermore interacts with the actin cytoskeleton (green) to establish
stable cell-cell adhesion complexes. The small molecule p120 catenin (yellow) acts as signaling
molecule through binding to the juxtamembrane domain of classic Cadherins.

Cell migration requires the rapid response to different extracellular signaling cues and the
continuous relocation of adherens junctions. In recent years, data accumulated suggesting

that Cadherins are recycled and transported back to the membrane via vesicular trafficking
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(Le et al., 1999, Fujita et al., 2002, Lock and Stow, 2005, Jones et al., 2006, Sharma and
Henderson, 2007). The recycling may be more economical for the cell, thus facilitating the
rapid transport of Cadherins within the membrane. Different mechanisms have been
proposed although mostly for the recycling of E-cadherin, which has been investigated in
mouse cell lines. The recycling of Cadherins in zebrafish cells however still remains to be
elucidated. E-cadherin recycling occurs mostly through the endosomal pathway and is in
part mediated by Rabl1 (Jones et al., 2006). Also the E3 ubiquitin ligase Hakai has been
implicated in the recycling of E-cadherin. Evidence supports the idea that ubiquitination of
membrane proteins does not necessarily lead to their degradation by proteasomes
(Bonifacino and Weissman, 1998). Hakai has been shown to bind to E-cadherin in response
to tyrosine phosphorylation of the E-cadherin complex. This promotes subsequent
ubiquitination of E-cadherin through Hakai. The subsequent endocytotic/recycling
mechanism of the E-cadherin complex remains however still poorly understood. A
mechanism has been proposed whereby the E-cadherin/Hakai complex is targeted to
clathrin-coated vesicles, although a mechanism is lacking that explains the recycling of E-
cadherin back to the plasma membrane. However participation of members of the Rab
family of small GTPases and their effectors seems to be involved (Pece and Gutkind, 2002).
Recently, it has been further shown that the internalization and recycling of adherens
junctions proteins can also be regulated by macropinocytosis in a -catenin-dependent

manner, through the activity of the GTPase Arf6 (Sharma and Henderson, 2007).

1.3.2 N-cadherin mediated neuronal migration in the CNS

The adhesion factor family of classic Cadherins is known to play important roles during
many steps of central nervous system (CNS) development. For example in vertebrates they
are critically involved in the formation of the neural tube (Bronner-Fraser et al., 1992)
(Hong and Brewster, 2006), the morphogenesis and maintenance of brain compartments
(Inoue et al., 2001) (Junghans et al., 2005), the regulation of neuronal migration (Taniguchi
et al., 2006) (Kadowaki et al., 2007), the elongation and fasciculation of axons (Riehl et al.,
1996) (Matsunaga et al., 1988) as well as in the establishment of dendritic spines and
synapses (Walkenhorst et al., 2000) (Togashi et al., 2002).

Cadherin-2 (neural Cadherin, N-cadherin), a member of the family of type I classic
Cadherins represents the most common classical Cadherin in the vertebrate CNS, being

expressed broadly throughout the developing and mature brain. Inactivation of Cadherin-2
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in mice results in severe cardiogenesis, somitogenesis and neural tube formation defects and
leads to early prenatal death (Radice et al., 1997). The specific rescue of the cardiac
phenotype however allows Cadherin-2 deficient mice to develop further. Similarly,
zebrafish Cadherin-2 mutants survive early developmental defects, likely due to their
independence of proper cardiac functions until late organogenesis stages (Sehnert and
Stainier, 2002) (Hove et al., 2003). While the severely malformed neural tube in mutant
mice and in zebrafish mutants unravels the importance of Cadherin-2 in nervous system
development, the massive lack of structural integrity makes it difficult to assess its detailed
functions during later stages of brain differentiation (Luo et al., 2001) (Lele et al., 2002)
(Malicki et al., 2003) (Hong and Brewster, 2006). Conditional inactivation of Cadherin-2 in
the CNS via application of function-interfering antibodies or dominant-negative variants
have revealed crucial roles for this adhesion factor, such as during neural crest delamination,
but these methods are dependent on the accessibility of the tissue of interest for direct
manipulations (Bronner-Fraser et al., 1992) (Ganzler-Odenthal and Redies, 1998)
(Nakagawa and Takeichi, 1998).

Classical studies have attributed Cadherin-2 function mostly to rigid cell-cell adhesion
thus mediating tissue integrity as well as the segregation of different cell populations during
nervous system development (Kostetskii et al., 2001), such as the upregulation of Cadherin-
2 in neural ectoderm during neural tube formation. The expanded availability of conditional
gene inactivation methods in mice, the development of electroporation technologies in
chicken and mouse embryos as well as the identification of specific Cadherin-2 inhibitors,
which allow to overcome early lethal phenotypes in Cadherin-2 mutants now allow for more
precise investigations of Cadherin-2 function, also during later stages of brain
differentiation. More recently, studies have implied the importance for the dynamic
regulation of Cadherin-2-mediated adhesion in migratory cells. For example, disruption of
Cadherin-2 function in chick neural crest cells reduced their migratory velocity (Kasemeier-
Kulesa et al., 2006). Similarly, precerebellar neurons in the caudal hindbrain migrate at
reduced speed, when Cadherin-2 function is impaired (Taniguchi et al., 2006). Thus the
significance for a role of Cadherin-2 in regulating cellular and in particular neuronal

migration is emerging.

Among few other cell types cerebellar granule cells serve as a paradigm to investigate the
cellular and molecular mechanisms underlying neuronal migration. Studies on sorting
cerebellar neuronal progenitors suggested a correlation between Cadherin-2 expression and

granule cell migration in the mouse cerebellum (Wang et al., 2007). Moreover, application
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of Cadherin-2 antagonizing peptides to cultured GPCs reduced their migration and affected
their orientation on cerebellar slice cultures, arguing for a direct role of Cadherin-2 mediated
adhesion not only in regulating GPC motility but also directionality (Wang et al., 2007).
The underlying cellular mechanisms of how Cadherin-2 could affect migration remain

however elusive.

Besides the attachment to neighboring cells, classic Cadherin-containing adherens
junctions have been implicated in the regulation of cellular polarity, as their loss results in
poorly polarized cellular morphologies and failures in polarized cell behavior (Hong and
Brewster, 2006) (Kadowaki et al., 2007). Intriguingly, Cadherin-2 indirectly interacts with
the microtubule cytoskeleton through the scaffolding protein IQGAP1, which has been
recently shown to influence cerebellar GPC migration (D'Souza-Schorey, 2005)
(Kholmanskikh et al., 2006). Cerebellar GPCs migrate via nucleokinesis, marked by the
characteristic sequential forward transport of cellular organelles along microtubule fibers.
Key component of this migratory mode is the centrosome, which positions in front of the
nucleus to initiate and orchestrate directional nucleokinetic migration (Gregory et al., 1988)
(Solecki et al., 2004) (Tsai and Gleeson, 2005) (Higginbotham and Gleeson, 2007).
Currently, not much is known about the relation between Cadherin-2-mediated adhesion and
centrosomal re-positioning during migration of cerebellar GPCs. Given that Cadherin-2 co-
localizes together with IQGAP1 at the cell cortex in the leading edge of polarized cells
(Sharma et al., 2006) and thus influences MT growth into the leading edge, Cadherin-2 is a
good candidate to regulate centrosomal re-positioning and thus directional movement of

GPCs in the zebrafish cerebellum.

1.3.3 PSA-NCAM and its regulation in the CNS by polysialyltransferase expression

The neural cell adhesion molecule (NCAM) plays multiple roles during the development
of the central nervous system (CNS). It has been shown to be involved in regulating
embryonic neurogenesis (Ponti et al., 2006), neuronal migration (Ono et al., 1994, Wang et
al., 1994, Hu et al., 1996), axonal pathfinding (Tang et al., 1992, Daston et al., 1996, Cremer
et al., 1997, Marx et al., 2001) as well as synaptogenesis (Seki and Rutishauser, 1998).
Furthermore, in the mature brain NCAM has been implicated in regulating adult
neurogenesis (Vutskits et al., 2006), neuronal migration (Cremer et al., 1994), survival of
neural stem cell derived neuronal progenitors (Gascon et al., 2007a), synaptic plasticity and

learning (Becker et al., 1996, Muller et al., 1996). During these processes the properties of
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NCAM are modulated by the reversible attachment of polysialic acid (PSA) to its
extracellular domain. For example, PSA weakens the adhesive properties of NCAM by
steric hindrance and thus promotes migration of neuronal progenitors in the rostral
migratory stream of the vertebrate olfactory system (Ono et al., 1994, Rutishauser and
Landmesser, 1996, Rutishauser, 1998). In addition, PSA-bearing NCAM regulates the
expression of the low-affinity neurotrophin receptor p75 and thereby promotes survival of

migrating neuronal progenitors (Gascon et al., 2007a).

PSA attached to NCAM has also been involved in binding and presenting growth factors,
thereby regulating long-term potentiation (Becker et al., 1996, Muller et al., 1996, Muller et
al., 2000). Thus reversible attachment and removal of PSA is crucial for modulating
NCAM-activity and thus CNS development and function. PSA-synthesis on NCAM is
mediated by two polysialyltransferases, STX and PST, which specifically attach a2,8-linked
sialic acid residues on NCAM. Both polysialyltransferases can act in a differential as well as
synergistic manner (Angata et al., 1998, Nakayama et al., 1998, Ong et al., 1998, Angata
and Fukuda, 2003, Angata et al., 2004, Weinhold et al., 2005). Based on their differential
expression, PSA-synthesis during embryogenesis has mainly been attributed to STX,
whereas adult PSA-synthesis in mammals is thought to be mediated preferentially by PST
(Becker et al., 1996, Ganzler-Odenthal and Redies, 1998, Hildebrandt et al., 1998). The
expression and function of these polysialyltransferases has attracted increasing biomedical
interest for several reasons: 1) high PSA-levels as well as expression of STX can serve as
diagnostic markers for neuroblastoma with poor prognostic outcome (Seidenfaden et al.,
2003, Cheung et al., 2006), 2) polysialyltransferase activity promotes metastasis formation
and thus represents an interesting pharmaceutical target and 3) the migration promoting
activity of either STX- or PST-mediated PSA-synthesis in genetically engineered Schwann
cells significantly supports regeneration by increasing axon outgrowth and Schwann-cell

mediated remyelination (Lavdas et al., 2006, Zhang et al., 2007)

Due to their small size, transparency and extracorporal development, zebrafish embryos
allow one to observe highly dynamic cell behaviors such as neuronal migration (Koster and
Fraser, 2006), axon pathfinding (Fricke et al., 2001) or synaptogenesis (Niell et al., 2004,
Mumm et al., 2006) directly in vivo and are thus well suited to address PSA-NCAM and
polysialyltransferase function in vivo. Moreover, in contrast to mammals, adult zebrafish
show significant levels of neurogenesis in almost all regions of the adult brain and have a
pronounced capability to regenerate CNS-lesions (Becker et al., 2004, Zupanc et al., 2005,
Adolf et al., 2006, Grandel et al., 2006, Zupanc and Zupanc, 2006). For example, stab
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wounds in the adult zebrafish cerebellum are repaired within several days by an upregulation
of neurogenesis in the cerebellar molecular layer, followed by directed migration of these
neuronal progenitors towards the lesion site (Liu et al., 2004, Zupanc and Zupanc, 2006).
Such adult neurogenesis, migration and regeneration in zebrafish could likely involve PSA-

NCAM function, but research on PSA-NCAM in zebrafish has only been initiated recently.

In a recent study, polysialylation of NCAM in zebrafish embryos has been demonstrated
to play a crucial role in axon fasciculation, but also commissural axonal guidance during
midline crossing (Marx et al., 2001). Furthermore, the cloning and expression analysis of
the highly conserved zebrafish STX- and PST-homologues was reported and both were
shown to be capable of synthesizing PSA (Marx et al., 2007). Consistent with its
predominant expression during embryogenesis antisense-morpholino injection revealed that
STX is likely to be solely responsible for PSA-synthesis during zebrafish embryogenesis.
This finding is in good agreement with mammalian embryonic STX- and PST-function
(Eckhardt et al., 2000, Angata et al., 2004). Surprising is however that in the adult zebrafish
brain only STX-expression was found to correlate with PSA synthesis, while PST-
expression was either weak or absent, suggesting that STX may be the sole PSA-
synthesizing enzyme relevant in the developing and adult CNS in zebrafish (Marx et al.,

2007).

1.4 Aim of the study

1.4.1 Zebrafish as model organism

The zebrafish was chosen as a vertebrate model organism to study neuronal migration in
the cerebellum as zebrafish combine many beneficial features of other vertebrates. Similar to
xenopus, zebrafish embryos develop extracorporal. In addition zebrafish embryos are
optically transparent. The expression of fluorescent fusion proteins in migrating neurons can
therefore be readily observed by using in vivo time-lapse imaging methods. Zebrafish
embryos can be further transiently manipulated during all stages of development by
injection or electroporation of nucleic acids. Like in mice, zebrafish can be as well
genetically modified and stable transgenic lines created. Due to their massive production
with a female zebrafish laying up to 300 eggs at the time and their short generation interval

of only 2 to 3 months, zebrafish analyses can be performed very rapidly.

Many large-scale screens have been carried out in zebrafish to discover new genes or
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genes involved in a particular developmental process or disease. Due to teleost genome
duplication, for almost every gene in humans exist several counterparts in zebrafish, thus
making zebrafish well suitable for studying human genetic disorders. Based on these
properties, zebrafish is an excellent and suitable model organism to study neuronal
migration, developmental and disease mechanisms, which can be moreover applied to

humans, as these mechanisms are largely conserved.

1.4.2 Analysis of Cadherin-2 during cerebellar granule cell progenitor migration in

zebrafish

In the present study, the aim was to identify mechanisms that regulate the migration of
cerebellar granule progenitor cells (GPCs). Although their migratory routes and terminal
differentiation domains had been already studied in detail (Koster and Fraser, 2006,
Volkmann et al., 2007), their mode of migration and the factors controlling their migratory
behavior remained to be investigated. This analysis was based on the recent identification of
the cerebellar granule cell population in the gatal:GFP transgenic line, which expresses
green fluorescent protein (GFP) in migrating granule progenitor cells of the differentiating

zebrafish cerebellum (Long et al., 1997, Volkmann et al., 2007).

A common feature of mammalian cerebellar development is the migration of GPCs along
radial Bergmann glia fibers into the deep cerebellar cortex (Hager et al., 1995, Kawaji et al.,
2004) but evidence indicated that GPC migration can also occur in a glia-independent
manner towards the IGL. It remained elusive what migratory mode is used by GPCs in the
zebrafish cerebellum. To analyze this, it was intended to examine the presence of glia cells
by dye labeling and by performing expression studies using glial-specific markers at stages
of prominent neuronal progenitor migration. In addition, it was aimed to examine the
migration behavior of GFP-expressing cerebellar GPCs in the gatal:GFP transgenic line,
using high-resolution in vivo time-lapse imaging to identify types of interactions for these

cells during migration.

The migratory behavior of GPCs suggested the involvement of cell-cell adhesion
molecules in mediating interactions between these cells. One candidate factor for the
regulation of GPC adhesion was Cadherin-2. Disruption of Cadherin-2 function in zebrafish
embryos results in severe cerebellar defects (Lele et al., 2002, Liu et al., 2004). While these
malformations are likely to be attributed to more general neurulation defects, the

mispositioning of neurons throughout the brain in homozygous larvae of the zebrafish
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Cadherin-2 mutant parachute (pac) as well as the upregulation of Cadherin-2 expression
during regeneration processes in the adult cerebellum further supported a role for zebrafish
Cadherin-2 in regulating neuronal migration (Lele et al., 2002, Liu et al., 2004). To identify
a role for Cadherin-2 in mediating cell-cell adhesion between migrating cerebellar GPCs, it
was intended to perform time-lapse imaging on homozygous pac embryos crossed into the
gatal :GFP transgenic line for investigation of the migratory behavior of cerebellar GFP-
expressing GPCs. Furthermore, genetic mosaic analyses and the expression of a dominant-
negative Cadherin-2 variant were expected to confirm a role for Cadherin-2 in the regulation

of GPC migration.

Neuronal progenitors in the zebrafish cerebellum are likely to migrate via nucleokinesis
(M. Distel & R.W. Koster, unpublished results). Such migrating cells polarize towards the
direction of migration. Recent studies discovered that the centrosome is a key marker of
neuronal polarity and nucleokinesis (Higginbotham and Gleeson, 2007). MTs emanating
from the centrosome are anchored in the leading edge at sites of adherens junctions
(Noritake et al., 2004, Noritake et al., 2005), thus reorganizing the MT network and
preparing the cell for somal translocation (Higginbotham and Gleeson, 2007). In this study,
the aim was to explore whether cerebellar GPCs in pac embryos exhibit migratory defects,
and whether these defects are caused by a mispositioning of the centrosome due to the loss
of Cadherin-2. For this analysis, a centrosomal marker Centrin2 fused to a fluorescent
protein tdTomato was planned to be injected into wild type and pac gatal:GFP embryos to
fluorescently label the centrosome in migrating GFP-expressing cerebellar GPCs, thus

allowing the investigation of their migratory behavior by in vivo time-lapse microscopy.

A cell has to liberate itself from its initial position in order to migrate. One idea is that
adherens junctions are thereby disassembled to reduce cell-cell adhesion. However, rather
than mediating rigid cell-cell interactions, it was hypothesized that Cadherin-2-mediated
adherens junctions dynamically reposition in migrating cerebellar progenitors, which had
not been shown before. To investigate this, a non-functional variant of Cadherin-2 fused to
the red fluorescent protein mCherry was planned to be constructed. This variant was
intended to still locate at the cell surface but lacking adhesive properties. Being expressed in
cerebellar GPCs of the gatal:GFP line, this variant could then serve as adhesion reporter for
investigation of the dynamics of Cadherin-2 in migrating cerebellar GPCs by in vivo time-

lapse imaging.
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1.4.3 Investigation of the function of PSA-NCAM and polysialyltransferase expression

during zebrafish cerebellar development and in the adult brain

PSA-NCAM has been shown to regulate axon fasciculation and guidance during
zebrafish CNS development. Additional roles, such as in the regulation of neuronal
migration during zebrafish embryogenesis remained however unclear. In order to address
whether PSA-NCAM might be involved in the regulation of migrating cerebellar progenitor
cells in zebrafish, the two known polysialyltransferases STX and PST, which add a2,8-
linked polysialic acid residues on NCAM, first needed to be cloned. Their expression and
that of PSA-NCAM in the cerebellum at stages of pronounced neuronal migration should be
analyzed in order to identify a potential function in mediating neuronal migration in the
differentiating cerebellum. It was conjectured that PSA-NCAM plays a role during adult
neurogenesis and ongoing neuronal migration in the adult zebrafish cerebellum. To test this,
STX and PST expression were further planned to be analyzed in the adult zebrafish brain by
in situ hybridization, using tissue brain sections, and their expression compared to the

expression patterns of PSA-NCAM in the cerebellum.

Addition of the long carbohydrate chains of polysialic acid on NCAM is widely believed
to reduce cell-cell adhesion by steric hindrance. In contrast, the enzymatic ablation of
polysialic acid in the differentiating zebrafish cerebellum after onset of migration was
expected to increase cellular adhesive interactions and thus to slow down migration. To test
this hypothesis, the enzyme EndoN should be injected into the hindbrain ventricle of
zebrafish embryos, expressing GPF in migrating cerebellar progenitor cells. EndoN
specifically degrades polysialic acid residues from NCAM. The specific ablation of PSA at
stages of pronounced neuronal migration in the differentiating cerebellum was intended to
reveal a function for PSA-NCAM in promoting migration of cerebellar neuronal progenitor

cells.

24



Materials & Methods

2 Materials and Methods

2.1 Materials

2.1.1 Suppliers of chemicals and consumables

Standard chemicals were obtained from Sigma-Aldrich, Fluka, Merck, Roth GmbH,
Serva Electrophoresis GmbH and Biozym. Enzymes and polymerases were obtained from
MBI Fermentas, Invitrogen, Roche, Stratagene and New England Biolabs (NEB).
Components used for western blotting were bought from Invitrogen, BioRad, BioTrace,
Kodak and Amersham. Microinjection, electroporation and transplantation equipment was
derived from Narishige, Harvard Apparatus and World Precision Instruments. Plastic ware
was ordered from Roth GmbH, Eppendorf and Greiner. Glassware was obtained from

Schott.

2.1.2 Equipment

2.1.2.1 Gel electrophoresis

Gel documentation system (Herolab)

Gel systems (Shelton Scientific, Amersham/ BD Biosciences)
N36 UV table (BENDA Laborgerite)

Power supply Electron EC105 (Thermo)

2.1.2.2 Electroporation

BTX ECMS810 electroporator (BTX)
Electrodes (World Precision Instruments)
Glass capillaries (Harvard Apparatus)

Microinjection needle holder (Narishige)

2.1.2.3 Histology
Microtome 355S for paraffin sections (MICROM)

Diamond knives (Diatom)
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EG 1160 paraffin embedding station (Leica)

Vibratome HM650V (MICROM)

Microtome Reichert Ultracut E for electron microscopy (Leica Microsystems)
Hybridization oven Hybaid Shake'n'stack (Thermo)

Ultrastainer for electron microscopy sections (Leica Microsystems)

2.1.2.4 Microinjection and Transplantation
FemtoJet Express (Eppendorf)
Microinjection needle holder (Narishige)
Horizontal needle puller (Narishige)

Vertical needle puller (Narishige)

2.1.2.5 Microscopes
Stereomicroscope SV11 (Zeiss)

Fluorescent Stereomicroscope MZ 16FA equipped with filters for UV, GFP, FITC/Cy-3,
YFP, Rhodamine and Texas Red (Leica)

Axioplan 2 (Zeiss)

Zeiss LSM510 equipped with Argon laser (451, 477, 488, 514nm) and Helium-Neon lasers
(561, 594, 633nm)

Zeiss LSMS510 Meta equipped with Argon laser (451, 477, 488, 514nm) and Helium-Neon
lasers (543, 633nm)

EMI10CR transmission electron microscope (Zeiss)
Light source KL.2500 (Leica)

Light source KL1500 (Zeiss)
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2.1.2.6 Microscope cameras
Axiocam HRc digital camera (Zeiss)

DFC 350 FX camera (Leica)

2.1.2.7 Microscope objectives (Zeiss)

C-Apochromat 40x/NA1.20 water immersion corrected
C-Apochromat 63x/NA1.20 water immersion corrected
Plan-NeoFluar 5x/NAO.15

Plan-NeoFluar 10x/NA0.3

Plan-NeoFluar 20x/NAQ.5

Plan-NeoFluar 40x/NAOQ.75

2.1.2.8 Molecular biology and cell culture
BioPhotometer (Eppendorf)

BV SW 85 slide warmer (Adamas instrument)
Centrifuge 5415 D (Eppendorf)

Centrifuge Universal 32R (Hettich)

Cooling Centrifuge 5415 R (Eppendorf)
Centrifuge Evolution (Servall)

LC 6201S scale (Sartorius)

Microflow 2 cell culture work bench (Nunc)
Microwave oven 8020 (Privileg)

pH meter 720 (WTW inolab)

Polymax 1040 wave shaker (Heidolph instruments)
PTC-100 Thermocycler (MJ Research)
Rotator (LabInco BV)

Thermo Incubators (Heraeus Instruments)
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Thermomixer comfort (Eppendorf)
Centrifuge Varifuge 3.0R (Heraeus Instruments)

Waterbath (Memmert, Isotemp 205, Lauda Ecoline E100)

2.1.2.9 Western blotting
Curix 60 developing machine (AGFA)
XCell SureLock gel chamber (Invitrogen)

XCell II blot module (Invitrogen)

2.1.2.10 Software
LSM510 version 4.0
GraphPad Prism 4 (GraphPad, Inc.)

NIH ImageJ 1.34s (Wayne Rasband, NIH)

2.1.3 Buffers and solutions

Standard buffers were prepared according to Sambrook and Fritsch, "Molecular
Cloning", third edition, 2001, Cold Spring Harbor, New York. Embryo solutions and
standard zebrafish protocols were derived from M. Westerfield, “THE ZEBRAFISH BOOK;
A guide for the laboratory use of zebrafish (Danio rerio)”, 2000, Eugene, University of

Oregon Press.

2.1.3.1 Fixation of embryos

Fixation buffer

1x PBS/ 0.1%Tween-20/ 4% paraformaldehyde (PFA)

2.1.3.2 Laemmli sample buffer (4x)

Upper buffer
0.5M Tris-HCl/ 0.4% SDS
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4x sample buffer

Upper buffer 1.25ml
10% SDS 10041
Glycerol Iml
0.05% bromophenol blue  400ul
[-mercaptoethanol 550u1

2.1.3.3 In-situ hybridization (adopted from R.W. Koster and J. Wittbrodt)

Hyb-Mix

25ml 100% Formamide/ 12.5ml 20x SSC/ 150u1 Heparin (50mg/ml)/ 250mg solid Torula
RNA (Sigma)/ 500u1 10% Tween-20/ ad 5S0ml H,O

Proteinase K buffer

1x PBST/ 10ug/ml Proteinase K (Roche)

Wash buffers

50% Formamide/ 2xSSC/ 0.1%Tween-20
2x SSCT
0.2x SSCT

Block and antibody solution

1xPBST/ 10% Normal Goat Serum

Staining buffer

0.1M Tris-HCI, pH9.5/ 0.1M NaCl/ 0.05M MgCl,/ 0.1% Tween-20

Substrate solution

Staining buffer/ 3.75ul/ml BCIP (50mg/ml)/ 4.5ul/ml NBT (50mg/ml)
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2.1.3.4 Dot blot

PI solution

100mM Tris-HCl, pH7.5/ 150mM NaCl
PII solution

1xPBS/ 0.1% TritonX-100

PIII solution

100mM Tris-HCl, pH9.5/ 100mM NaCl/ 50mM MgCl,

Substrate solution

PIII solution/ 3.75ul/ml BCIP (50mg/ml)/ 4.5ul/ml NBT (50mg/ml)

2.1.3.5 Immunohistochemistry
Wash buffer

1xPBS/ 1% TritonX-100/ 1% DMSO

Blocking and antibody solution

Wash buffer/ 10% Normal goat serum

Staining solution

0.1M Tris-HCI, pH7.5/ 0.1% Tween-20

One DAB tablet (Sigma) was dissolved in 1ml staining solution, filtered (0.2ym) and 500u1

of the concentrated solution was dissolved in 10ml staining solution.

DAB staining solution

0.05% DAB/ staining solution
0.3% H,0, in water
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2.1.3.6 Embryo solutions
Anesthesia

0.002g/ml Tricaine in 30% Danieau

Anti-Pigmentation agent

0.15mM 1-phenyl-2-thiourea (PTU)

2.1.3.7 Post-Fixative Solution
Dalton’s osmium and potassium-bichromate buffer

1. Buffered solution: Adjust pH 7.2 of 5% Potassium dichromate solution (K,Cr,0,) with
2,5N KOH (100 ml solution with about 12 ml KOH)

2. Salt solution: 3,4 % NaCl

3. Osmium solution: 2% OsO, acid
Mix 1, 2 and 3 as follows:
1 part buffered solution (1),
1 part salt solution (2),

2 parts 2% OsO, acid (3)

2.1.3.8 Epon embedding resin
Mixture A
* 62 ml 2-Dodecenylsuccinic-acid anhydride (DDSA)

* 100 ml Glycid ether 100 (Epon-812)

Mixture B
* 89 ml Methyl nadic anhydride (MNA)

* 100 ml Glycid ether 100 (Epon 812)
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Note: The mixtures are at least 6 months stable, if stored at -20 °C

Combine both mixtures A and B at a 1:1 ratio to 10 ml and add 0.15 ml of the hardener 2,4,6
—Tris (dimethylaminomethyl)-phenol (Merck, Germany), under stirring. This will yield

medium hard blocks.

Note: Depending on the desired hardness of the blocks proportions of both mixtures can be
varied, according to the Glycid ether 100 preparation manual from Serva Electrophoresis

GmbH.

2.1.3.9 Toluidine Blue Working Solution

Toluidine blue stock solution 5 ml
1% Sodium chloride, pH 2.3 45 ml
2.1.4 Kits

Ambion mMESSAGE mMACHINE® SP6 Kit
DIG RNA-Labeling mix (Roche)

ECL Detection kit (Amersham)

Gel Extraction kit (Eppendorf)

GeneClean Turbo kit (Q-BIOgene)

Nanofectin kit (PAA)

NucleoBond PC100/500 kit (Macherey-Nagel)
QIAGEN Nucleotide Removal kit (QIAGEN)
QIAquick PCR Purification kit (QIAGEN)

RNeasy Mini kit (QIAGEN)
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2.1.5 RNA in situ probes

RNA probes Received from
Adhesion cadherin-2 Matthias Hammerschmidt
ncam Yoshihiro Yoshihara/ RIKEN
pst (st8sialV) Cloned by RT-PCR from 54hpf

zebrafish cDNA

stx (st8siall)

Cloned by RT-PCR from 54hpf
zebrafish cDNA

Differentiation neurod Dr. Gong/ Vladimir Korzh
gaba,Rob6 Adult brain zebrafish cDNA
vglutl Shin-ichi Higashijima
Glia-specific fabp7a Stephen L. Johnson
gfap Cloned by RT-PCR from 31hpf
zebrafish cDNA
vimentin Joan Cerda/ Harald Herrmann
Rhombic lip | atonalla Masahiko Hibi
specification
Dorsal CNS wntl Matthias Hammerschmidt

Table 1 RNA probes used for in-situ hybridization sorted according to their function in the zebrafish

central nervous system.

2.1.6 Antibodies

2.1.6.1 Primary antibodies

Antibodies dilution factor Supplier

mouse anti-PSA 1:750 Monika Marx, Martin Bastmeyer
mouse anti-BLBP 1:1500 Nathaniel Heintz

rabbit-anti GFP 1:500 Torrey Pines Biolabs

mouse anti-Cdh2 MNCD2 1:1000

rat anti-Tenascin 1:1000

2.1.6.2 Secondary antibodies

Developmental Studies
Hybridoma Bank
GSF, Dr. Kremmer

Antibodies dilution factor Supplier
anti-DIG-AP 1:2000 Roche

anti-mouse-Cy2 1:1000 Dianova
anti-rabbit-Cy5 1:1000 Dianova
anti-mouse-HRP 1:1500 Dianova
anti-rat-HRP 1:1500 Dianova
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2.1.7 Enzyme injection

Purified endoneuraminidase (EndoN) was received from Rita Gerardy-Schahn and stored at

-80°C.

2.1.8 Nucleic acid injection

2.1.8.1 Vectors

pCRIITOPO (Invitrogen)

pCS2+ (Rupp et al., 1994)

pBluescriptlI-SK+/- (Stratagene)

2.1.8.2 Fluorescent proteins

Protein

Excitation

Emission

Intracellular localization

Special features

GFP

488

505

cytoplasm and nucleus

LynGFP

488

505

plasma membrane

Lyn sequence derived from
ten amino acid sequence in
the N-terminal end of lyn
kinase with conserved
myristoylation and
palmitoylation sequences
(MGCIKSKRKD) (Teruel et
al., 1999)

UncGFP

488

505

cytoplasm

unc76:EGFPpA fragment
from XEX-76eGFP (Dynes
and Ngai, 1998)

DEosFP

506/390

516/581

cytoplasm and nucleus

EosFP derived from stony
coral Lobophyllia
hemprichii converts from
green (516nm) to red
(581nm) emission upon UV-
irradiation near 390nm
(Wiedenmann et al., 2004)

TdTomato

554

581

cytoplasm and nucleus

tandem dimer Tomato
(Shaner et al., 2004)

MCherry

587

610

cytoplasm and nucleus

monomeric Cherry (Shaner
et al., 2004)

Table 2 Fluorescent proteins used for intravital labeling
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2.1.8.3 Plasmid construction

pl4xUASE1b:CdhAN-mCherry-pA: The mCherry coding region (Shaner et al., 2004) was
isolated via PCR amplification using primers Agel-Cherry_up 5° ATA CCG GTC ATG
GTG AGC AAG GGC 3’ and Cherry-Notl_lo 5’GGG CGG CCG CTC TTA CTT GTA
CAG C 3. pl4xUASE1b:Cdh2AN-EGFP (Jontes et al., 2004) was digested with Agel and
Notl and mCherry as Agel/Notl fragment ligated into the vector, thereby replacing EGFP
with mCherry.

pCS2+CdhAN-mCherry-pA: CdhAN-mCherry was isolated as Asp718/ Notl fragment and
ligated as blunt fragment into Stul/ SnaBI sites of pCS2+.

pCS2+Cdh2AC-mCherry-pA: The cytoplasmic fusion of Cadherin-2 was generated by
replacing aa A739-892 of the cytoplasmic domain with mCherry. For this, the coding region
for Cdh2AC was PCR isolated from plasmid pl4xUASE1b:Cdh2-EGFP (Jontes et al., 2004)
using primers Ncad-up BamHI 5 ACG GGA TCC CCA CCA TGT ACC CCT CCG GAG
GCG TGA TGC T 3’ and Ncad-low Sall 5 TGT GTC GAC TTA TCC CGT CTC TTC
ATC CAC ATC ACA AAC A 3’and as BamHI/ Sall fragment ligated into pCS2+, thereby
generating a N—terminal fusion of Cdh2AC to mCherry.

pCS2+ Cdh2A2-4AC-mCherry-pA: Ectodomains 2-4 were deleted by digestion with BglII to

remove bp 770 — 1845, followed by subsequent re-ligation of both vector arms.

pCS2+Cdh2ECA2-4AC-EosFP-pA: mCherry of vector pCS2+Cdh2A2-4AC-mCherry-pA
was excised as Sall/ Asp718 fragment and dEosFP (Shaner et al., 2004) ligated into these

sites.

pBSK+8xHSE:MCS-pA: The vector pBSK+pA-GFP:8xHSE:MCSpA (Bajoghli et al., 2004)
allows for bi-directional activation of GFP and a target gene by the inserted 8 repeated
heatshock-binding elements that activate bi-directional gene expression upon heat stress. To
generate a unidirectional activator cassette, the GFP was excised by Sall restriction,

followed by subsequent re-ligation of both vector arms.

pBSK+8xHSE:Cdh2AN-mCherry-pA: Cdh2AN-mCherry-pA was excised from
pCS2+Cdh2AN-mCherry-pA as Stul/ Notl fragment. The vector pPBSK+ 8xHSE:MCSpA
was subsequently opened using EcoRV and Notl restriction sites and Cdh2AN-mCherry-pA

was ligated as blunt/ Notl fragment into this vector.

pBSK+8xHSE:Cdh2ECA2-4AC-mCherry-pA: Cdh2ECA2-4AC-mCherry-pA was excised as
BamHI/ Notl fragment and ligated into the same sites of pBSK+ 8xHSE:MCS.
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pBSK+8xHSE:Cdh2ECA2-4AC-EosFP-pA: Cdh2ECA2-4AC-EosFP-pA was excised from
pCS2+ as Asp718/blunt and BamHI fragment. pPBSK+ 8xHSEMCS-pA was opened using
Notl/ blunt and BamHI restriction sites, thereby removing the polyA sequence. Cdh2ECA2-
4AC-EosFP-pA was subsequently ligated into the vector as BamHI/ blunt-fragment.

pBSK-1xUASEI1b:Centrin2-tdTomato: The Centrin2tdTomato fragment was excised from
pCS2+ using HindIIl/ blunt and EcoRI and ligated into the EcoRI/ SnaBI sites of pBSK-
IXUASEI1b (M. Distel & R.W. Koster, unpublished).

All final constructs were sequenced using either of the following services: GSF Sequencing

service, Sequiserve and MWG.

2.1.8.4 Plasmids used for RNA and DNA injections

Plasmid name RNA DNA Reference
injection injection
pCS2+Cdh2-pA X M.Hammerschmidt
pCS2+Cdh2AN-mCherry-pA X see 2.1.8.3 for plasmid
construction
pCS2+Cdh2A2-4AC-mCherry-pA X X see 2.1.8.3 for plasmid
construction
pCDNA3 lynGFP-pA X Jack Horne
pCS2+KalTA4-pA X R.W. Koster, unpublished
pBSK-tub-GVP-Uunc-pA X (Koster and Fraser, 2001)
14xUASE1b:Cdh2-EGFP-pA X (Jontes et al., 2004)
pBSK-1xUASE1b:centrin2-tdTomato- X M. Distel, unpublished
PA
pBSK+8xHSE:Cdh2AN-mCherry-pA X see 2.1.8.3 for plasmid
construction
pBSK+8xHSE:Cdh2A2-4AC- X see 2.1.8.3 for plasmid
mCherry-pA construction
pBSK+8xHSE:Cdh2A2-4AC-dEosFP- X see 2.1.8.3 for plasmid
pPA construction

Table 3 Plasmids used for RNA and DNA injections into zebrafish embryos
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2.1.9 Primers used for amplification of specific zebrafish cDNAs by RT-PCR

Gene NCB Isolation | Primer Primer sequence
accession from name
number
ofap 1p 5" CGC GAG GTG GAC AGG
GTG ATG GGG CTG 3’
Gfap BC091942 Adult
brain fa0 1o 5 CCA GGG CCA GTT TGA
gtap CAT TGA GCA GAT 3’
vimentinup | 5 GAG CTT CAA CAA TAA
A AAC 3’
Vimentin | BC091942 Adult CCC GCA AAC
brain e 5" TGG ATC TTC AGT GCC
vimentin o\ oG GGT TCA 3°
. 5TTG GAT CCA TGG CGT
_ Cloned by M. | ) qyi¢ centrin2 up | oG GCT TCA GGA A3
centrin2 | Distel brain 5TTT CTA GAT CAG TAC
blished -
unpubiishe centrin lo AGA TTG GTT TTC TTC3’
5" TAC TCG AGA TGT CTT
Stx up TTG AAT TCC GAA TAC TGA
Stx 3
(si8siarr) | Y0462 S4hpf 5" TAT CTA GAT CAT GTA
stx 1o GGA GGT TTG CAT GGT CCC
37
Cstup 5" TCT CGA GAT GCG GCT
Dt TTC ACG 3’
(sessiarv) | P73 S4hpf i 5" TAG ATT AAG TTG ATG
p TGC ATT TAG ATG TC 3’
Ncad a long | 5> ATC AGT GCC AGA GAG
cadherin-2 | AF418565 24hpf up AGA CGG AGG AAC GA 3’
Ncad d long | 5° GCG GGA TTG GTT GTA
down CTC GTT CTC GGT GA 3’

Table 4 Oligonucleotides for zebrafish cDNA amplification.

2.1.10 Fluorescent dyes

Bodipy Ceramide (F1 C5) (Molecular Probes)

Dil (Invitrogen)

Rhodamine-dextran 10,000MW (Molecular Probes)

TOPRO (Molecular Probes)

Acridine Orange
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2.1.11 Bacteria strains for plasmid amplification
DH5a
Top10 (Invitrogen TA-cloning kit)

XL1Blue

2.1.12 Cell culture

Zebrafish PAC2 embryonic fibroblast cells (Chen et al., 2002)

2.1.13 Fish strains

Wild type AB strain (ZFIN)

Wild type brass strain (EkkWill Waterlife Resources, Gibbonston, FLorida)
pacR2.10 mutant strain (Lele et al., 2001)

gata-1:GFP (strain781) (Long et al., 1997)

2.2 Methods

2.2.1 Molecular biology
2.2.1.1 Transformation of plasmids into bacteria

For transformation of DNA into bacterial cells, -80°C frozen cells were thawed on ice for
10 min and 100ng-1ug of plasmid DNA added to 50ul bacteria. The mixture was incubated
30 min on ice, while swirling the tube every 15 min to allow for binding of plasmids to
bacterial wall. The bacteria were then heatshocked at 42°C for 1 min to induce plasmid
DNA uptake by bacteria and immediately placed on ice, allowing to cool down the cells for
1 min. The bacteria were transferred into 500ul Luria Bertani (LB) medium and incubated
by shaking with 250rpm for 30 min - 1h at 37°C to allow transformed bacteria to express the
antibiotic resistance gene. The cultures were subsequently plated onto 20ml LB agar in Petri
dishes, containing antibiotics according to the plasmid resistance and incubated 12-16h to

allow bacteria colonies to grow.
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2.2.1.2 Mini preparations for plasmid DNA isolation from bacteria

For preparations of small amounts of purified plasmid DNA for analytical purposes, 3ml
of plasmid-containing bacteria in LB medium were incubated with respective antibiotics in
37°C, shaking at 250rpm overnight. Initial steps of plasmid isolation were performed using
Macherey-Nagel buffers (see 2.1.4). First, bacterial cultures were transferred into 2ml tubes
and pelleted by centrifugation at 10,000rpm for 10 min. The supernatant was decanted and
pellets were re-suspended in 200ul S1 (RNase-containing buffer). After complete re-
suspension of the pellet, 200u1 S2 lysis buffer was added and incubated for 5 min to allow
bacterial walls to be broken down, thus releasing its plasmid DNA content. Subsequently,
300u1 of S3 buffer was added to precipitate the bacteria debris. The debris was removed by
centrifugation and the supernatant transferred into a fresh 2ml tube. Typically, the
centrifugation step was repeated to remove remaining protein. Then 500x1 Isopropanol was
added to precipitate the DNA, followed by centrifugation at 4°C and 13,000rpm for 30 min.
The supernatant was decanted and the pellet washed with 70% ethanol, followed by
centrifugation at 4°C and 13,00rpm for 20 min. The DNA was finally air-dried and re-
suspended in 30u1 ddH,0.

2.2.1.3 Maxi preparations for plasmid DNA isolation

For preparations of large amounts of purified plasmid DNA, 200ml of plasmid-containing
XL1Blue, DH5a or ToplO bacteria in LB medium were incubated with respective
antibiotics, either 100ug/ml of Ampicillin or 50xg/ml Kanamycin at 37°C, shaking with
250rpm, overnight. Isolation of plasmids from bacteria cultures was performed using the

NucleoBond PC100/500 kit (Macherey-Nagel) according to the manufacturer’s protocol.

2.2.1.4 DNA gel electrophoresis

Agarose gel electrophoresis takes advantage of the negative charge of DNA and thus
through the application of a current DNA fragments can be separated according to their
molecular weight. For gel electrophoresis, DNA (100-200ng for analytical purposes) or 1-
10ug (for preparative purposes) was diluted 5:1 in 6x loading dye and loaded together with a
1kb standard DNA ladder (MBI Fermentas) onto 0.8% - 2% agarose gels. The gels were run
at 100-140V in 1x TAE buffer using Amersham and Shelton Scientific gel chamber systems.

Following electrophoresis, the gels were incubated in 1XTAE buffer containing 1xg/ml
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ethidium bromide for 30 min. DNA fragments containing intercalated ethidium bromide

were visualized by UV light at 254 nm and documented on the Herolab gel system.

2.2.1.5 DNA gel extraction

DNA fragments of desired size were excised from agarose gels and transferred into a
fresh 2ml tube. The slices were extracted according to the manufacturer’s protocol using the

Gel Extraction kit (Eppendorf).

2.2.1.6 Purification of DNA fragments from restriction digests or PCR reactions using

kits

For purification of digested DNA fragments or PCR products either the Nucleotide
Removal kit or QIAquick PCR Purification kit (QIAGEN) was used, according to the

manufacturer’s protocol.

2.2.1.7 DNA precipitation

Alternatively, DNA fragments were purified by precipitation as follows: 1/2 volume 5M
NH,OAc and 3 volumes 100% ethanol were added to the DNA sample and mixed by
pipetting. The reactions were incubated overnight at -20°C for precipitation. The samples
were pelleted by centrifugation, the supernatant decanted and the pellet washed with 500u1
70% ethanol. Following 20 min of centrifugation at 4°C, the DNA was air-dried at 37°C for

20 min. The pellet was re-suspended in ddH,0O.

2.2.1.8 DNA restriction digest

For analytical digestions, typically 1pg plasmid DNA was digested with 1-5U of
restriction enzyme. For preparative purposes, typically 10ug plasmid DNA was used. Buffer
conditions were adopted from the manufacturer’s protocol. The reactions were incubated for
at least 1h at 37 °C if 1ug DNA was used, and for a minimum of 4h when 10-15ug was
digested. Success of the restriction digests was checked by gel electrophoresis using 0.5l of

digested DNA.
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2.2.1.9 DNA ligation

T4 DNA ligase catalyzes the ligation of DNA fragments. For ligation reactions typically
50ng of vector DNA was mixed with 3x the molar amount of insert DNA and 2.5U T4 DNA
ligase in a total volume of 15ul. The reactions were incubated at 16 °C overnight.
Alternatively incubation was performed at room temperature between 30 min - 4h. For TA-
cloning typically 4u1 PCR product was ligated into 1ul of pCRIITOPO vector, according to

the manufacturer’s manual.

2.2.1.10 Calculation of nucleic acid concentrations

Nucleic acid samples were diluted 1:100 in ddH,O before determining the absorbance at
260nm (A260nm) using the BioPhotometer (Eppendorf). The absorbance of one unit single-
stranded RNA at 260nm corresponds to 40pg/ml (A260 = 1 unit = 40ug/ml) and the
absorbance of one unit double-stranded DNA at 260nm corresponds to 50ug/ml (A260 =1
unit = 50pg/ml). Therefore, the RNA and DNA concentrations were calculated by using the
formula A260 x dilution factor (100) x 40 (RNA)/ or x 50 (DNA) = ug/ml.

2.2.1.11 Polymerase chain reaction (PCR)

For amplification of DNA fragments from isolated cDNA or plasmid DNA the following

reaction was prepared:

50ng DNA template

Sul 10x PCR buffer

5-Tul 2mM dNTP mix (Fermentas)
Spul 25mM MgCl, (Fermentas)
2ul each primer (50pmol/ul)

1ul DNA-Polymerase

Ad50ul  H,O

The PCR conditions were chosen according to the primers and template lengths used. In
general, DNA was first denatured at 94°C. The temperature for primer annealing is
dependent on the melting temperature of the oligonucleotides and was therefore determined
empirically. Usually 45 sec were sufficient for annealing. Elongation was performed with

DNA-Polymerase at 72°C for 1 min/kb fragment length. Typically Taq Polymerase (MBI
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Fermentas) was used for PCR reactions that did not depend on the proof reading capacity of
the polymerase. For cloning procedures, where point mutations were not desired,
polymerases with proof-reading activity such as Pfu Ultra II, Pfu Turbo and EasyA
(Stratagene) were used. All PCR reactions were performed using the MJ Research

Thermocycler PTC-100.

2.2.1.12 Removal of 5’ overhangs

To fill in 5° overhangs produced by restriction digestion of plasmid DNA with 5’ cutting

enzymes the following reaction mixture was prepared:

Restriction digest (not purified)

1x Klenow buffer (Roche)

20uM each ANTP

1U Klenow DNA polymerase (Roche)

The reaction was incubated 15 min — 30 min at 37°C and purified using either DNA

precipitation or the QIAGEN Nucleotide Removal kit.

2.2.1.13 Dephosphorylation of vector DNA

To prevent re-ligation of vector arms after blunt-end or single enzyme digestions, the
DNA was typically dephosphorylated using calf intestinal phosphatase (CIP). First, the
reaction was purified to remove salts, using the QIAGEN Nucleotide Removal kit. Then,

dephosphorylation was performed as follows:

linearized DNA

1x Phosphate buffer (Roche)
1-2ul CIP (Roche)

Ad ddH,O

The reaction was incubated for 30 — 45 min at 37°C and the reaction purified either by DNA
precipitation or using the QIAGEN Nucleotide Removal kit.
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2.2.1.14 cDNA preparation from zebrafish by RT-PCR

For generation of zebrafish embryonic or adult brain cDNA, about 100 embryos or 10
adult brains were pooled and transferred into a 15ml Falcon tube. Sml TRIzol (Invitrogen)
containing water-saturated phenol was added and the tissue homogenized. 2.5ml of
chloroform (CHCI,) was added to separate phases by vigorously mixing the tube for 15 sec.
This solution was incubated at room temperature for 3 min, followed by centrifugation for
30 min at 5,000rpm at 4°C to separate the aqueous phase, containing the RNA. The RNA
was transferred into fresh 2ml tubes for precipitation with 1ml Isopropanol. Samples were
incubated 10 min at room temperature and then pelleted by centrifugation at 10,000rpm for
20 min. The supernatant was discarded and the pellet washed with 75% Ethanol, followed
by centrifugation at 10,000rpm for 20 min. The pellet was air dried for 5 min at 37°C and
dissolved in RNase-free water. Genomic DNA was removed by digestion with 1x1 DNase at
37°C. The reaction was heat-inactivated at 65°C for 10 min and subsequently purified using

the QIAGEN RNeasy Mini kit. The isolated DNA-free RNA was stored at -80°C.

Reverse transcription of whole embryo and adult brain RNA was performed using the

following conditions:

2ul random hexamer primers (Promega) together with 5ul freshly isolated RNA were

denatured by incubation at 70°C for 5 minutes. Then, a mixture containing

10ul 5x SSII reverse transcriptase buffer (Invitrogen)
Sul DTT (Fermentas)

1ul RNase-Inhibitor (RNasin) (Promega)

0.2ul 100mM dNTP mix

1ul SSII superscript enzyme (Invitrogen)

Ad 50u1 ddH,0

was added, and the reaction incubated at 42°C for 60 — 90 min to reverse transcribe cDNA
from isolated RNA. The enzymatic reaction was inactivated by incubation at 70°C for 10
minutes. Subsequently, the cDNA was purified using the DNA precipitation method (see
2.2.1.7). The amplified cDNA was stored at -20°C or immediately used for PCR
amplification (2.2.1.11).
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2.2.1.15 Transient gene expression using heatshock induction

For transient control of gene expression a heatshock-inducible system was used (Bajoghli
et al., 2004). This system is based on stress-inducibility of endogenous heatshock proteins,
by binding of heatshock factors (HSF) to the heatshock response elements in the promoter of
heatshock proteins upon heat stress, thus activating transcription. These heatshock response
elements contain several short binding sequences, which have been optimized to allow for
temporary transcriptional activation of genes of interest, either transiently injected or stably
integrated into the zebrafish genome. The heatshock promoter used in this study consists of
eight multimerized heat shock elements (HSE) with the idealized sequence
AGAACGTTCTAGAAC, being alternately separated by 3 and 6 bp, followed by a CMV
minimal promoter on either side. For heatshock-dependent gene transcription, the genes of
interest were cloned behind the HSE promoter (see 2.1.8.3) and heatshock-inducible plasmid
DNA was injected into 1-cell stage zebrafish embryos (see 2.2.4.5). To activate transcription
at 48hpf, the embryos were transferred into 4-well plastic dishes and covered with 30%
Danieau/PTU medium. The dishes were sealed with Parafilm and placed into a 40°C pre-
heated water bath for 1h. The embryos were subsequently transferred to a 28°C incubator for
a minimum of 2h until protein expression was observed. To maximize gene expression this

heatshock procedure was repeated once at 51hpf.

2.2.2 Protein techniques
2.2.2.1 SDS-Polyacrylamide gel electrophoresis (PAGE)

For analysis of Cadherin-2 expression, embryonic protein extracts were prepared from
pooled embryos of each wild type, pacR2.10 and pac-/-R. Following addition of protease
inhibitor, samples were dissolved in 1x SDS sample buffer and denatured at 94°C for Smin.
10u]1 sample and 2ul SeeBlue pre-stained protein standard (Invitrogen) for estimation of
protein sizes were loaded onto 10% tris-glycine acrylamide pre-cast gels (Invitrogen) and
run at 100-140V using the XCell SureLock system (Invitrogen). After completion, gels were

prepared for western blotting.

2.2.2.2 Western blotting

Following SDS-PAGE, gels were blotted onto PVDF membrane (BioTrace) using the

XCell II blotting module according to the manufacturer’s manual (Invitrogen). To check
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transfer efficiency, blotted gels were subsequently stained with Coomassie Blue staining
solution (BioRad) for 1h and de-stained with 7 % acetic acid. To detect blotted protein
samples, PVDF membranes were blocked with 5% skim milk in 1xTBS/ 0.1%Tween-20
(TBST) for 1h and probed with primary mouse anti-cdh2 MNCD?2 antibody (1:1000) at 4°C
overnight (see 2.1.6). Following overnight incubation the membrane was washed 5 times in
5% skim milk/TBST for 15min each. The membrane was subsequently probed with the
secondary antibody anti-mouse IgG conjugated to horseradish peroxidase (HRP) at a 1:1500
dilution in 5% skim milk/TBST, at room temperature for lh, rocking. After 5 repeated
washes in 5% skim milk/TBST for 15min each, the blotted membrane was developed using
the ECL Detection system (Amersham, BD Biosciences), according to the manufacturer’s
protocol. Kodak x-ray film was used for development in the AGFA Curix 60 developing
machine. The membranes were stripped and processed for control antibody detection using
rat anti-Tenascin (1:1000) (see 2.1.6 for antibodies) and secondary anti-rat-HRP (1:1500,

Dianova) antibodies.

2.2.3 Cell culture
2.2.3.1 Maintenance of zebrafish PAC2 fibroblast cells

PAC?2 zebrafish fibroblast cells (Chen et al., 2002) were maintained at 30°C in L-15
medium (Leibovitz's, PAA), supplemented with 6ml non-essential amino acids, 6ml
penicillin/streptavidin and 75ml fetal bovine serum. To prepare cells for transfection PAC2
cells were washed in 10ml cold Dulbecco’s 1x PBS and lysed with 1ml Trypsin-EDTA.
Subsequently, 9ml L-15 medium was added and cells were transferred into a 50ml Falcon
tube for centrifugation at 2,500rpm for 2min. The supernatant was decanted and cells re-
suspended in 5ml L-15 medium. The cells were then quantified using a Double Neubauer
counting chamber and about 1x10° cells were plated per well using 6-well plastic dishes,
containing ethanol-purified glass cover slips. Alternatively, the glass cover slips were pre-
treated with 32% HCI to enhance the adherens of cells. PAC2 cells were allowed to reach

70% confluence before transfection.

2.2.3.2 Nanofectin transfection of PAC2 fibroblasts

Transfection was performed according to the Nanofectin kit protocol (PAA). Briefly, for

one transfection reaction S5ug DNA (pCS2+ Cdh2AEC2-4AC-EosFP, see 2.1.8.3 for plasmid
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construction) was diluted in 250u1 diluent. In a second tube, 16u]1 Nanofectin was diluted in
2501 diluent. The Nanofectin solution was subsequently added to the DNA solution and the
reaction mixed by vortexing. The reaction was incubated for 30 min at room temperature to
allow for the formation of liposomes and 500ul of this mix was subsequently added to one
well of a 6-well dish containing adhering PAC2 cells. The dish was swirled for mixing and
then incubated at 30°C for at least 12h. Before imaging cells were washed with fresh L-15
medium to remove Nanofectin. The cells were kept in darkness to prevent photo-conversion

of dEosFP.

2.2.4 Zebrafish manipulations
2.2.4.1 Fish maintenance and strains used

Raising, spawning, and maintaining of zebrafish lines was performed as described
(Kimmel et al., 1995, Westerfield, 1995). Wild type fish of the brass strain were used for
microinjections, embryonic in situ hybridizations and immunohistochemistry. Wild type
fish of the AB strain were used for in sifu hybridization on adult paraffin sections. For
analysis of Cadherin-2, heterozygous mutant fish of the parachute (pacR2.10) strain (Lele et
al., 2002) were crossed into homozygous fish of the stable transgenic gata-1:GFP line (strain
781) (Long et al., 1997). For transplantation experiments, embryos of the brass strain, the
gatal:GFP transgenic line and the pacR-/- gatal:GFP mutant transgenics were used.

Embryos of the brass strain were used for single cell electroporation.

Terminology: Embryos resulting from crosses of pacR2.10 and gata-1:GFP transgenic
fish are named pacR2.10 gatal:GFP in this study; rescued mutant embryos of pacR2.10
gatal:GFP are named pac-/-R gatal:GFP.

2.2.4.2 Tail clip genotyping of parachute R2.10 embryos

For RNA isolation, a small portion of embryonic tail was removed from anesthetized
embryos at 24hpf using a razor blade, and transferred into 2ml tubes. The tails were quick-
frozen using liquid nitrogen and stored at —80°C. To prepare RNA from single tails, the
tissue was thawed to room temperature and dissolved in 50l TRIzol by pipetting. Another
350ul TRIzol was added, and after mixing 200u1 Chloroform was added. The solution was
vigorously shaken for 15 sec and incubated at room temperature for 3 min before

centrifugation at 10,000rpm and 4°C for 15min. The aqueous phase was transferred into a
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fresh 1.5ml tube and 50ul Glycogen (5mg/ml Ambion) as carrier was added, before the
addition of 200yl Isopropanol. Samples were incubated 10 min at room temperature for
precipitation and then pelleted by centrifugation at 10,000rpm for 30 min. The supernatant
was discarded and the pellet washed with 75% Ethanol, followed by centrifugation at
10,000rpm for 20 min. The pellet was air dried for 5 min at 37°C and dissolved in 22ul
RNase-free water. To digest genomic DNA, the re-suspended sample was incubated with
1u1 DNase at 37°C for 15 min and subsequently the DNase was inactivated at 65°C for 10

min. 11yl of this solution was immediately used for RT-PCR:

11ul of non-purified isolated RNA and 1ul random hexamer primers were mixed by
pipetting at room temperature without centrifugation and then pre-annealed by incubation at
70°C for 5 min. The reaction was incubated at 25°C for 5 min to cool the reaction down and
to allow the primers to anneal. Meanwhile, the reverse transcription mixture was prepared as

follows:

10p1 5x SSII reverse transcriptase buffer
Sul DTT

1ul RNase-Inhibitor

0.2ul 100mM dNTP mix

1ul SSII superscript enzyme

Ad 501 ddH,0

This mixture was added to the denatured and pre-annealed RNA and cDNA synthesized as

follows:

42°C - 60 minutes for extension
70°C - 10 minutes for inactivation of the reverse transcriptase

8°C for storage in PCR cycler

The synthesized cDNA was thereafter stored at -20°C for long-term storage or immediately
used for PCR.
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To subsequently PCR amplify cadherin-2 transcripts, the following PCR reaction was

prepared:
11l template tail cDNA
101 5x Taq buffer
0.2ul 100mM dNTP mix
Sul 25mM MgCl,
1ul forward primer Ncad a long (50pmol/ul) (Lele et al., 2002)
1ul reverse primer Ncad d long (50pmol/ul) (Lele et al., 2002)
0.5ul Taq Polymerase (Fermentas)
Ad 50u1 ddH,0

The PCR conditions were further set as follows and splice transcripts amplified.

Step Cycles Temperature Time

1 1 94°C 5 minutes

2 2-39 94°C 30 seconds
2-39 47°C 45 seconds
2-39 72°C 1 minute

3 40 72°C 10 minutes

4 41 8°C storage

Table 5 PCR conditions for genotyping of wild type and pacR2.10 alleles

PCR products were separated according to their different sizes using 15% TBE gels
(Invitrogen) at 100V for 30 min in 1xXTBE buffer. The gels were subsequently stained in
IXTBE buffer containing 1pxg/ml ethidium bromide and visualized by UV light using the

Herolab gel documentation system.

2.2.4.3 Synthesis of capped mRNA for microinjection into zebrafish embryos

For capped mRNA synthesis from pCS2+ plasmids, typically 10ug DNA was digested
with 3ul Notl for linearization at 37°C for 2h. The digest was checked for completion by gel

electrophoresis on a 1% agarose gel and the transcription template subsequently purified

48



Materials & Methods

using the QIAGEN Nucleotide Removal kit. In vitro synthesis of capped mRNA was
performed using the Ambion mMESSAGE mMACHINE® SP6 Kit according to the
manufacturer’s protocol. Briefly, Sul of linearized DNA template, 10ul 2x NTP/CAP, 2ul
10x reaction buffer, 1ul nuclease free water and 2ul Enzyme Mix was mixed. The reaction
was incubated at 37°C for 4h to allow for synthesis of capped mRNA, after which the DNA
template was digested by treatment with 11 DNase (Roche) for 15 min. Capped mRNA was
subsequently purified using the QITAGEN RNeasy Mini kit and dissolved in 25ul RNase-free
water. The efficiency of RNA synthesis was checked on a 1% agarose gel. For this, 1ul
capped mRNA was diluted in 4ul of 5x RNA loading dye (Ambion) and run at 100V for 30
minutes. The concentration of the mRNA was further determined using the BioPhotometer

(see 2.2.1.10)

2.2.4.4 Preparation of plasmid DNA for microinjection into zebrafish embryos

For microinjections, purified plasmid DNA was re-purified using the GeneClean Turbo
kit (Q-BIOgene) according to the manual. Briefly, 15ug DNA was diluted with 5 volumes of
TurboSalt solution and allowed to bind to the column during 5 sec of centrifugation at
10,000rpm. The flow-through was decanted and 500y1 wash buffer applied. The wash buffer
was removed by centrifugation at 10,000rpm for 5 sec and a dry spin was performed for 5
min. The DNA was eluted from the column with 30x1 ddH,O for 1 min at room temperature
and subsequently centrifuged at 10,000rpm for 1 min. Centrifugation of the eluted DNA was
repeated at 10,000rpm for 6 min to pellet column debris. The DNA concentration was

subsequently determined photometrically (see 2.2.1.10).

2.2.4.5 Microinjection into zebrafish embryos

First, Imm OD filamentous glass microcapillaries (Harvard Apparatus) were pulled to
generate tips of 1-3um diameters, using a vertical needle puller (Narishige). For vital
injections, about 1-2nl of 50ng/ul (50-100pg/embryo) purified plasmid DNA (see 2.2.4.4) in
ddH,O containing 0.02%PhenolRed was injected into 1-cell stage embryos. For injections of
capped messenger RNA 50-100ng/ul (50-200pg/embryo) of mRNA (see 2.2.4.3) in ddH,O
containing 0.02%PhenolRed was injected into 1 to 64-cell blastula stage embryos. For

injection of KalTA4/UAS DNA construct, injection concentrations were lowered to a final
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DNA concentration of 50ng/ul. For this, about 15-30pg of activator DNA was co-injected
with 25-50pg of effector DNA.

2.2.4.6 Temporal rescue of parachute R2.10

To rescue the neurulation defects in pacR2.10 embryos, caused by a lack of functional
Cadherin-2, about 1.5nl of 35ng/ul (approx. 70pg) wild type cadherin-2 mRNA was injected
into early 1-cell stage embryos (see 2.2.4.5). Embryos being rescued for their neurulation
defects were generally identified between 24 and 36hpf and judged based on their
morphological appearance (see Fig. 3.7C, compare to A and B). For example, pac-/-R
embryos were identified as mutants if both cerebellar primordia were abutting each other at
the dorsal midline indicating their proper neurulation. In addition, mutant embryos having
wild type appearing cerebelli often showed an inflation of the hindbrain ventricle, containing

loose cell aggregates, which is typical of the parachute mutant phenotype.

2.2.4.7 Genetic mosaic analysis by single cell transplantation

Donor embryos were injected with rhodamine-dextran 10,000MW (Molecular Probes) at
the 1-cell stage. Transplantation needles without filament at lmm OD were pulled using a
horizontal needle puller (Narishige). Embryos were dechorionated at the 4 to 16-cell stage,
using Pronase (Roche) and placed dorsal side up into 1.5% agarose/ 30% Danieau molds.
The embryos were kept in 30% Danieau/ 1% pen/strep during all steps. For transplantations
of wild type donor gatal:GFP into wild type acceptor or pac-/-R gatal:GFP donor into wild
type acceptor embryos, a small group of sphere-stage cells was transferred between the
animal poles of both embryos. Embryo pairs were screened at 24hpf to identify homozygous
pacR2.10 donor and the respective acceptor embryos. The transplantation efficiency was

furthermore monitored by incorporation of rhodamine-labeled cells into acceptor embryos.

2.2.4.8 Electroporation

Electroporation allows for the delivery of charged molecules, such as nucleic acids into
cells. Application of a brief high voltage pulse from the outside of the plasma membrane
induces sufficient transmembrane potential to disrupt the electrostatic forces maintaining the
lipid bilayer structure. This causes temporarily the formation of small pores in the cell

membrane. DNA and other charged molecules are then electrophoretically transferred into
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the cell through these pores. Following pulse termination, pores reseal over 10s to 100s of

ms (Tawk and Clarke, UCL).

To electroporate Cadherin-2 expression constructs into single cells of the upper rhombic
lip at 48hpf, a pulled filamentous glass microcapillary with Imm OD was filled with
100ng/ul purified plasmid DNA in 0.01% Fast Green (Sigma)/H,O. A silver wire
microelectrode (World Precision Instruments) was inserted into the capillary, serving as
anode. The electrode was secured onto a microinjection holder (Narishige) and connected to
the ECM810 electroporator (BTX). The tip of the glass needle was subsequently tapped to
produce an opening of about 1xm. Embryos were embedded in 1.2% ultra-low gelling
agarose/30% Danieau/PTU/0.01%Tricaine, such that their dorsal side was facing-up. The
electrode-containing needle was then placed adjacent to the neuronal progenitor cells in the
URL. The cathode, which was prepared from a platinum wire, was positioned next to the
embryo in direction of the desired DNA flow. To introduce plasmid DNA into single cells, 7
square pulses of 600us length each, paused by 100 ms between each pulse were given in at
least two repetitions using 255V. Embryos were subsequently excised from the agarose and

allowed to recover in 30%Danieau/PTU for 8h before time-lapse recordings.

2.2.4.9 Enzymatic removal of endogenous PSA

Polysialic acid (PSA) can be enzymatically degraded by treatment with EndoN. For
removal of PSA from the embryonic nervous system at 33hpf, embryos were anesthetized
with 30% Danieau/PTU/Tricaine and embedded in 1.2% ultra-low gelling agarose with their
dorsal side facing up. A pulled filamentous needle filled with 100ng/ul purified EndoN in
1xPBS was inserted into the fourth ventricle of the hindbrain and about 1-3nl of enzyme was

injected. The embryos were allowed to recover at 28°C.

2.2.4.10 Fluorescent dye labeling of zebrafish embryos

The lipophilic dye Bodipy Ceramide (F1 C5) (Molecular Probes) was used to outline
plasma membranes, while TOPRO (Molecular Probes) was used to label cell nuclei of fixed
embryos. Both dyes were dissolved in DMSO to make 1mM stock solutions, and stored at
—20°C until use. Embryos were fixed in 4% PFA/PBST, washed 3x in 1xPBST and
dechorionated before staining. Embryos were soaked overnight in 1:1000 dilutions of either

dye in 1xPBST and washed three times in 1xPBST to remove excessive dye before
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processing for imaging. Images were captured on the Zeiss inverted LSM510 Meta, using

the Plan-NeoFluar 20x objective.

To label glial fibers emanating from the upper rhombic lip, a sharpened tungsten needle
with Dil crystals (Invitrogen) at the tip was applied to the embryonic URL at 32hpf to mark
individual cells or cell clusters. The lipophilic dye was allowed to bind to the plasma
membrane for 16 hours and embryos were imaged at 48hpf using the Zeiss LSM510 Meta

and 40x objective.

2.2.4.11 In-situ hybridization
2.2.4.11.1 Synthesis of RNA for in-situ hybridization

Antisense riboprobes were generated from linearized DNA template and labeled by
digoxigenin incorporation using the DIG RNA-Labeling mix (Roche), according to the
manufacturer’s protocol. The DNA template was subsequently digested with 1x] DNase at
37°C for 15 min and DIG-labeled RNA was purified using the QTAGEN RNeasy Mini kit,

according to the manufacturer’s protocol.

2.2.4.11.2 Paraffin embedding and sectioning of adult zebrafish brains

To prepare adult brain paraffin sections, 9-month brains were fixed in 4% PFA/PBST for
4h at 4°C and dehydrated in an ethanol series of 70%, 90%, 95% and twice 100% for 10 min
each step. The brains were then incubated in 100% Xylene for 7-8 min until almost clear and
infiltrated with fresh paraffin. The brains were incubated in paraffin at 65°C overnight and

blocks were prepared for sectioning. Sections of 8um were subsequently cut on a microtome

(MICROM 355S) and mounted onto frosted glass slides.

2.2.4.11.3 Whole-mount in-situ hybridization

Embryos were fixed in 4% PFA/PBST overnight at 4°C and subsequently washed 3x
with 1xPBST. Embryos were dechorionated and dehydrated in 100% methanol. This was
followed by storage of the embryos in 100% fresh methanol at —20°C for a minimum of 24h.
Following re-hydration by using a series of 75, 50, 25% methanol/PBST, embryos were
washed 3x in 1xPBST for 5 min each. Embryos were digested with 10xg/ul Proteinase K for

10-30 min, depending on the developmental age of the fixed embryos. The reaction was
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stopped by incubation in 20ug/ul freshly prepared glycine/PBST. Embryos were fixed again
in 4% PFA/PBST for 20 min and washed 3x in 1xXPBST. Embryos were transferred into 1ml
Hyb-mix and pre-hybridized in a pre-heated water bath at 57°C for 1h. The digoxigenin-
labeled RNA probes were denatured at 94°C for 10 min and added to the pre-hybridized
embryos. Embryos were incubated with RNA probes at 57°C, overnight. Next day, embryos
were washed at 57°C for 45 min each in the following order: 2x in 2xSSCT/
50%Formamide, 1x in 2xSSCT and 2x in 0.2xSSCT. For subsequent blocking, 10% normal
goat serum (NGS)/PBST was added and embryos were incubated 1h at room temperature,
agitating. Following the blocking step, embryos were incubated with a 1:2000 dilution of
anti-DIG antibody (Roche) conjugated to alkaline phosphatase (AP) in 10%NGS/PBST at
4°C overnight. Embryos were washed 6 x 15 min in 1xPBST the next day. For staining,
embryos were first equilibrated 2x 5 min in staining buffer and then incubated in substrate
solution for the color reactions to develop (see 2.1.3.3). Stained embryos were washed 3x in
I1xPBST and subsequently incubated in 90% glycerol before preparation of flat-mounts.
Pictures of mounted embryos were recorded using the Zeiss Axioplan2 and Axiocam HRc
camera. For transverse sections, embryos were kept in 1XxXPBST and then processed for

vibratome sections.

2.2.4.11.4 In-situ hybridization on adult paraffin-embedded brain sections

Before ISH, sections were re-hydrated in order: 100% Xylene for 5 min, followed by a
graded ethanol series of 100% 95%, 90%, 70% and 3 final washes in 1xPBS, for 10 min

each.

The in-situ hybridization procedure for paraffin sections was similar to whole-mount
ISH, except that slides were kept in a Tupper ware box, serving as humidity chamber during
RNA hybridization at 69°C and antibody incubation in an ISH oven. Tween-20 was omitted
from all buffers except for the Hyb-mix. Stained sections were photographed using the Zeiss

Axioplan2 equipped with an Axiocam HRc camera.

2.2.4.11.5 Vibratome sections

For transverse sectioning of embryos after whole-mount ISH, embryos were embedded in
5% agarose/ 1xPBS. Sections of 20-50um were cut on a vibratome (MICROM HM650V),

equipped with standard razor blades.
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2.2.4.12 Immunohistochemistry

For re-hydration, embryos stored in 100% methanol were transferred into 100% acetone
and incubated for 7 min at —20°C. Embryos were subsequently washed 2x in ddH,O for 1
minute each, followed by three washes in 1XPBS/ 1%Triton-X100 (PBSTr). Subsequently,
embryos were blocked with 10% NGS/PBSTr for 1 hour at room temperature, agitating and
then incubated with primary antibody in 10% NGS/PBSTr at 4°C, overnight. Next day,
embryos were washed several times in PBSTr for 45 min each, followed by incubation with
secondary antibody in 10% NGS/PBSTr at 4°C, overnight. For GFP and BLBP
immunostaining, the fluorescence-coupled antibodies anti-rabbit IgG conjugated to Cy-2
and anti-mouse IgG conjugated to Cy-5 were used at 1:1000 dilutions (Dianova). For
secondary detection of PSA-NCAM by DAB, anti-mouse IgG conjugated to HRP (Dianova)
was used at a 1:300 dilution. For the DAB color reaction, embryos were washes 5 times in
1xPBST for 45 min each and subsequently incubated in staining solution (see 2.1.3.5) for 15
min, while shaking at room temperature. The solution was then exchanged by DAB staining
solution and embryos were incubated for 30 min at room temperature. Subsequently, 20u1
0.3% H,0, in ddH,O was added to the solution and the color reaction was allowed to
develop in the dark. After sufficient staining of the embryos the reaction was stopped by
replacing the DAB staining solution with 1xPBST. The embryos were subsequently washed

5 times in 1xPBST at room temperature for 15 min each and stored at 4°C.

For fluorescence immunolabeling, embryos were washed 8 times in 1XPBST for 45 min
each, after incubation with secondary antibodies. For long-term storage of fluorescently
labeled embryos, the fluorescence was fixed by incubation in 4% PFA/PBST for 20 min and
subsequently washed 3 times in 1XPBST for 5 min each. Embryos were stored at 4°C before

mounting and imaging.

2.2.4.13 Cell death analysis by acridine orange staining

Acridine orange staining was performed on living embryos at 4dpf and 5dpf using wild
type and pac-/-R specimens. Acridine orange enters dead cells when the cellular wall has
been broken and binds to nucleic acids, either electrostatically or by intercalation.
Depending on the excitation/ emission wavelengths used, both DNA and RNA can be
separated. Anesthetized embryos were soaked in 30%Danieau/PTU containing Spg/ml

acridine orange for 20 min, followed by three 1-minute washes in 30%Danieau/PTU. The
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embryos were immediately mounted in 1.2% ultra-low gelling agarose/ 30%Danieau/PTU

and scanned on the LSM510 using the 40x C-Apochromat objective.

2.2.5 Microscopy methods
2.2.5.1 Transmission electron microscopy (TEM)

Zebrafish embryos were fixed at 55hpf for 2h at room temperature in 2% PFA/ 0.2%
glutaraldehyde/PBS and washed 3x 1xPBS for 10 min each before a 1h incubation at room
temperature with post-fixative solution osmium tetroxide (see 2.1.3.7). Post-fixation was
followed by three washes in ddH,O for 10 min each. Embryos were subsequently ethanol
dehydrated in the following order: 30%, 50%, 70%, 90%, 96% for 10 min each, then 3x in
100% Ethanol for 10 min each. For the infiltration process with epon embedding medium
(see 2.1.3.8), embryos were transferred into fresh 2ml tubes and first incubated 2x with
intermediate solvent 100% propylene oxide for 20 min each, followed by incubation in a 1:1
mixture of epon embedding resin: propylene oxide for 1h. The epon embedding resin:
propylene oxide mixture was exchanged with pure epon embedding resin and embryos
incubated at room temperature, overnight. Embryos were transferred into standard flat molds
and re-oriented before polymerization at 60°C for 24 hours. Blocks were first cut into 20um
sagittal sections. The sections being close to the region of interest were stained with
toluidine blue and analyzed by light-microscopy before cutting 60-80nm ultra-thin slices
with Diamond knives (Diatom) on a microtome (Reichert Ultracut E Microtome).
Subsequently, ultrathin sections were mounted on a grid and stained in order with 0.5%
uranyl acetate for 30 min and 3% lead citrate for 2 min as contrast agents, using the Leica
Ultrastainer. Single washes with ddH,O were performed between each step. Sections were
scanned using the EM10CR transmission electron microscope (Zeiss). This protocol has

been described in detail (Rieger, 2007).

2.2.5.2 Confocal microscopy

Imaging was performed using a modified imaging chamber, which was prepared by
drilling a hole into the bottom of a small Petri dish and attaching a glass cover slip to the
hole, using silicon grease. For embedding, a drop of 1.2% ultra-low gelling agarose (Sigma)

containing the embryo was placed onto the glass coverslip. Following orientation of the
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embryo and solidification of the agarose, the imaging chamber was filled with medium to

cover the embryo in order to prevent drying out.

2.2.5.3 Time-lapse analyses settings for confocal microscope

Specimen/ | Recordings/ Section Time interval | Objective
Cell line Injected construct interval (min) C-Apochromat
(stack/single)

gatal:GFP | Chain migration 1pm (stack) 12 63x

gatal:GFP | 8xHSE:NcadAN-mCherry 1pm (stack) 12 63x

gatal:GFP | 8xHSE:Cdh2A2-4AC-mCherry 1pm (stack) 12 63x

gatal:GFP | 8xHSE:Cdh2A2-4AC-EosFP 1pum (stack) 5 63x

PAC2 pCS2+ Cdh2A2-4AC-EosFP 1pm (single) 1 40x

gatal:GFP | wild type into wild type | 3um (stack) 12 40x
transplantation

gatal:GFP | pac-/-R into wild type | 3um (stack) 12 40x
transplantation

gatal:GFP | wild type GPC migration 3um (stack) 12 40x

gatal:GFP | pBSK-1xUASE]lb:centrin2- 1pm (stack) 12 63x
tdTomato/ CMV:KalTA4

brass pBSK- tub-GVP-Uunc 3pum (stack) 12 40x

Table 6 Conditions used for time-lapse recordings of living specimens

2.2.5.4 Image processing

Digital images were processed for brightness, contrast and size using Adobe Photoshop 7.0
D and the NIH open source software ImageJ1.34s. Z-stacks from time-lapse recordings were
projected to single images for each time point. Image projections were assembled into
movies using QuickTime Player 7.2. Time-lapse imaging and analysis of results used herein

has been described in detail (Koster and Fraser, 2004).

2.2.5.5 Statistical analysis
Statistical analyses were performed, using the GraphPad software Prism 4:

Contact stabilities: For statistical quantification of contact stabilities the unpaired, two-tailed
Student t test was used. GPC pairs (n=8) for each of four independent wild type and pac-/-R

embryos were quantified.
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Length-width ratio: For statistical analyses of the LWR, wild type, pac-/-R, pacR2.10 and
non-migrating control group were analyzed by one-way ANOVA and post testing, using a

multiple comparison test.

Cell tracing, migration distance and velocity: The means of total tracked distances and

velocities were determined and the two-tailed Student’s t-test applied for statistical analysis.

Cell death analysis: Dead cells were counted in both cerebellar halves and total numbers
compared between wild type and pac-/-R. For statistical analyses, the unpaired, two-tailed

Student t test was used.
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3 RESULTS

3.1 Cadherin-2 mediates coherent and directional migration of zebrafish

cerebellar granule progenitor cells
3.1.1 Cerebellar granule progenitor cells migrate in a homotypic neurophilic manner

The gatal:GFP stable transgenic line (Long et al., 1997) expresses GFP in migrating
granule progenitor cells (GPCs) of the differentiating cerebellum starting at ~48hpf. Time-
lapse confocal microscopy revealed that GPCs migrate into distinct terminal differentiation
domains, depending on their medio-lateral positions within the upper rhombic lip (URL)
(Volkmann et al., 2007). GPCs emanating from the URL migrate towards the mid-
hindbrain boundary (MHB) and then either remain there or migrate ventrally towards the
brain stem. In order to reveal cellular and molecular mechanisms that regulate migration of
cerebellar GPCs, it was first addressed whether glial cells are present in the zebrafish
cerebellum prior to and during onset of GPC migration at 36 and 48hpf, respectively.
While migration of earlier born cerebellar neuronal cell populations is well under way at
~36hpf, GPCs arise from the URL and migrate in anteroventral directions at ~48hpf and
later. To detect glia-like cell morphologies in the cerebellum, mRNA encoding for the
membrane-targeted fluorescent fusion protein lynGFP (Teruel et al., 1999) was injected
into 8 and 16-cell stage embryos for mosaic labeling, thus outlining individual cellular
morphologies. The cerebellum and caudal hindbrain of injected embryos was subsequently
analyzed at 36hpf and 48hpf by confocal microscopy. In rhombomeres posterior to the
cerebellum, cells with morphologies similar to radial glia were spanning the neural tube,
being attached to the apical and basal membrane via typical glia-like endfeet. In some
cases, individual cells appeared as if they progressed along these fibers (Fig. 3.1A, blue
arrow). In contrast, such glia-like cellular morphologies could not be observed in the
developing cerebellum. Rather, cells appeared to migrate via the formation of chain-like
structures extending from the URL towards the MHB (Fig. 3.1.A white arrowhead), similar
to previous observations (Koster and Fraser, 2001). In addition to this mosaic analysis by
mRNA injection of lynGFP, individual cells were labeled by applying Dil crystals onto
cells of the URL at 32hpf (Fig. 3.1B, white asterisk marks site of injection in the URL),
thus outlining the morphologies of glial cells, if present, which were expected to span from

the URL towards the MHB.
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Figure 3.1 Absence of glial-like cell morphologies in the early differentiating cerebellum

(Fig. 3.1) Neither mosaic expression of membrane-targeted lynGFP at 36hpf (A) nor Dil labeling
of URL cells at 48hpf (B) revealed glial-like cellular morphologies in the cerebellum. Both images
show lateral views. The dashed line marks the MHB while the solid line depicts the URL. (A)
Cerebellar GPCs display chain-like structures (white arrow) subsequent to their emigration from
the URL, while glial fiber-like morphologies are not present. In contrast, such cells with glial-like
morphologies having fibers attached to the apical and basal membranes via typical glial-like end
feet (yellow arrows) are found in the caudal hindbrain (blue arrow). (B) Dil injection at 32hpf
reveals the presence of labeled neuronal progenitors close to the MHB at 48hpf but no glial-like
morphologies. Abbr.: cb: cerebellum; rh: rhombencephalon.

Dil was allowed to incorporate into the lipid bilayer of cells for 16 hours before analyzing
the embryos by confocal microscopy at 48hpf. Such analyses never revealed any cells with
glia-like morphologies (n=5 embryos). Rather, Dil-labeled cells displayed morphologies
that were reminiscent of neuronal progenitors with a typical elongated leading process
(Fig. 3.1B, white arrowhead). These findings suggest that glia cells are absent in the

zebrafish cerebellum before and during onset of GPC migration.

To further substantiate this finding, expression of the glial specific genes gfap, vimentin
and fabp7a was examined by in situ hybridization at 48hpf. While gene expression was
found posterior to the cerebellum in the caudal hindbrain, no expression could be detected
in the differentiating cerebellum itself (Fig. 3.2A-C), up to 100hpf (not shown) when major
GPC migration has already ceased (Volkmann et al., 2007). Furthermore,
immunohistochemistry in gatal:GFP transgenic embryos at 48hpf against Brain Lipid-
Binding protein (BLBP), which is expressed in radial glia cells, supported the gene
expression data, with BLBP staining being prominent in the caudal hindbrain but not

detectable in the differentiating cerebellum (Fig. 3.2D).
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Figure 3.2 Expression of glial markers in the caudal hindbrain but not in the differentiating
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(Fig. 3.2) Glial-specific gene expression is absent in the differentiating cerebellum during onset of
GPC migration. Lateral views of the zebrafish cerebellum and caudal hindbrain are shown at 48hpf.
The MHB is marked with a dashed line, while a solid line depicts the URL. (A-C) In situ
hybridization reveals gfap (A), vimentin (B) and fabp7a (C) gene expression in the caudal
hindbrain but not in the cerebellum. (D) BLBP protein expression (red) is found in the caudal
hindbrain of gatal:GFP embryos as revealed by immunohistochemistry. GFP-expressing cerebellar
GPCs can be recognized by their green fluorescence. Abbr.: cb: cerebellum, rh: rhombencephalon.

Intriguingly, ultrastructural analysis of the cerebellum using transmission electron
microscopy (TEM) revealed a highly parallel organization of cerebellar cells being
oriented from the URL towards the MHB (Fig. 3.3A, black arrowheads). Moreover,
cerebellar cells displayed many direct cell-cell contacts mediated by electron dense
structures, indicative of adherens junctions (Fig. 3.3B, black arrowhead). In contrast, in
the caudal hindbrain several cells with fiber-like processes were present (Fig. 3.3C, black
arrows), substantiating the findings made by mosaic labeling of hindbrain cells. These

results suggest that GPCs migrate in a glia-independent manner.

To directly reveal such a migratory behavior for zebrafish GPCs, high resolution
intravital time-lapse confocal microscopy was performed on gatal:GPF transgenic
embryos (n=6 movies). This demonstrated that GPCs migrate from the URL towards the
MHB in close apposition while intimately interacting with each other through formation of

chain-like structures (Wichterle et al., 1997) (Fig. 3.4, and Supplementary Movie 3.1).
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These findings indicate that zebrafish cerebellar GPCs use a homotypic neurophilic

migration mode.

Figure 3.3 Ultrastructural analyses of the differentiating cerebellum and caudal hindbrain

(Fig. 3.3) Transmission electron microscopy (TEM) analysis of the differentiating cerebellum and
caudal hindbrain at 55hpf, anterior is left. (A) A lateral view of the differentiating cerebellum and
part of the caudal hindbrain is shown. Ultrastructural analysis demonstrates that cells in the
differentiating cerebellum are arranged in a highly ordered manner (arrowheads), with nuclei
(asterisk) being elongated towards the MHB (white dashed line). (B) Electron dense structures
indicate that adherens junctions are established at sites of cell-cell contacts (arrowhead). (C) In the
hindbrain, cells are loosely arranged and some cells with fiber-like processes are present (arrows),
probably serving to guide neuronal migration. Such fibers do not exist in the cerebellum at this
stage (compare to A). Abbr.: cb: cerebellum, hb: hindbrain.

Figure 3.4 Chain-like migration behavior of cerebellar GPCs

A 55hpf (0’) |B (+12) L C (+24)

(Fig. 3.4) Cerebellar GPCs interact in a homotypic neurophilic manner during migration. Lateral
view of the zebrafish cerebellum at 55hpf. High-resolution 1xm optical sections showing a time-
lapse confocal sequence of migrating fluorescent GPCs in the gatal:GFP stable transgenic line,
recorded in 12-minute intervals. Intense interactions occur among GPCs as an individual cell
migrates along other GPCs that are arranged in a chain-like manner (white arrowhead,
Supplementary Movie 3.1).
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3.1.2 Cadherin-2 is a candidate to mediate cerebellar granule progenitor cell

migration

Cadherins have been shown to be involved in the homophilic formation of cellular
interactions between neurons via adherens junctions. Classic Cadherins are good
candidates to mediate chain-like GPC migration in the differentiating cerebellum of
zebrafish embryos as their presence along cell-cell contact sites was revealed by TEM
analyses, appearing in electron dense structures (Fig. 3.3B, black arrowhead). Neural
Cadherin-2 (zebrafish homolog of mouse N-cadherin) is the most prominent representative
of the classic Cadherin family in the zebrafish nervous system and has been shown to be
expressed in the differentiating zebrafish nervous system (Bitzur et al., 1994). To re-
examine its expression in the cerebellum, in situ hybridization was performed at stages of
ongoing GPC migration. cadherin-2 was confirmed to be strongly expressed in the
zebrafish cerebellum at 48hpf and 72hpf, when GPC migration is most prominent (Fig.
3.5A, B), similar to previous findings (Liu et al., 2004). Furthermore, combined in situ
hybridization and immunohistochemistry revealed that cadherin-2 mRNA expression in
the cerebellum co-localizes with migratory GFP-expressing GPCs in embryos of the stable
transgenic gatal:GFP line (Fig. 3.5C, D). This makes zebrafish Cadherin-2 a candidate to

mediate cellular interactions among migratory cerebellar GPCs.

The zebrafish parachute R2.10 (termed pacR2.10) mutant harbors an amorph loss of
function allele of zebrafish cadherin-2 (Lele et al., 2002). Despite strong neurulation
defects mutant embryos still develop a cerebellum although its morphology is altered and
much smaller lobes are formed than those seen in wild type embryos (Fig. 3.5E, F). In
addition, a cerebellar upper rhombic lip is still present as revealed by gene expression
analysis of the rhombic lip marker atonalla (Fig. 3.5G, H). To address whether Cadherin-
2 regulates cerebellar GPC migration, pacR2.10 mutants were crossed into the gatal:GFP
line and GFP-expressing GPCs of homozygous transgenic mutant embryos were analyzed
by in vivo time-lapse confocal microscopy. First, wild type cerebellar GPCs of gatal:GFP
embryos were examined by time-lapse confocal microscopy. GPCs in these embryos
started migration from the URL at 48hpf in an anterior direction towards and along the
MHB (Fig. 3.6 A-C, n = 4 movies, Supplementary Movie 3.2). At the MHB they formed
lateral and medial clusters that will differentiate into the granule cell populations of the
eminentia granularis (Fig. 3.6 C, blue dashed circle) and the corpus cerebelli (Fig. 3.6 C,
orange dashed circle), respectively (Koster and Fraser, 2006) (Volkmann et al., 2007). In

contrast to this observed long distance migration of wild type GPCs, in vivo time-lapse
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analysis revealed that GFP-expressing GPCs of pacR2.10 mutant embryos arose in a

scattered and irregular manner in the URL of the rudimentary cerebellum (Fig. 3.6D).

Figure 3.5 Zebrafish Cadherin-2 is a candidate to mediate adhesive contacts between

migrating GPCs

atgnalja y

(Fig. 3.5) (A, B) Transverse sections through the developing zebrafish cerebellum after in situ
hybridization of cadherin-2, which is expressed during stages of prominent GPC migration at
48hpf (A) and 72hpf (B). (C, D) High-magnification confocal microscopy reveals cadherin-2
expression in cerebellar cells (white arrow) at 52hpf. These cells co-localize with GFP (D, green
fluorescence, white arrow), thus showing that migratory GPCs in embryos of the gatal:GFP
transgenic line express cadherin-2. (E, F) Lateral views of wild type (E) and pacR2.10 mutant
embryos (F) co-stained with TOPRO and Bodipy Ceramide to outline cytoplasmic membranes and
nuclei. This reveals that pacR2.10 mutants still form a cerebellum despite their strong defects in the
CNS, although it is rudimentary when compared to the wild type sibling. (G, H) The rhombic lip is
still present in pacR2.10 mutants (H) as demarcated by atonalla gene expression (wild type in G
and pacR2.10 mutant in H, dorsal views). Abbr.: WT: wild type, cb: cerebellum, cdh2: cadherin-2,
pac-/-: parachute R2.10 mutant.

Although being moderately motile, GPCs of the later corpus cerebelli remained close to
the URL during all stages analyzed (Fig. 3.6 E and F, orange dashed circle). These cells
were moving back and forth along the medio-lateral aspect of the URL rather than
migrating anteriorly and thus failed to form characteristic clusters close the MHB (n = 4
movies, see Supplementary Movie 3.3). A similar stationary migration behavior, although
to a lesser extent was observed for GPCs that normally migrate into clusters of the
eminentia granularis. This is consistent with previous findings that dorsal-most neuronal

structures, such as in the future corpus cerebelli, are more strongly affected in pacR2.10
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mutants (Lele et al., 2002). These findings suggest that loss of Cadherin-2 influences the

migration of cerebellar GPCs.

Figure 3.6 Atypical migration behavior of GPCs in pacR2.10 mutant embryos
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(Fig. 3.6) Individual projected stacks of in vivo time-lapse recordings showing migrating GPCs in
wild type gatal:GFP transgenic embryos (A-C) and pacR2.10 gatal:GFP mutant embryos (D-F).
The dashed line depicts the MHB, whereas the solid line marks the URL. (A-C) Wild type GPCs
migrate towards and along the MHB to form distinct granule cell clusters that are destined to
become the corpus cerebelli (C, orange dashed circle) and the eminentia granularis (C, blue dashed
circle, see Movie 3.2). (D-F) In contrast, GPCs of pacR2.10 mutants, in particular cells that are
located medially and constituting the later corpus cerebelli remain close to the URL and settle in
ectopic clusters (F, orange dashed circles, see Movie 3.3). Abbr. cb: cerebellum, URL: upper
rhombic lip.

3.1.3 Temporal rescue of parachute mutant embryos to reveal a direct role for

Cadherin-2 in regulating cerebellar granule progenitor cell migration

Homozygous mutant pacR2.10 embryos exhibit defects in neurulation, leading to the
development of smaller sized cerebellar lobes that fail to fuse at the dorsal midline (Fig.
3.5 F, H). As neurulation occurs early in development these defects do not allow one to
discriminate between an indirect or direct function of Cadherin-2 in regulating zebrafish
GPC migration. Therefore, pacR2.10 mutant embryos were temporally rescued for their
neurulation phenotype by injecting wild type cadherin-2 mRNA (~70pg) into single cell

stage zebrafish embryos. At 24hpf, morphological analysis revealed that the cerebellar
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primordium in rescued pac-/-R mutants, termed pac-/-R, appeared similar to wild type
cerebelli (Fig.3.7A) with both cerebellar halves connected at the dorsal midline (Fig.
3.7C), in contrast to non-rescued pacR2.10 mutants that exhibit severe neurulation defects
(Fig. 3.7B). Rescue of the neurulation defects in mutant embryos was further supported by
the proper expression of wntl along the dorsal midline (Fig. 3.7D-F).  Furthermore
expression of atonalla along the URL of wild type cerebellar primordia (Fig. 3.7G) was
largely restored in rescued pac-/-R (Fig. 3.71, black arrow) when compared to non-rescued
pacR2.10 mutant embryos (Fig. 3.7H), although some injected embryos showed deviations
of the lower rthombic lip tissue (Fig. 3.71, white asterisk). These findings indicate that the
neurulation defects of pacR2.10 embryos can be rescued to a large extent by cadherin-2

mRNA injections at the single cell stage.

To unambiguously identify such rescued homozygous pacR2.10 carriers, embryonic
tails of wild type, pacR2.10 and rescued pac-/-R embryos were genotyped by RT-PCR
using primers that anneal within the 5’UTR and in the first exon of cadherin-2 (see 2.1.9).
Homozygous pacR2.10 mutants carry a splice mutation and therefore produce transcripts
of different lengths, whereas only a single transcript is found in wild type embryos (Fig.
3.7L, note RT-PCR results in both lanes on the right were obtained from tails of the same

embryos displayed in 3.7F and 3.71, respectively) (Lele et al., 2002).

To further examine the stability of cadherin-2 mRNA in injected mutant embryos, in
situ hybridization was performed on rescued (Fig. 3.7K) and non-rescued (Fig. 3.7J)
parachute mutants at 24hpf. This revealed that cadherin-2 mRNA was completely
degraded in pac-/-R embryos at this developmental stage. Although cadherin-2 mRNA
was not detectable by in situ hybridization anymore, Cadherin-2 protein levels in pac-/-R
mutant embryos were comparable to those in wild type embryos at 24hpf, as detected by
western blot analysis (Fig. 3.7M, lane 1 and 3). At 48hpf, the stage at which GPCs initiate
migration, Cadherin-2 protein levels mostly declined in pac-/-R embryos probably due to
high protein turnover rates (Fig. 3.7M, lane 6, black arrow). The phenotypic rescue of pac-
/-R embryos is therefore temporally restricted to stages before onset of GPC migration
(Volkmann et al., 2007), thus allowing an investigation of direct functions of Cadherin-2 in

regulating cerebellar GPC migration.
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Figure 3.7 Neurulation defects are rescued in parachute mutants by cadherin-2 mRNA

injection
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(Fig. 3.7) Temporal rescue of pac-/-R embryos is restricted to developmental stages prior to
cerebellar GPC migration. (A-K) Dorsal views of the embryonic brain at 24hpf. (A-C)
Morphological appearance of wild type (A) pacR2.10-embryos (B) and rescued pac-/-R embryos
(C). (D-I) This rescue is further confirmed by whole mount in situ hybridization. (D-F) Expression
of wntl is detected along the dorsal midline in wild type (D) and pac-/-R (F), while the neural tube
is not fused in pacR2.10 mutants and wntl expression is found in two parallel stripes along the
antero-posterior axis (E). (G-1) Atonalla expression is found in the rhombic lip and marks the
fusion of both cerebellar halves at the dorsal midline in wild type (G) and pac-/-R (H), while both
cerebellar lobes are laterally located in pacR2.10 mutants (I, arrow). (L) Detected cadherin-2 splice
transcripts via RT-PCR in pac-/-R embryos (lane 3+4, note RT-PCR was performed on tails of
embryos displayed in F and I, respectively), also being present in homozygous carriers of the
pacR2.10-allele (lane 2), which can be distinguished from a single transcript present in wild type
embryos (lane 1). (J, K) Whole-mount in situ hybridization of cadherin-2 reveals that injected
cadherin-2 mRNA is not detectable anymore at 24hpf in rescued pac-/-R embryos (K, compare to
pacR2.10-embryo in J). (M) In contrast to little or no cadherin-2 gene expression in rescued
mutants, western blot analysis indicates that Cadherin-2 protein is still present at 24hpf (lane 3) in
comparable levels to wild type embryos (lane 1), but is mostly degraded in pac-/-R embryos until
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48hpf (lane 6, black arrow, compare band to wild type (lane 4) and pacR2.10-embryos (lane 5)
before granule progenitor cells emigrate from the URL. Lane 7 shows levels of Cadherin-2 protein
expression in pacR2.10-embryos after plasmid DNA injection of Cadherin-2, resulting in stable
protein expression even beyond 48hpf. Equal amounts of protein were loaded, control: TenascinR.
Abbr.: atol: atonalla, cb: cerebellum, contr.: control antibody, mes: mesencephalon.

3.1.4 Cadherin-2 mediates directionality and coherence of cerebellar granule

progenitor cell migration

Intravital time-lapse studies and cell tracing analyses of individual GPCs in wild type
and pac-/-R gatal:GFP embryos indeed revealed a direct role for Cadherin-2 in governing
GPC migration. Imaging migrating GPCs in one cerebellar lobe at high magnification
confirmed that both wild type and pac-/-R GPCs migrated in typical anterior and antero-
lateral routes towards the MHB after emigration from the URL (Fig. 3.8A-E)
(Supplementary Movie 3.4, n=5). Furthermore, cerebellar GPCs in rescued pac-/-R
embryos were capable of long-distance migration (Fig. 3.8F-J), in contrast to GPCs in
homozygous pacR2.10 mutant embryos (Fig. 3.6D-F, Supplementary Movie 3.3). GPCs in
pac-/-R however migrated mostly as individual cells rather than interacting intensely with
one another. More strikingly, individual GPCs severely deviated from their antero-lateral
routes towards and along the MHB, migrating in random directions, sometimes even
exhibiting circling behavior (Supplementary Movie 3.5, n=5). These findings demonstrate
that cerebellar GPCs in pac-/-R embryos lack coordinate and directional migration towards

the MHB.

To further substantiate this finding, the migratory tracks of individual GPCs in wild
type and pac-/-R gatal :GFP embryos were compared. This demonstrated that GPC
migration in wild type gatal:GFP transgenic embryos is highly coherent with migratory
tracks aligning almost parallel to one another (Fig. 3.8K, L). This high degree of
coherence was likely caused by the chain-like migration behavior of cerebellar GPCs in
gatal :GFP embryos. Furthermore, the overall migratory routes of individual GPCs strictly
followed antero-lateral directions, as revealed when starting and end-points of individual
tracks were connected (Fig. 3.8L). This shows that GPC migration in the zebrafish
cerebellum is highly directional. In contrast, tracing of GPCs in pac-/-R embryos revealed
a random and dispersed orientation of individual tracks, being suggestive of a non-coherent
undirected migration (Fig. 3.8M, N, e. g. pink and dark blue tracks). These findings

indicate that Cadherin-2 influences directionality and coherence of migrating GPCs.
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Figure 3.8 GPCs in pac-/-R mutant embryos lack coherent and directional migration

behavior
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Fig. 3.8 Cadherin-2 regulates coherence and directionality of migrating cerebellar GPCs. (A-J,
dorsal views showing only one cerebellar lobe) Maximum intensity projections from individual
time-points of a time-lapse confocal movie are shown. Stacks were recorded in 12-minute intervals
and individual GPCs were subsequently traced using ImageJ software and the manual tracking tool
plug-in. Frames of a movie sequence show individually traced migrating cerebellar GPCs of wild
type gatal:GFP embryos (A-E) and rescued pac-/-R gatal:GFP embryos (F-J). The dashed line
depicts the MHB and the solid line the URL. Traced GPCs are marked in differently colored dots.
(A-E) Wild type GPCs migrating from the URL towards anterior and antero-lateral regions. (F-J)
GPCs in pac-/-R embryos display a migratory behavior mostly occurring on the individual level,
being dispersed with cells also heading back to the URL (blue and red dots, compare
Supplementary Movie 3.4 and Movie 3.5). (K-N) Tracks of migrating GPCs are displayed from
wild type (K, L) and pac-/-R embryos (M, N), with starting and end points of each track being
connected by an arrow showing the overall migration direction. Wild type tracks reveal that GPC
migration is highly coherent and directional, while migration of GPCs in pac-/-R gatal :GFP
embryos occurs on the single level with some cells migrating in circles (M, e.g. dark blue tracks).
Abbr.: MHB: midbrain-hindbrain boundary, URL: upper rhombic lip.

3.1.5 Cadherin-2 mediates stable GPC-interactions in migratory chains

In order to analyze in more detail why migrating Cadherin-2 deficient cerebellar GPCs in
pac-/-R embryos fail to migrate in a coherent manner, the stability of cell-cell contacts
among GPCs was determined. For this, the contact length between two migrating GPCs in

the cerebellum was measured using 1um confocal sections of four independent wild type

68



Results

and pac-/-R time-lapse movies. The elapsed time from the first contact of two GPCs and
the time point of release was thereby measured. Individual stacks were recorded in 12-
minute intervals for a maximal duration of 252 minutes. In wild type gatal:GFP transgenic
embryos, robust contacts between migrating GPCs (Fig. 3.9A-D, white arrowhead) lasted
for an average duration of 95.3 + 10.9min (Fig. 3.9E, n=29 analyzed cell contacts). In
contrast, in pac-/-R embryos cell-cell contacts were less stable and lasted significantly
shorter with an average duration of 36.8 + 5.6min (Fig. 3.9E, n=29 analyzed cell contacts).
These findings further support that Cadherin-2 deficient GPCs are unable to engage in
chain-like migration and may explain the lack of coherence between migrating GPCs in

rescued pac-/-R embryos.

To explain why GPC contacts were dramatically reduced in pac-/-R embryos,
ultrastructural analysis of the differentiating cerebellum at S5hpf by transmission electron
microscopy was performed (Fig. 3.9). This revealed that cerebellar cells in pac-/-R
embryos lack adherens junctions (Fig. 3.G vs. H, white arrowhead), therefore most likely
leading to the reduction of stable contacts and resulting in the disorganized appearance of
cerebellar cells (Fig. 3.9F). This finding moreover suggests that Cadherin-2 is the primary
classic Cadherin, mediating homotypic neurophilic cell-cell interactions during chain-like

migration of cerebellar GPCs in the zebrafish embryo.

3.1.6 Cadherin-2 influences polarization of migrating cerebellar GPCs

In order to address cellular changes underlying the disoriented migration behavior of
Cadherin-2 deprived GPCs, the length-width ratios (LWRs) of migrating GPCs were
determined (Fig. 3.10). Cells were generally considered clearly polarized with LWR
values above 1.65 (Shih and Keller, 1992) (Wallingford et al., 2000). LWRs above 1.65
were found for migrating wild type GPCs of gatal:GFP embryos, displaying a mean LWR
of 2.1 £0.51 (n=50). Also temporally rescued pac-/-R gatal:GFP embryos showed a mean
LWR of 191 + 0.61 (n=41) and thus GPCs of wild type and rescued mutants were
polarized and did not significantly differ from each other. However, these LWRs differed
from GPCs of non-rescued pacR2.10 mutant embryos, which showed a mean LWR of 1.5
+ 0.5 (n=51), indicating their lack of polarization (**p<0.001) (Fig. 3.10C). The mean
LWR of these GPCs was rather similar to the LWR-value of terminally differentiated non-
migratory granule cells, which already ceased migration and displayed a mean LWR of

1.28 £0.16 (n=34).
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Figure 3.9 Reduction of contact stabilities among GPCs in pac-/-R embryos due to the

absence of Cadherin-2
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(Fig. 3.9) Quantification of contact stabilities among individual GPCs in wild type and pac-/-R
embryos by time-lapse analysis (A-D) High-resolution 1xm confocal sections of a time-lapse
movie showing the contact formation and release between two GPCs. (A, B) Initially, both GPCs
form a stable contact with the leading edge of one GPC being attached to the rear end of another
GPC (white arrowhead). (B-D) As a third GPC moves along the chain (blue arrowhead) the contact
between the two GPCs is released (C, D, white arrowhead). (E) Measurements of contact stabilities
among GPCs in pac-/-R embryos revealed significantly reduced contact durations (approx. 50%).
(F-H) Transmission electron microscopy of the differentiating cerebellum shows disorganized cell
arrangements in pac-/-R embryos (F, nuclei appear dark, asterisk). Furthermore, adherens junctions
are clearly lacking, as shown in the representative image (G). Compare (G) to wild type (H), white
arrowhead. Asterisks in (E) show significant differences at ***p<0.0001 (Student t test). Values
and error bars represent mean + SD, standard deviation).

These findings indicate that the impairment in directional migration of Cadherin-2
deficient GPCs in pac-/-R embryos is not caused by their failure in polarization. Rather
this suggests that Cadherin-2 might function earlier, most likely in mediating polarization
of GPCs within the URL before onset of GPC migration. It is therefore likely that the loss
of GPC polarization in homozygous pacR2.10 embryos before onset of migration causes
the stationary behavior and thus final mispositioning of GPCs close to their place of origin

(see Fig. 3.6D-F for pacR2.10 GPC migration behavior).
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In contrast to the similar LWRs of wild type and pac-/-R GPCs, clear differences could
be found by quantifying their orientation angles with respect to a typical anterolateral
migration direction for wild type GPCs. In this analysis, the angle between the long axis of
a GPC and the AP-axis of the cerebellum was measured. Values were given from 0° to 90°
in the positive range, when GPCs were oriented in anterolateral/ posteromedial direction,
while negative values from 0° to -90° indicated an aberrant orientation towards
anteromedial/ posterolateral directions. The measured angles of individual GPCs were then
plotted against their length-width ratios, as shown in the diagram (Fig. 3.10D). Almost all
cerebellar GPCs of wild type gatal:GFP transgenic embryos (83%) displayed angles in the
positive range from 0° to 90°, thus revealing an orientation towards their future migration
direction (Fig. 3.10D, n=58, red dots). Only 17% of wild type GPCs displayed negative
values ranging from O to -45°, pointing into anteromedial/ posterolateral directions. In
contrast, cerebellar GPCs of pac-/-R gatal:GFP embryos showed no preference in their
orientations with angles, equally covering values in the positive and negative range (Fig.
3.10D, n=66, blue dots). Whereas only 56% of these GPCs displayed angles similar to the
majority of wild type GPCs, ranging from 0° and 90°, almost as many (44%) were oriented

in the negative range between 0° and -90°.

3.1.7 Loss of Cadherin-2 leads to a randomized positioning of the centrosome in

GPCs

Neuronal cells migrate via nucleokinesis, with the centrosome serving as an intrinsic
polarity marker that is repositioned in front of the nucleus towards the leading edge during
active forward movement of the cell (Gregory et al., 1988) (Solecki et al., 2004) (Tsai et
al., 2005) (Higginbotham and Gleeson, 2007). To test whether the oriented migratory
behavior of GPCs is influenced by Cadherin-2, 25pg of the expression construct pBSK-
IxUASCentrin2-tdTomato was co-injected with 15pg of the activator pCSKalTA4
(unpublished) into wild type and pac-/-R gatal:GFP embryos at the 1-cell stage to mark
the position of the centrosome in GPCs, after onset of migration. The cerebelli of injected
wild type and pac-/-R gatal:GFP embryos were scanned by confocal microscopy at S5hpf
- 68hpf. To determine the position of the centrosome within GPCs, single optical sections
of cerebellar halves were analyzed at individual time points. A rostro-caudal and medio-
lateral axis was used to divide individual cells into 4 quadrants. Each of the 4 quadrants

was further subdivided, producing a total of 8 sections (Fig.3.11A, B).
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Figure 3.10 Length-width ratios and orientation angles of cerebellar GPCs
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(Fig.3.10) GPCs of temporally rescued pac-/-R embryos are polarized but disoriented. (A, B)
Confocal projections showing dorsal views of cerebellar halves in wild type gatal:GFP (A) and
pac-/-R gatal:GFP (B) embryos. The LWRs of cerebellar GFP-expressing GPCs as well as their
orientation angles were quantified by measuring the angle between the AP-axis of the cerebellum
and the long axis of a GPC, as depicted. (C) The column graph shows LWRs of GPCs in wild type
(n=50 cells), pac-/-R (n=41 cells), pacR2.10 (n=51 cells) and differentiated granule cells of wild
type embryos (n=34 cells). The mean LWRs of wild type and pac-/-R GPCs indicate that they are
polarized in contrast to cerebellar GPCs of pacR2.10 embryos and differentiated granule cells of
wild type gatal:GFP embryos. (D) Whereas wild type GPCs are preferentially polarized in
anterolateral/posteromedial directions (red squares, n=58, between 0° and 90°), GPCs in pac-/-R
embryos display no preference in polarization being equally oriented towards all directions within
the cerebellum (blue dots, n=66, from 0° to 90° and 0° to -90°). Asterisks show significant
differences at **p<0.001 (ANOVA). Values and error bars represent mean + SD, standard
deviations). Abbr.: MHB: mid-hindbrain boundary, URL: upper rhombic lip, WT: wild type.

The centrosome position was subsequently determined with respect to these 8 sections.
A total of n= 99 cells for wild type and n= 120 cells for pac-/-R were analyzed (Fig. 3.11
C, D). In three quarters of all wild type GPCs analyzed (74%, n=72/98) the centrosome
was positioned in direction of the MHB, thus being consistent with the typical migratory
direction of the GPC. Strikingly, in GPCs of pac-/-R embryos the centrosome did not

display any favored orientation, as reflected in the almost equal distribution of the
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centrosome within Cadherin-2 deficient GPCs. The centrosome in Cadherin-2 deficient
GPCs pointed anteriorly towards the MHB in 21% (n=25/120), towards the lateral edge of
the cerebellum in 30% (n=36/120), towards the URL in 21% (n=25/120) and towards the
midline in 28% (n=34/120) of the analyzed cells. This shows that the directionality defects
of migrating cerebellar GPCs in pac-/-R embryos are consistent with the randomized

positioning of the centrosome within the cell.

Figure 3.11 Randomized centrosomal positioning in GPCs of pac-/-R embryos
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(Fig. 3.11) Quantification of the centrosome position in cerebellar GPCs of wild type and pac-/-R
gatal:GFP. The centrosome in migrating GPCs of wild type gatal:GFP (A) and pac-/-R (B)
embryos has been marked by expression of the red fluorescent centrosome localization marker
Centrin2:tdTomato (arrows). (A, B) The centrosome position for each cell was determined as
depicted (A, see also text). Examples for differently positioned centrosomes are shown. The white
dashed line marks the cell soma, while the white arrow marks the centrosome. The centrosome in
the GPC of the pac-/-R mutant embryo points in posterior direction (B), as compared to the anterior
centrosome position in the wild type GPC (A, white arrow). (C, D) The centrosome positions for
wild type and pac-/-R GPCs were plotted as absolute values in the diagram (C) and as percentages
in the column graph (D). While 74% (72 analyzed GPCs) in wild type embryos positioned their
centrosome towards the MHB (red bars, n=98), GPCs of pac-/-R gatal:GFP embryos did not reveal
any preferential centrosome position (C, D, blue bars, n=120).

3.1.8 GPC motility is not affected in the absence of Cadherin-2

To address whether pac-/-R derived migrating GPCs solely lack directionality or also
display alterations in their migration distances and velocities, migratory cerebellar GPCs of
wild type and pac-/-R gatal:GFP embryos were analyzed by time-lapse confocal
microscopy and cell tracing, using the manual tracking tool plug-in of the ImageJ open
source software (NIH). Initially, the linear distance between starting and end time points

for GPCs was determined by analyzing a 4-hour migration period. This distance was then
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plotted against the angle of migrating GPCs to reveal the migration direction of these cells
during 4 hours. This analysis showed that the migration angle of wild type GPCs
correlated well with their preferred orientation of polarization and the positioning of the
centrosome in anterolateral directions, pointing towards the MHB (Fig. 3.12A, n=30/33,
91%, red dots), whereas cerebellar GPCs in pac-/-R embryos randomly migrated
throughout the differentiating cerebellum without displaying any preferred direction. In
fact, more than one third of the analyzed cells (Fig. 3.12A, n=11/28, 39%, blue dots)
demarcated posteriorly to their initial position, which is in good agreement with their
aberrant centrosome position in a significant fraction of the analyzed GPCs (Fig. 3.11C,

D).

Intriguingly, when the linear distance between starting and end time point of migrating
cells was compared, it appeared as if GPCs in wild type gatal:GFP transgenic embryos
migrated almost three times as far as their pac-/-R counterparts (Fig. 3.12B, 31.2+2.8um
versus 12.9+1.3ym, ***p<0.0001). However, the average migratory velocities (Fig.
3.12C, 0.154+£0.06gm/min versus 0.141+0.05x¢m/min) as well as the total length of the
migratory tracks (Fig. 3.12D, 26.3+2.5um versus 22.4+2.1um) did not differ significantly
between wild type and pac-/-R GPCs when traced in each time frame of a 4-hour movie.
The atypical, often circling routes of migratory GPCs can explain these discrepancies.
While GPCs in wild type gatal:GFP cerebelli maintained their initial orientation and
migrated almost linearly into anterolateral direction (Fig. 3.8K, L), cerebellar GPCs of pac-
/-R embryos did not maintain this orientation and instead often changed directions during
migration (Fig. 3.8M, N). These findings reveal that the lack of Cadherin-2 does not

influence cellular motility but changes polarity and directionality of migratory GPCs.

3.1.9 Cadherin-2 deficient GPCs are misrouted when transplanted into wild type

environment

If Cadherin-2 enables migrating GPCs to engage in chain-like structures and to maintain
intrinsic polarity, it was expected that Cadherin-2 deficient GPCs will be unable to migrate
properly in a wild type cerebellar environment. To address this idea, small groups of cells
were transplanted at the sphere stage (3hpf) from wild type gatal:GFP or pac-/-R
gatal:GFP embryos into wild type hosts of the same developmental stage. The migratory
behavior of GFP-expressing cerebellar GPCs was subsequently analyzed by in vivo time-

lapse imaging, starting at 55hpf.
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Figure 3.12 Migrating GPCs in pac-/-R embryos lack directionality but not motility
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(Fig. 3.12) Comparison of migration distances and migration velocities of wild type and pac-/-R
gatal:GFP GPCs. (A) The migration angle for GPCs was plotted against the linear migration
distance over a time interval of 4 hours (red circles, n=33), showing that the majority of wild type
GPCs migrate in anterolateral direction, whereas GPCs of pac-/-R embryos migrate randomly
without any preferred orientation (blue circles, n=28). (B) The linear distance between starting and
end time point of migrating cerebellar GPCs is dramatically reduced in pac-/-R embryos
(12.9+1.3mm) when compared to the migration distance of wild type GPCs (***p<0.0001). (C, D)
Nevertheless, when GPCs were traced in individual time frames of a movie the migratory velocities
(C) and tracked distances (D) of individual cells did not significantly differ. Values and error bars
represent +SD, standard deviations. Asterisks show significant differences in (B) at ***p<0.0001
(Student t test).

GFP-expressing donor cells from wild type gatal:GFP embryos emanated from the
URL and migrated in antero-lateral directions (Fig. 3.13A, B) towards the MHB
(Supplementary Movie 3.6, n=4). Such donor-derived GPCs were clearly polarized (Fig.
3.13G, LWR 2.22+0.45, n=29) and displayed a directional coherent migratory behavior
(Fig. 3.13C), as revealed from cell tracing studies. When their direction was plotted
against the distance of migration over a time-period of 4 hours (Fig. 3.13H, n=28, overlay
from Fig. 3.12A), the migratory behavior could not be distinguished from non-transplanted
GPCs of wild type gatal:GFP transgenic embryos (Fig. 3.13H, n=28, red dots marking
non-transplanted and purple dots transplanted GPCs). This demonstrated that wild type
donor GPCs migrate similar to non-transplanted GPCs and are not affected by the

transplantation procedure.
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Next, donor cells from pac-/-R gatal:GFP embryos were transplanted into wild type
hosts and the migration behavior of cerebellar GPCs subsequently analyzed (Fig. 3.13D, E,
Supplementary Movie 3.7, n=4). Pac-/-R GPCs also initiated migration after emanating
from the URL. Intriguingly however, manually traced cells lacked coherence and
directionality of migration, while being clearly polarized similar to non-transplanted
Cadherin-2 deficient GPCs in pac-/-R embryos (Fig. 3.13G, LWR 1.73+0.36, n=16). This
indicated that a wild type cerebellar environment is not capable of rescuing the impaired
directional and coherent migration of Cadherin-2 deficient GPCs. In fact, plotting the
migration direction of pac-/-R donor GPCs against their distance of migration after 4 hours
revealed that their migratory behavior was indistinguishable from that of non-transplanted

Cadherin-2 deficient GPCs (Fig. 3.13H, green dots, overlay from Fig. 3.12A).

Interestingly, not all mutant donor GPCs were capable of migrating far from the URL in
a wild type environment. A reason for this may be that low amounts of Cadherin-2 protein
are still present in transplanted embryos at 48hpf due to the temporal rescue of pac-/-R
embryos (Fig. 3.7M black arrow). Thus, the initially proper onset of migration of mutant
donor GPC from the URL in a wild type host environment could be attributed to residual
Cadherin-2 levels remaining in the mutant donor cells. In contrast, cells that became
stationary close to the URL likely had already lost Cadherin-2 protein before or during

onset of migration.

To validate this hypothesis, a dominant-negative variant of zebrafish Cadherin-2,
termed Cdh2AN (Suppl. Fig. 4B) (Jontes et al., 2004), was fused to the red fluorescent
protein mCherry (Shaner et al., 2004). Subsequently, this variant was expressed under
control of an oligomerized heatshock consensus sequence (Bajoghli et al., 2004) to drive
transient expression after onset of GPC migration by means of increasing the
environmental temperature. The plasmid pBSK8XxHSE:Cdh2AN-mCherry (70pg) was
injected into single cell stage gatal:GFP-embryos and Cadherin-2 function was abolished
in a mosaic manner by two repeated 1-hour heatshocks at 40°C at 48hpf and S1hpf. Two
hours after heatshock application, strong red fluorescent cells were observed inside the
URL (Fig. 3.13I, white asterisks) and chosen for subsequent in vivo time-lapse analysis, as
they contained high levels of dominant-negative Cadherin-2 and thus were likely to be
fully deprived of functional Cadherin-2. These fluorescent URL cells were clearly
polarized, showing a mean LWR of 1.99+0.56 (Fig. 3.13G, n=18) and oriented in an

antero-lateral direction towards the MHB. Nevertheless they never engaged into chains of
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migrating GPCs that emanated from the URL in their vicinity (Fig. 3.131I-K, GPCs marked
with yellow or blue dots, Supplementary Movie 3.8, n=4).

Figure 3.13 Genetic mosaic analysis and expression of Cadherin-2 deletion variants
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(Fig. 3.13) (A-H) Cadherin-2 deficient GPCs fail to migrate properly in a wild type environment.
(A, B and D, E) Maximum intensity projections (dorsal view) from individual time points of in
vivo time-lapse analysis showing transplanted wild type (A, B) and pac-/-R (D, E) gatal:GFP
donor GPCs in wild type host cerebelli. (A-C and G) GFP-expressing GPCs of wild type donors are
clearly polarized when transplanted into wild type hosts (G, red column, n=29) with GPCs
migrating in a directional and coherent manner as indicated by their individual tracks (C, see also
Supplementary Movie 3.6). (D-F and G) In contrast, cerebellar GPCs derived from pac-/-R
gatal:GFP donors, although being polarized (G, blue column, n=16) migrate in a non-directional
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manner within wild type host cerebelli, as indicated by their tracks (F, see also Supplementary
Movie 3.7). (H) Plotting the migration distance of donor GPCs against their directions (wild type:
purple dots, n=28 and pac-/-R: light green dots, n=18) reveals that wild type and Cadherin-2
deficient donor cells do not differ in their migration routes from non-transplanted GPCs (WT: red
dots and pac-/-R: dark blue dots, overlay from Fig. 3.12A), with mutant donors also exhibiting a
randomized migration behavior. (I-N) Maximum intensity projections (dorsal view) from
individual time points of in vivo time-lapse movie starting at 54hpf, showing cerebellar GPCs of
gatal:GFP embryos. Transient expression of a dominant-negative Cadherin-2 variant fused to
monomeric cherry Cdh2AN-mCherry (I-K) and a non-functional Cadherin-2 variant Cdh2A2-4AC-
mCherry (L-N) is achieved by a heatshock-inducible promoter element. (I-K) Cells inside the URL
strongly express the dominant-negative variant after heatshock activation, as indicated by their
strong red fluorescence (white asterisks). Such URL-cells are normally polarized (G, gray column,
n=6), despite the lack of Cadherin-2 activity. These cells however remain inside the URL and fail
to join neighboring GPCs, engaging in chain-like migration (GFP-expressing GPCs marked by
yellow and blue dots, see Supplementary Movie 3.8). (L-N) In contrast, control GPCs, expressing a
non-functional Cadherin-2 variant activate GFP-expression and migrate away from the URL
towards the MHB along co-migratory GPCs (asterisks) (see Supplementary Movie 3.9). Abbr.:
MHB: mid-hindbrain boundary, URL: upper rhombic lip, WT: wild type.

Moreover, URL cells expressing this dominant-negative Cadherin-2 variant did never
activate GFP-expression. Recently, it was shown that onset of GFP expression in GPCs of
the gatal:GFP line is linked to their onset of migration and differentiation (Volkmann et
al., 2007). These findings suggest that GPCs expressing the dominant-negative Cadherin-2

variant are incapable to emanate from the upper rhombic lip and initiate differentiation.

In contrast to the expression of this dominant-negative variant, expression of 70pg of a
non-functional control Cadherin-2 deletion variant (see below and Suppl. Fig. 4D), having
ectodomains 2-4 deleted and termed Cdh2A2-4AC-mCherry, did not affect the onset of
migration and differentiation, as revealed by GFP co-expression in these GPCs (Fig.
3.13L-N, white asterisks, Supplementary Movie 3.9, n=5). These findings show that
heatshock conditions and expression of the mCherry fusion protein per se does not alter the
differentiation program of cerebellar GPCs and their migration. Rather these findings
suggest that Cadherin-2 is essential for proper onset of GPC migration within the URL.
Thus, the absence of Cadherin-2 results in the inability of GPCs to join cohorts of

migrating cells in their vicinity.

3.1.10 Granule cells begin to differentiate despite impaired directional migration

Rhombic lip-derived cells in the cerebellum of gatal:GFP transgenic embryos
differentiate into cerebellar granule cells (Volkmann et al., 2007). To examine whether

impaired directional migration of GPCs in pac-/-R embryos affects granule cell
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differentiation, several granule cell-specific differentiation markers were analyzed for their
expression at different developmental stages. At 3dpf neuroD was found strongly
expressed in the cerebellum in both wild type (Fig. 3.14A) and pac-/-R embryos (Fig.
3.14B). However in the latter neuroD expression appeared patchy and non-

homogeneously scattered throughout the dorsal cerebellum.

Figure 3.14 Expression patterns of granule cell differentiation markers in the wild type and

pac-/-R cerebellum
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(Fig. 3.14) Migrating GPCs deprived of Cadherin-2 continue to differentiate. (A-F) Dorsal views of
WT (A, C) and pac-/-R (B, D) embryos after in situ hybridization for cerebellar differentiation
markers neuroD (A, B, 3dpf) and vglutl (C, D, 4dpf). The ectopic expression of neuroD in pac-/-R
embryos likely reflects the positioning of misrouted GPCs in these embryos. While neuroD-
expression in the cerebellum of pac-/-R embryos is initiated at similar levels as in wild type
embryos, expression of the terminal differentiation marker vglutl is strongly reduced in dorsal
cerebellar domains of pac-/-R embryos (compare C and D, arrows), while ventral clusters are
present (compare C and D, arrowheads).

This finding indicated that despite the lack of migratory directionality and coherence,
neuronal differentiation of GPCs is properly initiated in pac-/-R embryos. One day later,
expression domains of the vesicular glutamate transporter 1 (vglutl) was detected in

cerebellar granule cells of pac-/-R embryos, however being strikingly smaller, at aberrant

79



Results

positions and lacking the two prominent medio-dorsal clusters (Fig. 3.14D, black arrows)

when compared to the vglutl expression domains in wild type embryos (Fig. 3.14C).

While this indicated that GPCs continue to differentiate into cerebellar granule neurons
in pac-/-R embryos, their maintenance may be affected in dorsal regions of the cerebellum
due to the mispositioning. This was supported by the complete absence of vglutl (Fig.
3.15) and gaba, receptor alpha6 subunit (gaba,Ro6) (Fig. 3.16) expression in dorsal
regions of the cerebellum in pac-/-R embryos at 6dpf. The gaba,Ro6 subunit is a highly
conserved terminal and specific cerebellar granule neuron marker (Bahn et al., 1996)

(Volkmann et al., 2007).

The small remaining patches of gaba,Ra6 expression in more ventrolateral regions in
the cerebellum of pac-/-R embryos (Fig. 3.16B, D, black arrows) may be due to the fact
that ventral populations, such as GPCs of the eminentia granularis are affected to a lesser
extent by the loss of Cadherin-2. This is in good agreement with the cell tracing
experiments (Fig. 3.6, F blue dashed circle and Supplementary Movie 3.3) and previous
observations, showing that homozygous pacR2.10 mutants exhibit more severe defects in

dorsal regions of the CNS (Lele et al., 2002).

Consistent with the gene expression results showing the loss of cerebellar granule
neurons in dorsal cerebellar domains of pac-/-R embryos, only few GFP-expressing cells
could be detected by confocal microscopy in the cerebellum of pac-/-R gatal:GFP
embryos at 6dpf (Fig. 3.17B), as compared to the large numbers found in wild type
gatal :GFP embryos (Fig. 3.17A). This absence suggested that dorsal granule cells might
undergo cell death. To support this idea, wild type and pac-/-R cerebelli were analyzed by
acridine orange staining to visualize cell death in living embryos. For this, embryos were
soaked in acridine orange solution for 20 minutes, thus allowing dead cells to incorporate
the dye, which then binds to the DNA. Individual cerebelli of wild type and pac-/-R
embryos were subsequently analyzed by confocal microscopy at 4 and 5dpf. This is the
time point when differentiated granule neurons start to disappear in dorsal cerebellum.
While the increase in cell death was minimal in the dorsal cerebellum of wild type
embryos between 4 and 5dpf (Fig. 3.17C, E, n=10 embryos, 2.0 £2.0 vs. 7.85 +3.891), pac-
/-R embryos showed a significant increase (Fig. 3.17D, n=8 embryos, 4dpf: 13 £1.826 vs.
Sdpf: 34.5 £6.191, ***p<0.0001), which was about five times higher than that found in
wild type embryos (p<0.0001).
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Figure 3.15 Absent expression of vglutl in the dorsal cerebellum of pac-/-R embryos at

6dpf
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(Fig. 3.15) Granule cells fail to terminally differentiate in the dorsal cerebellum of pac-/-R
embryos. The expression of vglutl in wild type (A, C) and pac-/-R (B, D) embryos is shown at
6dpf. (A, C) Dorsal (A) and lateral (C) views of wild type brain showing vglutl expression in
anteriorly located medio-lateral stripes along the MHB and in posterior stripes along the URL.
vglutl is further expressed in ventrolateral domains of the cerebellum (C, arrow). (B, D)
Expression of vglutl in the dorsal cerebellum of pac-/-R brains is lacking (compare B, D,
arrowheads to wild type A, C, arrowheads), while ventral clusters fail to condense (B, D, arrows
compare to A, C, arrows).

In contrast, no significant differences between wild type and pac-/-R embryos could be
detected using TUNEL assay or activated caspase-3 staining at 4, 5 and 6dpf (not shown),
suggesting that the observed cell death is not mediated by apoptotic pathways. Currently, it
cannot be excluded that the observed increase in cell death in the dorsal cerebellum of pac-
/-R embryos may be caused by a general decline in health, including the lack of proper
blood supply by misrouted blood vessels. Quantum dot 605-injection into the heart
ventricle, which allows for the staining of the vascular system (Rieger et al., 2005),
revealed however that blood vessels are present in the dorsal cerebellum of pac-/-R
embryos although appearing irregularly formed (not shown). Furthermore, pac-/-R mutants
die only later than 7dpf, and therefore the lack of blood supply is likely not responsible for

the early increase in cell death, which increases already between 4 and 5dpf. Thus, these
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findings suggest that the maintenance of granule cells in the dorsal cerebellum of pac-/-R

embryos is affected due to failures in proper migration.

Figure 3.16 Expression of gaba,Ra6 is absent in the dorsal cerebellum of pac-/-R embryos

at 6dpf

A (6dpf) gabaRu6 C (6dpf) gabaRu6
s
wild type dorsal wild type lateral
B (6dpf) gabaras6 D (6dpf) gabaras
ey A L

pac-I-R dorsal pac-I-R lateral

(Fig. 3.16) The absence of gaba,Ra6 expression in the dorsal cerebellum of pac-/-R embryos is
consistent with lacking vglutl-positive cells in this domain. (A, C) Wild type gaba,Ra6-expression
at 6dpf is found in medio-lateral stripes along the MHB (A) and in ventral clusters (C, arrow). In
contrast, gaba,Ra6-expression in the dorsal cerebellum of pac-/-R is missing (compare B, D,
arrowheads with A, C, arrowhead) while ventral clusters appear less condensed (compare B, D,
arrows to A, C, arrows).

3.1.11 Construction of Cadherin-2 deletion variants to monitor Cadherin-2

localization within migrating GPCs

To address the localization of Cadherin-2-containing adherens junctions in migrating
cerebellar GPCs of gatal:GFP embryos, several Cadherin-2 deletion variants were
generated and tested in serving as an effective adhesion reporter. First, full-length
Cadherin-2 (Cdh2) and dominant-negative Cadherin-2 (Cdh2AN) were ectopically
expressed by injection of 70pg mRNA into 1-cell stage embryos. This resulted in severe
malformations of the hindbrain, as indicated by gene expression analysis of atonalla at

24hpf (Fig. 3.18).
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Figure 3.17 Increased neuronal cell death in pac-/-R embryos

wild type gata1:GFP “ﬂ pac-/-R gata1:GFP.
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(Fig. 3.17) (A-D) Maximum intensity projections of 100xm confocal stacks showing a dorsal view
of the cerebellum. (A, B) Comparison of wild type (A) and pac-/-R (B) gatal:GFP cerebelli
indicates that the number of GFP-expressing GPCs in the rescued mutants is severely reduced in
dorsal domains (n=6 embryos). (C, D) This is consistent with the increased cell death in this
domain in pac-/-R embryos, as visualized by acridine orange staining. (E) The amount of cell
death in the cerebellum of pac-/-R embryos significantly increases with continuing granule cell
differentiation (WT, 4dpf: 2.0 £2.0 vs. 5dpf: 7.85 £3.89 and pac-/-R, 4dpf: 13 £1.82 vs. 5dpf 34.5
+6.19, ***p<000.1). Asterisks indicate significant differences at ***p<0.0001 and **p<0.01.
Statistical values and error bars are represented as mean + SD, standard deviations (Student t test).

To construct a Cadherin-2 deletion variant that does not exert phenotypes when
ectopically expressed, several aspects needed to be considered. Classic Cadherins possess
two important evolutionary highly conserved structural features in the first ectodomain, a
tryptophane residue at amino acid position 2 and a motif containing the three conserved
amino acid residues His-Ala-Val (HAV). Both features have been shown to be necessary
for strand and trans dimer formation of classic type I Cadherins (Williams et al., 2000, Kim
et al., 2005). Furthermore, alanine 80 lines a hydrophobic acceptor pocket for tryptophane

2 of a second Cadherin-2 monomer and has also been proposed to be involved in trans-
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dimer formation. In addition to these structural functions of the ectodomains, the
cytoplasmic domain has an important signaling role in the crosstalk with other intracellular
pathways. Thus, two Cadherin-2 deletion variants were constructed that were expected to
be non-functional when ectopically expressed, as both constructs are missing important
structural features, necessary for dimer formation. In one construct, termed Cdh2A1-3AC,
ectodomains 1-3 and the cytoplasmic domain, except for 6 amino acids following the
transmembrane domain, were deleted (Suppl. Fig. 3C). In a second construct, termed
Cdh2A2-4AC, the cytoplasmic domain and ectodomains 2-4 were deleted, leaving the first
ectodomain intact, which was fused to the C-terminal end of ectodomain 4 (Suppl. Fig.
3D). The remaining cytoplasmic tail of both variants was fused at its C-terminus to the
fluorescent reporter monomeric Cherry (mCherry). Both constructs were expected to exert

weak cis and trans dimer formation, while lacking intracellular signaling properties.

To ectopically express both variants, ~70pg of mRNA was injected into 1-cell stage
zebrafish embryos. The phenotypes were monitored by atonalla staining at 24hpf.
Expression of Cdh2A1-3AC-mCherry resulted in severe phenotypes such as split axes and
neurulation defects (Fig. 3.18D), while the expression of Cdh2A2-4AC-mCherry revealed
no malformations of the differentiating cerebellum, when the URL was examined by
atonalla staining (Fig. 3.18E) and when the morphology of injected embryos was analyzed
at 24hpf (Compare embryos in A, B injected with Cdh2A1-3AC-mCherry to C, D injected
with Cdh2A2-4AC-mCherry). While only 15% of Cdh2A1-3AC-mCherry injected embryos
revealed a morphological appearance comparable to wild type, 30% were severely
malformed and 55% died during the first 24 hours. In contrast, 80% of Cdh2A2-4AC-
mCherry-injected embryos appeared normal and only 9 and 11% were either malformed or
dead, respectively (Fig. 3.18F). Furthermore, the Cdh2A2-4AC-mCherry variant was
unable to rescue pac-/-R embryos (0/36) when mRNA was injected into pacR2.10 mutants.

This indicated that this variant lacked wild type functionality.

To reveal the subcellular localization of Cdh2A2-4AC-mCherry, which was expected to
be present along cellular contacts, mRNA-injected embryos were counterstained with
Bodipy Ceramide to fluorescently outline cytoplasmic membranes. Analysis by confocal
microscopy revealed a punctate appearance of Cadherin-2 clusters along contact sites of

cerebellar rhombic lip cells at 24hpf (Fig. 3.19E, arrow).
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Figure 3.18 Afonalla expression analysis in embryos injected with different Cadherin-2

variants

I viable
' malformed
Idead
' o H
o [ o ll 1]
Cdh2A1-3AC Cdh2A2-4AC

100pm
I

Cdh2A2-4AC

(Fig. 3.18) (A-E) Dorsal views of the zebrafish hindbrain at 24hpf. Embryos injected with different
Cadherin2 variants showing atonalla gene expression after in sifu hybridization. (A) Wild type
atonalla staining marks the rhombic lip. (B-D) Ectopic expression of full-length Cadherin-2 (B),
dominant-negative Cadherin-2 (C) and Cdh2A1-3AC-mCherry (D) results in severe hindbrain
malformations. (E) In contrast, embryos ectopically expressing the non-functional Cadherin-2
variant Cdh2A2-4AC-mCherry show wild type appearance (E). (F) Column graph showing
percentages of viable, malformed and dead embryos injected either with Cdh2A1-3AC or Cdh2A2-
4AC-mCherry.

To further validate that this variant co-localizes with full-length Cadherin-2 fused to
GFP, termed Cdh2:GFP, 100ng/ul plasmid DNA was co-electroporated with 100ng/ul
Cdh2A2-4AC-mCherry into cells located within the URL. Both proteins co-localized
within the cell (Fig. 3.19G-H), showing a clustered appearance rather than being uniformly

distributed throughout the cytoplasm, thus suggesting that this deletion variant is recruited
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to sites within the cell where wild type Cadherin-2 is localized. These findings show that
Cdh2A2-4AC-mCherry is useful to monitor Cadherin-2-containing adherens junctions in

migrating cerebellar GPCs.

Figure 3.19 Cdh2A2-4AC-mCherry can serve as in vivo reporter for adherens junctions

f

Bodipy Ceramide

Cdh2-GFP
Cdh2-GFP

(Fig. 3.19) (A-D) Morphology of embryos expressing Cdh2A1-3AC-mCherry (A. B) and Cdh2A2-
4AC-mCherry (C, D) at 24hpf after mRNA injection. All images show lateral views. Fluorescent
images (A, C) and corresponding transmitted light images (B, D) reveal a strong phenotype evoked
by ectopic expression of Cdh2A1-3AC-mCherry (A, B) and embryos with wild type appearance
expressing Cdh2A2-4AC-mCherry (C, D). (E) Single optical section of the cerebellar primordium
at 24hpf revealing a clustered localization of Cdh2A2-4AC-mCherry (red) along plasma
membranes that have been counterstained with Bodipy Ceramide (green). (G-H) Single 1pm
optical sections of a cerebellar cell co-electroporated with Cdh2A2-4AC-mCherry and Cdh2-GFP
plasmid DNA. The red-fluorescent Cadherin-2 deletion variant (G) co-localizes with green-
fluorescent full-length Cdh2-GFP protein (F) as shown in the overlay of both images (H). Both
fusion proteins co-localize to clusters in the anterior cell compartment (lower arrowhead) and along
one lateral wall (upper arrowhead).

3.1.12 GPCs dynamically relocate Cadherin-2 clusters during forward migration

To reveal the subcellular dynamics of Cadherin-2 in migrating GPCs, 70pg of the
deletion variant Cdh2A2-4AC-mCherry was injected as heatshock-inducible plasmid into
single cell stage embryos of the gatal:GFP transgenic line for transient expression after
onset of GPC migration, thus serving as fluorescent adhesion reporter within migrating
GPCs. Expression of this variant was activated by two repeated 1-hour heatshocks at 40°C
at 48 and 51hpf, resulting in a high frequency of GPCs, co-expressing GFP and Cdh2A2-
4AC-mCherry.
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Double-fluorescent GPCs were subsequently followed by in vivo time-lapse confocal
analysis at high magnification (Fig. 3.20A inset, migration of a red fluorescent GPC
marked with white arrowhead is being followed in B-F, see Supplementary Movie 3.10,
n=4). This showed that Cadherin-2 clusters are dynamically shifted within GPCs during
migration. In the cell represented in Fig. 3.20, the majority of Cadherin-2 clusters are
initially located at the leading edge (Fig. 3.20B, arrowheads) but re-locate to the rear end
(Fig. 3.20C, arrowheads) and along one lateral wall as the cell moves (Fig. 3.20D, dashed
box, arrowhead) as the cell contacts another co-migrating GPC (Supplementary Movie
3.10). Subsequently, these clusters slowly diminished at the rear (Fig. 3.20E yellow
arrowhead) and are finally found in the anterior of the cell again (Fig. 3.20F, arrowheads).
These findings suggest that Cadherin-2-mediated adherens junctions are dynamically

reorganized in migrating GPCs.

3.1.13 Directed relocation of Cadherin-2 within the cell membrane

In order to understand how the dynamic re-positioning of Cadherin-2 clusters is
regulated within migrating GPCs, mCherry of the Cadherin-2 deletion construct Cdh2A2-
4AC was replaced by the UV-convertible fluorescent protein dEosFP. This photo-
convertible fluorescent protein behaves as pseudo-monomer by homo-dimerization
(Wiedenmann et al., 2004). To test the functionality of the fusion construct, PAC2
zebrafish fibroblast cells, also expressing endogenous Cadherin-2, were first transfected
with 1ug Cdh2A2-4AC-dEosFP to analyze Cadherin-2 dynamics in cell culture. By using
region-of-interest (ROI) excitation, a short UV-laser pulse was applied for 3 seconds to a
small portion of Cdh2A2-4AC:dEosFP located at the plasma membrane. Cadherin-2
dynamics were subsequently followed within these cells (see Supplementary Movie 3.11,
n=3). Immediately after conversion, the converted Cdh2A2-4AC:dEosFP diffused in the
cytoplasm of lamellopods and disappeared within 1-2 minutes (Supplementary Movie 3.11,
white arrowhead). When a second region was subsequently converted at a different site it
appeared as if Cadherin-2 clusters were transported away from filopods in a microtubule
dependent manner (Supplementary Movie 3.11, white arrow). These findings suggested

that Cadherin-2 clusters are dynamically transport in living zebrafish cells.

To test whether cerebellar GPCs utilize a directed transport of Cadherin-2 in order to
relocate adherens junctions during migration, 70pg of plasmid DNA of the heatshock-
inducible and photo-convertible Cdh2A2-4AC:dEosFP was injected into 1-cell stage
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zebrafish gatal :GFP embryos and activated at 51hpf. A short UV-laser pulse of 3sec was
subsequently applied to a small region at the cell membrane using ROI, to convert
Cdh2A2-4AC:dEosFP from green to red emission at the plasma membrane of migrating

GPCs at 55hpf.

Figure 3.20 Cdh2A2-4AC-mCherry dynamics in migrating cerebellar GPCs

(Fig. 3.20) Cadherin-2 clusters are dynamically repositioned in migrating GPC. (A-F) Projections
of 12um stacks of a time-lapse movie showing heatshock-induced expression of the Cdh2A2-4AC-
mCherry fusion protein in cerebellar GPCs of gatal:GFP embryos at 55hpf (white asterisks, see
also insets and Supplementary Movie 3.10). (B-F) The cell marked by a white arrowhead in A is
displayed at high magnification. (B) In preparation of a forward moving step most of Cdh2A2-
4AC-mCherry is located at the leading edge of the cell (white arrowhead). (C) During cell
movement Cdh2A2-4AC-mCherry clusters appear first in the rear (white arrowhead) and then along
the lateral wall of the cell where it remains contact to a neighboring cell (D, E), while Cdh2A2-
4AC-mCherry is released from the trailing edge (yellow arrowhead) as the contact is released.
Cadherin-2 clusters are again found in the leading edge (F, white arrowhead).

The behavior of small clusters, containing photo-converted Cdh2A2-4AC:dEosFP (Fig.
3.21A-F, white arrowheads and Supplementary Movie 3.12, n=3) was subsequently
analyzed by in vivo time-lapse imaging. During forward movement of the GPC, a photo-
converted Cadherin-2 cluster remained strictly within the plasma membrane and was
successively transported towards the leading edge during an interval of 25min (note the
transport of Cadherin-2 clusters along the base of the neurite, Fig. 3.21D-F, arrows). These

observations suggest that the dynamic establishment of cell-cell adhesion during zebrafish
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cerebellar GPC migration is achieved by the translocation of Cadherin-2 within the cell

membrane.

Figure 3.21 Directed relocation of Cadherin-2 clusters within the cell membrane

(Fig. 3.21) Cadherin-2 cluster relocates towards the leading edge of a cerebellar GPC. (A-F) In vivo
time-lapse confocal microscopy showing projections of 10um stacks recorded every 5 minutes.
Clusters of Cdh2A2-4AC:dEosFP protein after UV-light conversion from green to red fluorescence
emission (marked by white arrowheads) move in anterior direction. During forward movement of
the GFP-expressing GPC, a Cadherin-2 cluster moves successively towards the leading edge and
thereby passes along the base of a neurite (D-F, white arrows). See also Supplementary Movie
3.12.

Taken together, these findings show that Cadherin-2 is an important mediator of the
coherent and directional migration of cerebellar GPCs along chains. Such a migratory
behavior requires the constant reorganization of adherens junctions within cells, which
could be shown to be achieved by the dynamic translocation of Cadherin-2 inside the

plasma membrane.
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3.2 PSA-NCAM
3.2.1 Cloning of the zebrafish polysialyltransferases STX and PST

Polysialylated NCAM (PSA-NCAM) has been implicated in the control of neuronal
migration during mammalian nervous system development (Murakami et al., 2000, Marx
et al., 2001, Ulfig and Chan, 2004). However, in zebrafish the role of PSA-NCAM in the
regulation of neuronal progenitor migration remained unclear. Polysialylation of NCAM
occurs through enzymatic addition of a2,8-linked sialic acid residues on NCAM by two
known polysialyltransferases, St8sia2 (STX) and St8sia4 (PST). To analyze the expression
of STX and PST in the differentiating zebrafish cerebellum, where neuronal migration is
especially pronounced, and in the adult brain during ongoing neurogenesis, the full-length
cDNAs of both polysialyltransferases were cloned. Specific primers were designed (see
2.1.9) from previously published sequences (Harduin-Lepers et al., 2005, Marx et al.,
2007) and both full-length cDNAs were amplified via RT-PCR from 54hpf zebrafish
embryos. The obtained cDNAs were further subcloned via TA cloning into pCRIITOPO

and sequenced (see Supplementary Fig. 4 for sequences).

Both zebrafish polysialyltransferases are type II membrane proteins, containing three
important structural features (Marx et al., 2007), that have been identified as large (L),
small (S) and very small (VS) sialylmotifs (Harduin-Lepers et al., 2005). Sequence
homology analysis revealed a high evolutionary conservation of all three motifs among
zebrafish and other vertebrate species (Fig. 3.22). These motifs are moreover highly
conserved between both polysialyltransferases (>70%), suggesting a similar enzymatic

activity.

3.2.2 Polysialyltransferase expression in the developing zebrafish central nervous

system

The two polysialyltransferases STX and PST are key enzymes in the synthesis of
polysialic acid and its attachment to NCAM (Angata and Fukuda, 2003). To address
possible functions of STX and PST during neuronal migration in the developing and
mature zebrafish nervous system, first in situ hybridization for szx and pst was performed
during stages when neuronal migration in the developing zebrafish central nervous system
is prominent (Fig. 3.23). At 48hpf, highest szx expression was present in regions of

pronounced neuronal migration, such as in the differentiating cerebellum and the dorsal
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Figure 3.22 Sequence alignment of zebrafish STX and PST compared to other vertebrates

region of the caudal hindbrain (Fig. 3.23A). Low levels of stx were detected in the
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(Fig. 3.22) ClustalW alignments of amino acid sequences for zebrafish STX (A) and PST (B)
At 7dpf weak stx staining was retained in the medio-dorsal domain of the anterior
Expression of the second polysialyltransferase pst was generally weaker in the CNS

compared to different vertebrate species. Shaded background depicts conserved amino acids while
S (small) and green boxes VS (very small) sialylmotifs. (A) The amino acid sequence of zebrafish

polysialyltransferase St8sia2 (STX) is aligned to STX of Fugu, mouse and human. (B) Sequence
alignment of zebrafish St8sia4 (PST), mouse and human PST. Homology analysis revealed no blast
hit for PST in Fugu. The sialylmotifs of both zebrafish polysialyltransferases show more than 71%

sequence homology to the sialylmotifs of the other vertebrates shown.
throughout development when compared to szx (Fig. 3.23D-F). At 48hpf pst was detected

the predicted sialylmotifs are boxed in different colors. Red boxes represent L (large), black boxes
hindbrain (Fig. 3.23C arrowhead), whereas all other brain regions did not show detectable
in ventral regions of the fore-, mid- and hindbrain (Fig. 3.23D) and along the ventricles
(Fig. 3.23G-I). pst expression in the hindbrain was most prominent in dorso-ventral stripes,
delineating the central domains of individual rhombomeres (Fig. 3.23D inset, asterisks).
Similar to the decline in stx expression, pst levels also diminished with progression of

stx expression levels anymore.
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organogenesis and low expression remained only in some patches of the posterior

hindbrain at 96hpf (Fig. 3.23E).

Figure 3.23 Expression of stx and pst in the developing zebrafish brain
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(Fig. 3.23) Panels (A, B, D, E) show lateral (C, F) dorsal and (G-I) transversal views, anterior is
left. (A) At 48hpf stx expression is weakly present in the ventral telencephalon, in the
diencephalon, midbrain and in the spinal cord. Strong expression is found in the in the floorplate
(white arrowhead), differentiating cerebellum and along the fourth ventricle in the dorsal region of
the caudal hindbrain (black arrowhead). (B) stx remains weakly expressed in the differentiating
cerebellum and in ventral regions of the mid- and hindbrain at 96hpf. (C) At 7dpf only the dorso-
medial domain of the cerebellum retains low levels of stx (arrow). (D) pst is expressed along the
ventricles in the ventral for-, and midbrain. A striped pattern is present in the hindbrain confined to
individual rhombomeres (inset, asterisks). (E) Only patchy expression of pst is retained in the
hindbrain at 96hpf. (F) pst expression is not any longer detectable in the brain at 7dpf. (G-I)
Transversal sections of zebrafish heads showing expression of pst at 48hpf. pst is in general not
detectable in the dorsal brain, while its expression is found in the ventral brain along the ventricles
(arrowheads) in the midbrain (G), anterior (H) and posterior hindbrain (I). The dashed lines in (H)
delineate the cerebellum, where pst is not expressed. Abbr.: cb: cerebellum, dc: diencephalon, hb:
hindbrain, mb: midbrain, pn: pons, sc: spinal cord, tc: telencephalon, Te: tectum, Tg: tegmentum.
Scalebars: 100um
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At one-week post fertilization, pst expression could not be detected further in the
nervous system (Fig. 3.23F). These findings show that the spatio-temporal expression
pattern of stx in developing zebrafish is similar to that of mouse, where szx is the major
polysialyltransferase during CNS development, but its expression declines at postnatal
stages (Ong et al., 1998). In contrast, mouse pst expression is continuous and lasts at
moderate levels from embryogenesis to adulthood, whereas in zebrafish pst expression is

absent at larval stages.

3.2.3 stx and pst are both expressed in common and differential domains in the adult

zebrafish brain

stx and pst polysialyltransferases show moderate expression levels in various regions of
the adult brain in mammals (Angata et al., 1997, Kurosawa et al., 1997, Hildebrandt et al.,
1998). To compare the expression patterns for both enzymes in the adult zebrafish brain,
paraffin sections were analyzed by in situ hybridization. These results revealed that despite
the decline in the expression levels of stx and pst at one-week post fertilization (Fig. 3.23C,
F), expression of both enzymes reappeared in the mature brain (Fig. 3.24A, D). In situ
hybridization analysis on adult brain sections revealed a clear tissue-specific expression for

stx and pst.

By examining sagittal sections both enzyme-encoding genes could be detected in the
outermost glomerular layer (GL), the adjacent external cellular layer (ECL) and the
internal cellular layer (ICL) of the olfactory bulb (OB) (Reichert, 1996), in the pallium,
and in stripes of the subpallium in the telencephalon (Fig. 3.24B, E), which has been
considered to be an equivalent of the rostral migratory stream in mammals (Adolf et al.,
2006). The expression domains of stx and pst in the subpallial stripe correlate well with the
presence of PSA-NCAM in migrating proliferative neuroblasts in zebrafish (Adolf et al.,
2006). Expression of both enzymes was also detected in the periventricular gray zone of
the midbrain, the optic tectum (Fig. 3.24A, D), and along the lateral diencephalic ventricles
of the hypothalamus (Fig. 3.24C, F). Furthermore, stx and pst expression was found in the
molecular, Purkinje and granule cell layers of the corpus and valvula cerebelli (Fig. 3.24H-
K), as well as in the crista cerebellaris (pst in Fig. 3.24D, not shown for szx). Interestingly,
high szx but low pst levels were detected in the cerebellar Purkinje cell layer (PCL) (Fig.
3.24H, I). In contrast, cells in the cerebellar granule cell layer (GCL) revealed strong pst

but weak stx expression (Fig. 3.24J, K).
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Figure 3.24 Adult expression of ncam and the polysialyltransferases szx and pst
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(Fig. 3.24) Comparison of stx and pst expression in the adult zebrafish brain. All panels show
sagittal sections along the medial antero-posterior axis, anterior is to the left. (A—C, H, I) shows
gene expression of stx and (D-F, J, K) of pst. (A) Overview of stx expression. (D) Overview of pst
expression. (B, E) Cells in the pallial migratory domains of the telencephalon and olfactory bulb
are marked by asterisks. (C, F) Ventricular staining in the hypothalamic region. (G) ncam
expression in the molecular (black asterisk), Purkinje (arrow) and granule (white asterisk) cell
layers of the cerebellum. (H) Higher magnification of the cerebellum, showing stx expression in
some cells of the molecular layer, but especially pronounced in cells of the Purkinje cell layer
(PCL), extending from the corpus into the valvula cerebelli (black arrowheads). Weak expression
levels are present in the caudal lobe (black asterisk) and in the GCL (white asterisk). (I) Shows a
higher magnification of (H). Black and white asterisks mark the ML and GC layer, respectively,
black arrowhead marks the PCL. (J) Strong pst expression in the granule cell layer of the corpus
and in the valvula cerebelli (white asterisks), being more pronounced than that of stx (H, white
asterisk). (K) Shows a higher magnification of (J) where pst expression is detected in the ML and
GCL, being separated by a dashed line. Cc, crista cerebellaris; Cce, corpus cerebelli; ECL, external
cellular layer; GCL, granule cell layer; GL, glomerular layer; hyth, hypothalamus; IL, internal
cellular layer; med, medulla; ML, molecular layer; OB, olfactory bulb; Pa, pallium; PGZ,
periventricular gray zone of the optic tectum (TeO); pn, preoptic nucleus; Sub, subpallium; tha,
thalamus; val, valvula; vl, vagal lobe

In addition, pronounced but unique expression of szx was found in the subpallial stripe

of the telencephalon, the preoptic nucleus, the thalamic region (Fig. 3.24A), in the caudal
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lobe of the cerebellum (Fig. 3.24H, black asterisk), in the vagal lobe of the hindbrain and

in several regions of the medulla extending into the spinal cord (Fig. 3.24A).

The analysis of stx and pst expression in the adult brain showed that both
polysialyltransferase genes are not ubiquitously expressed, but are confined to distinct
brain regions. It is noteworthy that these tissues also express ncam (e.g. corpus cerebelli
shown in Fig. 3.24G) and PSA (Adolf et al., 2006) (personal communication). These
findings suggest that STX and PST function in the regulation of adult neurogenesis,

neuronal migration and plasticity via modulation of NCAM polysialylation.

3.2.4 Co-expression of ncam, stx and PSA in domains of neuronal migration in the

developing zebrafish cerebellum

Modulation of NCAM via PSA-addition has been shown to be important for neuronal
migration (Cremer et al., 1994, Ono et al., 1994, Murakami et al., 2000), but in zebrafish
such a function for PSA-NCAM remained elusive. Thus stx and pst expression was
compared to that of ncam and PSA in the differentiating cerebellum at 30hpf and 48hpf,
developmental stages during which intense neuronal migration occurs from the upper
rhombic lip (URL) towards and along the MHB to ventral brain regions (Koster and
Fraser, 2001). Consistent with playing a role in regulating migration, uniform but strong
expression of ncam (Fig. 3.25A) and stx (Fig. 3.25B) was detected along this migratory
path at 30hpf. In contrast, pst expression was absent from the differentiating cerebellum at
all embryonic stages analyzed (Fig. 3.25C, G). This suggests that STX is the primary
enzyme to mediate NCAM-polysialylation in migrating URL-derived neuronal progenitor
cells. To test if polysialyltransferase expression in the differentiating cerebellum correlates
with the polysialylation pattern of NCAM, PSA immunostaining was performed using the
mAb735 antibody and compared to ncam, stx and pst gene expression. Strong PSA
immunoreactivity was found in domains of pronounced ncam and stx expression at 30hpf

(Fig. 3.25D compare to A and B).

Interestingly, at 48hpf expression of ncam (Fig. 3.25E) and PSA (Fig. 3.25H) became
restricted to the rostral cerebellum along the MHB, whereas cells in the URL lost
expression of both ncam and PSA (see Fig. 3.25E, H, dashed line between MHB and URL
marks the rostral shift of expression). Consistent with this lack of ncam and PSA in the

caudal cerebellum at 48hpf, stx expression was also less pronounced in the caudal region
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(Fig. 3.25F). This decline correlated with the strong reduction of PSA levels around 60hpf
in the cerebellar domain (Fig. 3.26B).

Figure 3.25 Expression of ncam, stx, pst and PSA expression at developmental stages of

neuronal migration in the developing cerebellum

ncam

30 hpf

48 hpf

(Fig. 3.25) Comparison of ncam, stx, pst and PSA expression in the differentiating cerebellum at
30hpf (A-D) and 48hpf (E-H), during stages when neuronal migration occurs. Arrows in (D) mark
routes of neuronal migration. High magnification lateral views of the cerebellar region are shown.
The anterior cerebellar border at the MHB and the posterior edge of the cerebellum are marked
with a dashed and solid line, respectively. ISH analysis was performed for ncam (A, E), stx (B, F)
and pst (C, G), while PSA immunoreactivity was detected with mAb735 antibody staining (D, H).
(A) Expression of ncam is strong in the cerebellum at 30hpf. (B, C) Both zebrafish
polysialyltransferases stx (B) and pst (C) show expression in the ventral hindbrain, whereas only
stx is also expressed in the differentiating cerebellum. (D) PSA signal correlates with cerebellar
domains where stx and ncam are expressed. Inset shows an overview of total PSA expression in the
CNS. (E) At 48hpf, the ncam expression domain has become restricted to the rostral cerebellum, as
marked by the dashed line delineating the caudal edge of the shifted expression. The black
arrowhead marks the ncam expression domain, whereas cells in the URL are devoid of ncam. (F)
Expression of stx is found in the entire cerebellar anlage with strongest expression however in the
rostral domain along the MHB, while declining in caudal cerebellar regions (inset) at 48hpf. (G) pst
expression is still absent in the differentiating cerebellum at 48hpf. (H) Similar to szx expression,
PSA expression has also shifted rostrally in the cerebellum at 48hpf. Inset shows a dorsal view of
the mid- and anterior hindbrain region. Black line marks the caudal boundary of the cerebellum.
Abbr.: cb: cerebellum, hb: hindbrain, mes: mesencephalon MHB: mid-hindbrain boundary, URL:
upper rhombic lip. Scale bars: 50pm.

3.2.5 PSA removal impairs migration of neuronal progenitor cells from the URL

Given that PSA-NCAM is capable of regulating neuronal migration in mouse (Cremer

et al., 1994, Ono et al., 1994) together with findings in this study that ncam, stx and PSA
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are co-expressed along the major neuronal migratory pathway in the differentiating
zebrafish cerebellum, it was investigated whether PSA-NCAM is capable of regulating
URL-derived migration in the zebrafish cerebellum. The enzyme endoneuraminidase
(EndoN), which selectively degrades polysialic acid on NCAM (Rutishauser et al., 1985,
Marx et al., 2001, Franz et al., 2005) was therefore used to specifically remove PSA in the
differentiating brain at 33hpf, shortly after onset of PSA-NCAM expression (Marx et al.,
2001). For this, either 2-4nl of control PBS solution or 100ng/ul EndoN in PBS was
injected at ~33hpf into the fourth ventricle of zebrafish embryos. The efficiency of PSA
removal in the brain was first monitored 2 and 24 hours post injection by
immunohistochemistry using the mAB735 antibody. While control embryos displayed no
obvious reduction in the levels of PSA at both time points (Fig. 3.26A, B), PSA was
completely absent in the CNS of EndoN-injected embryos already after 2 hours and lasted
up to 24 hours (Fig. 3.26C, D). This demonstrated that EndoN sufficiently degrades PSA

from neuronal progenitor cells in the differentiating cerebellum for at least 24 hours.

Figure 3.26 Immunohistochemical analysis of PSA-NCAM after PSA degradation in the

zebrafish cerebellum

PBS 2h PBS 24h || EndoN 2h [[EndoN 24h

57 hpf . 57 hpf
B D .
o S pp——

anti-PSA

(Fig. 3.26) PSA removal after EndoN-injection is visualized by immunohistochemistry. All panels
show a lateral view of the zebrafish cerebellum, anterior is to the left. Panels (A-D) show PSA
staining in PBS-control (A, B) and EndoN-injected embryos (C, D). (A, B) PSA immunoreactivity
is detected in the cerebellar domain of PBS-injected control embryos after 2 hours (A) and 24 hours
(B). Note the weaker expression levels at 57hpf are due to endogenous down-regulation of PSA.
(C, D) EndoN-injection at 33hpf completely abolished PSA immunoreactivity in the cerebellum
already after 2 hours (C), lasting up to 24 hours (D). Abbr.: cb: cerebellum, hb: hindbrain, mes:
mesencephalon, MHB: mid-hindbrain boundary, URL: upper rhombic lip.

Altered PSA levels in EndoN-injected embryos were not expected to result in any gross
morphological changes. However, as PSA is found along paths of migrating cerebellar

rhombic-lip derivatives, time-lapse confocal microscopy was employed to investigate
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cerebellar migration on a single cell level when PSA is ablated by EndoN treatment of
embryos. For this, neuronal progenitor cells were labeled mosaically by injection of
atubGVP-UuncGFP (Koster and Fraser, 2001) into 1-cell stage zebrafish embryos. This

allowed for cytoplasmic staining, with nuclei being devoid of GFP-expression.

Figure 3.27 Loss of PSA influences motility of cerebellar neuronal progenitor cells

atubGVP x
UuncGFP

atubGVP x
UuncGFP

(Fig. 3.27) Loss of PSA impairs cell migration emanating from the cerebellar rhombic lip. Panels
(A-F) show projections of migrating neuronal progenitor cells in the differentiating cerebellum
after PBS (n=3) (A-C) and EndoN-treatment (n=3) (D-F), recorded by in vivo time-lapse confocal
microscopy. (A) A group of neuronal progenitor cells at the URL in the control embryo at 2 hours
post injection is marked by a white arrowhead. (B) These cells migrated about half way between
URL and MHB after 6 hours, while others have reached the MHB. (C) A white arrowhead depicts
the ventral region of the cerebellum where cells become stationary and form clusters. (D) Neuronal
progenitor cells (arrowheads) are positioned at the URL or between the URL and MHB, two hours
after EndoN-injection into the hindbrain ventricle of 33hpf embryos. (E) Ten hours later at 43hpf,
these neuronal progenitors are stalled in the cerebellum and remain in this position for up to 17

hours of time-lapse recording (F). See Supplementary Movies 3.13 and 3.14. Abbr.: MHB: mid-
hindbrain boundary, URL: upper rhombic lip.
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At 33hpf, selected embryos expressing this construct in migrating URL-derived
cerebellar cells were injected either with PBS or EndoN and migration of GFP-expressing
neuronal progenitors was subsequently monitored by in vivo time-lapse confocal
microscopy, starting 2 hours post injection (n=3) (see Supplementary Movies 3.13 and
3.14). In control embryos clusters of labeled neuronal progenitor cells initiated migration
by becoming polarized and extending long leading processes in direction of the MHB (Fig.
3.27A, see Supplementary Movie 3.13, n=3). Migration of such cells then followed the
previously characterized antero-ventral pathway towards and along the MHB (Fig. 3.27B)
to ventral regions of the anterior hindbrain (Fig. 3.27C) (Koster and Fraser, 2001). In
contrast, URL-derived neuronal progenitors in EndoN-injected embryos exhibited severe
migration defects after PSA removal (see Supplementary Movie 3.14, n=5). About two
hours after EndoN-injection, URL-positioned cells failed to polarize and stabilize a leading
process, despite filopodial activity (Fig. 3.27D). In addition, these progenitors never
initiated migration. In addition, neuronal progenitors that had already left the URL before
EndoN-injection first displayed a polarized cell morphology with their leading processes
directed towards the MHB. These cells did however not pursue antero-ventral migration
and remained stalled at their position close to the URL during the entire period of time-
lapse recordings (Fig. 3.27E, F arrowheads). These findings suggest that PSA is essential
for regulating cellular motility of migratory neurons emanating from the zebrafish

cerebellar rhombic lip.

Taken together, the motility of neuronal progenitor cells in the differentiating zebrafish
cerebellum is promoted by NCAM polysialylation, likely through polysialylation of
NCAM by STX. In addition, based on their tissue-specific expression both STX and PST
are good candidates to regulate adult neurogenesis, neuronal migration and plasticity in the

zebrafish cerebellum through differential polysialylation of NCAM.
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4 Discussion

Neuronal progenitors born in the upper rhombic lip of the differentiating zebrafish
cerebellum migrate over long distances before reaching their terminal differentiation
domains. Although their migration routes have been well described, their migration mode
and the underlying cell biological events that control their migration behavior remained
elusive. Two candidates, the cell-cell adhesion factor Cadherin-2 and polysialylated NCAM
(PSA-NCAM), which has been previously already shown to participate in long-distance
migration of neuronal progenitors in other brain regions, have been identified in this study to
mediate essential processes of neuronal progenitor migration in the developing zebrafish

cerebellum.

4.1 Cadherin-2 regulates migration of granule progenitor cells in the

differentiating zebrafish cerebellum

4.1.1 Glia cell-independent migration of cerebellar GPCs

The coordinated migration of neuronal progenitors during embryonic differentiation of
the brain is essential for their correct positioning and proper integration into functional
neuronal networks of the mature brain. In the differentiating avian and mammalian
cerebellum, migration of granule progenitor cells (GPCs) is characterized by a biphasic
migration mode. Initially GPC migration occurs in a tangential homotypic manner. Cells
emanate from the URL and migrate across the dorsal surface of the cerebellum to form the
external granule cell layer (EGL). This homotypic migration is followed by a heterotypic
radial inward migration of GPCs along Bergman glia cells into deeper layers of the
cerebellum, where GPCs finally settle in the internal granule cell layer (IGL) (Rakic, 1971,
Rakic, 1990). Intriguingly, this study revealed that in zebrafish a tangential homotypic mode
is the predominant form of GPC migration as glia cells are not present during the peak of
GPC migration. This may be interpreted as evidence that granule cell migration has not been
well conserved during evolution. In vitro and in vivo evidence however suggests that GPCs
in the early differentiating mammalian cerebellum also do not strictly migrate along glial
fibers towards the IGL (Zagon et al., 1985, Liesi, 1992, Liesi and Wright, 1996, Kawaji et
al., 2004, Wang et al., 2007). Rather a large number of GPCs seems to migrate in intimate

contact with each other along fasciculated fibers of co-migrating GPCs. In fact, it has been
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postulated that tangential and radial GPC migration can occur simultaneously and that glial
involvement in GPC migration might play a minor role during early cerebellar
differentiation (Hager et al., 1995, Liesi et al., 2003). During onset of GPC inward
migration in mouse, many Bergman glia cells are still immature and have not yet reached
the EGL (Bignami and Dahl, 1974, Das et al., 1974, Sotelo and Changeux, 1974, Zagon et
al., 1985, Hager et al., 1995). In addition, GPCs are capable of inward migration even in the
absence of Bergman glia cells or when they are distorted (Sotelo and Rio, 1980, Colucci-
Guyon et al., 1999). Thus observations made in this study showing that GPC migration in
the differentiating zebrafish cerebellum occurs independently of glia cells is in good
agreement with cerebellar development in mammals and rather underscores an exceptional
high degree of conservation among mammals and teleosts. Furthermore, during ongoing
adult neurogenesis, zebrafish cerebellar migration has been proposed to occur radial along
glia fiber processes (Zupanc and Clint, 2003). Thus similarly to mammals, GPCs in
zebrafish use a homotypic chain-like migration during cerebellar development while this
migration mode becomes most likely replaced by heterotypic glia-dependent migration

during juvenile stages and during adult neurogenesis.

4.1.2 Cadherin-2 has several migration-regulating functions for zebrafish cerebellar

GPCs

During migration, Cadherin-2 activity can serve several functions by enabling onset of
migration (Nakagawa and Takeichi, 1998, Shoval et al., 2007), in the segregation of
different migratory subpopulations (Takeichi, 1995, Luo et al., 2004), by influencing
cellular motility (Kim et al., 2005, Taniguchi et al., 2006), regulating guidance of migration
(Rhee et al., 2002, Wang et al., 2007) and controlling condensation of migratory cells
(Kasemeier-Kulesa et al., 2006). Earlier in development, Cadherin-2 has been shown to
possess polarizing activity for neural cells that converge and intercalate along the midline to
drive zebrafish neurulation (Hong and Brewster, 2006). The analysis of Cadherin-2
deficient pacR2.10 mutant embryos in this study revealed additional functions for Cadherin-
2 in the regulation of polarization of cerebellar GPCs and in mediating their chain-like
coherent and directional migration behavior. These late functions became only evident when
the neurulation defect of pacR2.10 mutants was overcome by temporally restoring the
expression of wild type Cadherin-2. Thus, it could be shown that Cadherin-2 functions in the

establishment and maintenance of cell polarity for cerebellar GPCs. An additional role for
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Cadherin-2 was revealed in the regulation of coherence and directionality of migrating
cerebellar GPCs by mediating the formation of stable homotypic contacts during chain-like
migration, similarly to its migration regulating function during tangential migration of
precerebellar neurons in the mouse hindbrain (Taniguchi et al., 2006). This shows that
zebrafish Cadherin-2 exerts different functions within one cell type, the cerebellar granule

cell population.

4.1.3 Cadherin-2 is the prominent classic Cadherin mediating homotypic contacts

between migrating cerebellar GPCs

Observations by transmission electron microscopy (TEM) showed that GPCs in wild type
embryos form adherens junctions en route to the MHB, while no such intercellular junctions
could be detected in GPCs of pac-/-R mutants. This indicates that Cadherin-2 is likely to be
the predominant classic Cadherin expressed by migrating differentiating cerebellar GPCs in
zebrafish. Such a dominant role for Cadherin-2 differs from that in the rodent cerebellum,
where postmitotic cerebellar GPCs co-express several classic Cadherins, such as M-, N- and
R-Cadherin (Gliem et al., 2006). Several classic Cadherins, including N-cadherin are also
co-expressed by migrating precerebellar progenitors derived from the lower rhombic lip
(LRL) in the rat brain (Taniguchi et al., 2006). Ablation of N-cadherin in LRL cells results
however primarily in the delay of neuronal migration, being different from the misrouting of
Cadherin-2 deficient GPCs in the differentiating zebrafish cerebellum. This less severe
phenotype might be explained by the functional redundancy of classic Cadherins in LRL
progenitors. Alternatively, this divergence might be in fact not so different when considering
that LRL-derived neurons remain on the ipsilateral site in the presence of dominant-negative
Cadherin-2, whereas wild type EGFP expressing cells crossed the ventral midline and
migrated to the contra-lateral side. It could thus be possible that similar to GPC migration in

zebrafish this observed clustering resulted from a misrouting of neuronal progenitor cells.

4.1.4 Impaired differentiation and increased cell death of GPCs in dorsal domains of

rescued pac-/-R cerebelli
The analysis of Cadherin-2 deficient pac-/-R gatal:GFP embryos revealed that migrating
GPCs are misrouted and finally remain in ectopic positions of the dorsal cerebellum.

Nevertheless, they initiate proper differentiation as observed by their neuroD expression.
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This supports the findings that lack of Cadherin-2 does not affect initial differentiation of
neuronal cells (Noles and Chenn, 2007). GPCs in dorsal regions of the differentiating pac-/-
R cerebellum however fail to terminate their differentiation and undergo increasingly cell
death at Sdpf. The increasing cell death in the cerebellum of pac-/-R embryos can not be
attributed to apoptosis, as TUNEL staining and immunohistochemical analysis for activated
caspase-3 (not shown) did not reveal any significant changes in the numbers of labeled cells.
Currently, it cannot be excluded that a decline in health caused by other factors, unrelated to
improper GPC migration, such as the insufficient delivery of oxygen or nutrients in dorsal
regions of pac-/-R embryos contributes to the increase in non-apoptotic cell death.
Interestingly, the increase in cell death begins already between 4 and 5dpf, while pac-/-R
larvae die only later than 7dpf. The late death of Cadherin-2 deficient pac-/-R embryos
might therefore be due to improper heart maturation as Cadherin-2 has been implicated in
heart development (Radice et al., 1997, Bagatto et al., 2006, Luo et al., 2006). Furthermore,
pac-/-R mutants show an enlargement of their heart sacs with progressing development (not
shown). It thus seems more likely that the ectopic positioning of differentiating GPCs in
dorsal regions of the pac-/-R cerebellum leads to a failure to respond to appropriate

differentiation signals, therefore leading to their subsequent non-apoptotic cell death.

4.1.5 Cadherin-2 mediates GPC polarization in the URL

Cadherin-2 deficient GPCs in the URL of pacR2.10 embryos fail to polarize, while this
polarization is restored in cerebellar GPCs of pac-/-R mutants, being rescued for their
neurulation defects. Interestingly, late transient activation of dominant-negative Cadherin-2
(Cdh2AN-mCherry) via heatshock-induction did not re-induce loss of polarization in GPCs
when Cdh2AN-mCherry was strongly expressed in these cells. These findings suggest that
Cadherin-2 might function early in URL development in the irreversible establishment of
cell polarity and the assignment of neuroepithelial character to GPCs. Recently, another
classic Cadherin, type II Cadherin-6 was identified in zebrafish and has been shown to be
expressed in URL-derived cells before onset of GPC migration (Liu et al., 2006b). Although
Cadherin-6 is first broadly expressed in the developing zebrafish cerebellum before ~40hpf,
its expression becomes restricted to the upper rhombic lip during onset of GPC migration.
A role for Cadherin-6 in mediating GPC polarization within the URL might however play a
minor role as the loss of Cadherin-2 in pacR2.10 embryos results in the failure of GPCs to

polarize although Cadherin-6 remains expressed in mutant cerebelli (not shown), suggesting
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that Cadherin-6 alone cannot mediate polarization. It is therefore possible that Cadherin-6
rather plays a structural role by maintaining the integrity of polarized GPCs in the URL
during onset of GPC migration. This is supported by TEM analyses of pac-/-R embryos after
onset of GPC migration, where adherens junctions were found to remain on cells that are
located in the URL (not shown), being consistent with the restricted expression of Cadherin-
6 in the URL at this stage. A cooperative role for Cadherin-2 and Cadherin-6 in the
establishment of GPC polarization via cis-dimer formation also seems unlikely in mediating
polarization, as the EC1 domains of type I and type II Cadherins can only interact poorly
with each other due to structural constraints, making them incompatible (Patel et al., 2006).
This is further supported by co-aggregation assays of type I and II Cadherins leading to the
segregation of cells expressing either Cadherin type (Patel et al., 2006). Together, these
findings suggest that Cadherin-2 is likely the solitary Cadherin to mediate polarization of
GPCs within the URL before onset of GPC migration. In pac-/-R GPCs, early supplied
Cadherin-2 could function in the recruitment of polarity proteins to the plasma membrane,
thus conferring apical and basal identity to the cell. This might lead to an irreversible
polarization of these cells, while the maintenance of this polarization becomes independent
of Cadherin-2. Such a mechanism is supported by the observation that transient heatshock

activation of Cdh2AN-mCherry in GPCs within the URL did not abolish their polarization.

4.1.6 Coherent migration of GPCs mediated by dynamic shifts of Cadherin-2 along

cell-cell contacts

In the zebrafish cerebellum upper rhombic lip-derived GPCs migrate in a chain-like
manner via the formation of adherens junctions to migrate across and through layers of
ventricular zone-derived cells (A. Barbaryka & R. W. Koster, unpublished). Cadherin-2 has
been shown to be present in GPCs and to be required for mediating their chain-like
migration behavior. Cerebellar GPCs take turns in forward migration along a chain and rest
between migratory phases. At the same time GPCs also provide a template for co-migrating
cells, similarly to the migratory behavior of postmitotic granule cells during early
mammalian cerebellar development, such as migrating neuroblasts in the rodent RMS
(Doetsch et al., 1997, Liesi et al., 2003). Observations of GPCs expressing the adhesion
reporter Cdh2A2-4AC-mCherry revealed that migrating GPCs dynamically reposition
Cadherin-2-containing clusters along at the plasma membrane towards contacts sites with

neighboring cells as they migrate along other GPCs. Such Cadherin-2 clusters are shifted
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between the leading edge and the rear end, consistent with the movement of the cell. Such a
highly dynamic redistribution of Cadherin-2 clusters in GPCs may explain the highly

coherent migration behavior of GPCs.

4.1.7 Dynamics of Cadherin-2 in migrating GPCs

Type I Cadherins are down-regulated in epithelial cells during epithelial-to-mesenchymal
transition (EMT), when cells with epithelial character acquire motility. For example, this has
been shown to occur during gastrulation (Zohn et al., 2006), neural crest emigration
(Taneyhill et al., 2007) and cancer invasion (Weidner et al., 1990, Behrens, 1993). In these
processes, disruption of intercellular connections and disassembly of adherens junction has
been proposed to be a prerequisite for onset of cell migration. Over the past years, evidence
has emerged showing that type I Cadherins can however also be upregulated as cells
undergo a transition from a steady into a motile state (Chen and Ma, 2007, Guo et al., 2007,
Shintani et al., 2007, Theisen et al., 2007). These findings support the idea that adherens

junctions undergo a dynamic remodeling in migrating cells.

Taking advantage of the clarity and external development of zebrafish embryos, it was
demonstrated by in vivo time-lapse microscopy that Cadherin-2 clusters are continuously
adjusted in migrating GPCs during migration, most likely to allow a coherent migratory
behavior along chains. Recently, it has been shown that Cadherins are transported in
vesicles along the microtubule network (Mary et al., 2002, Jontes et al., 2004), that they can
flow in a directional manner at cell junctions associated with reorganization of actin
filaments in migrating cells (Kametani and Takeichi, 2007) or they can be internalized via
endocytosis and processed either for degradation or redeployed to novel sites adhesion sites
(Fukubhra et al., 2006, Ogata et al., 2007). Such a transport of Cadherin-2 might facilitate the
rapid re-assembly of adherens junctions in migrating cells. Time-lapse imaging of photo-
convertible Cadherin Cdh2A2-4AC-EosFP revealed distinct dynamics for Cadherin-2 in
cultured zebrafish PAC2-fibroblast (see Supplementary Movie 12) and migrating GPCs.
While photo-converted Cadherin-2 in PAC2 cells diffused in the cytoplasm of lamellopods
within 1-2 minutes after UV-light conversion, it also appeared as Cadherin-2 clusters were
transported away from filopods in a directional, such as in a microtubule-dependent manner.
In contrast, in vivo tracing of Cdh2A2-4AC-EosFP in migrating cerebellar GPCs indicated
that photo-converted Cadherin-2 clusters are not quickly removed from the plasma

membrane but rather appeared to be slowly but directionally moving within the membrane
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towards the leading edge. This moving behavior of Cadherin-2 clusters is most reminiscent
of the previously shown Cadherin flow (Kametani and Takeichi, 2007), suggesting that
migrating cerebellar GPCs may use such a mechanism to rapidly relocate adherens junctions

in response to environmental changes.

4.1.8 Possible guidance mechanisms for GPC migration towards the MHB

A key question will be what molecular factors guide migrating GPCs towards the MHB.
Early during zebrafish cerebellar development at about 24hpf, when the cerebellar
primordium is one cell diameter in width, neural progenitors span the entire cerebellum from
the rhombic lip to the MHB. With ongoing cerebellar growth and differentiation this initial
orientation of neuronal progenitors could be inherited to migratory chains by first forming
chains consisting of two progenitors, which together span the cerebellum and subsequently
adding more and more GPCs to these chains as cerebellar growth and differentiation
progresses. Although this model could explain how GPCs obtain their proper initial
directionality, this mechanism is error-prone as proper migration is dependent on the

integrity of the migratory chains at all times.

An alternative explanation involving Cadherin-2 can be drawn from the observation that
Cadherin-2 is not only involved in mediating adhesion, but also contributes to signal
transduction. For example, Cadherin-2 interacts with FGF-receptors and can mediate cell
motility through this receptor (Nieman et al., 1999, Peluso, 2000, Suyama et al., 2002). This
may be an interesting model to explain the directionality of zebrafish GPCs with FGF-
ligands emanating from the MHB and promoting GPC motility towards anterior directions.
Nevertheless Cadherin-2-mediated FGF-signal transduction is unlikely to play a major role
in the directed migration of cerebellar GPCs in zebrafish, as it was previously shown that
inhibition of FGF-signaling in zebrafish does not significantly affect GPC migration in
gatal :GFP transgenic embryos (Koster and Fraser, 2006). More attractive is a possible role
for the Slit-receptor Roundabout (Robo) in guiding cerebellar GPCs towards the MHB. It
was demonstrated that Robo, upon binding to its ligand Slit, interacts with Cadherin-2 and
inhibits its adhesive properties by triggering the dissociation of f-catenin from the adhesion
complex (Rhee et al., 2002). Interestingly, s/it2 (Miyasaka et al., 2005) and robo3 (Challa et
al., 2001) are expressed in a mediolateral domain close to the URL during stages of GPC

migration. Thus, secreted Slit2 in the rhombic lip could act as repulsive cue on migrating
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GPCs as they leave the URL, by weakening Cadherin-2-mediated adhesion in the trailing
edge thus driving cells towards the MHB.

4.1.9 Model of coherent and directional GPC migration

GPCs migrate via nucleokinesis by sequentially translocating the centrosome and the
nucleus towards the leading edge. Although a detailed study of the subcellular dynamics of
zebrafish GPC migration has not been performed so far, many of the observations made by
high-resolution time-lapse imaging, such as the saltatory nuclear movements into the leading
edge and trailing of the cell soma (M. Distel & R. W. Koster, unpublished) are in good
agreement with a nucleokinetic migration mode of zebrafish GPCs. Nucleokinesis is largely
mediated through the microtubule skeleton, connecting adherens junctions with the

centrosome and nucleus.

Time-lapse observations of migratory GPCs expressing the fluorescently tagged
centrosomal marker Centrin2-tdTomato demonstrated that the centrosome is moving in front
of the cell during forward movement. In contrast, Cadherin-2 deficient GPCs in pac-/-R
gatal:GFP embryos showed a randomized centrosome distribution. This is in good
agreement with an impairment of GPCs in directional and coherent migration. Based on
findings in this study in conjunction with previous detailed descriptions of neuronal
translocation during nucleokinesis (Schaar and McConnell, 2005, Tsai and Gleeson, 2005,
Higginbotham and Gleeson, 2007), a model can be proposed illustrating the dynamic but
coordinated shifts of the centrosome and Cadherin-2 clusters within the migrating GPC to
enable the directional migration along chains (Fig. 4). In this model, in response to repulsive
cues emanating from the URL, GPCs relocate Cadherin-2 clusters into the anterior cell
compartment to stabilize their front towards the MHB, the direction of cell movement. A
small pool of Cadherin-2 in the anterior cell may further serve to quickly transport
Cadherin-2 into the leading process, similar to Cadherin-2 function in other neurons (Jontes
et al., 2004). This may help facilitating pathfinding decisions of the GPC. As the GPC
reorients its centrosome into the leading process due to forces from adherens junctions-
coupled MT in the cortex, the cell further stabilizes its rear via transport of Cadherin-2
clusters into the posterior compartment. The GPC subsequently starts migration while
maintaining Cadherin-2 mediated adherens junctions along cell-cell contacts, thus allowing

for a coherent and directional migration along other GPCs. At the end of cell movement,
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Cadherin-2-containing adherens junctions are disassembled and transported back into the

front compartment during resting of the cell.

Figure 4 Model for Cadherin-2-dependent directional and coherent migration of GPCs

during zebrafish cerebellar development
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(Fig. 4) Model for directional migration of GPCs along chains mediated by Cadherin-2. (A) A
repulsive cue emanating from the URL is sensed by a GPC as it prepares to move along a chain, that
spans across the anteroposterior aspect of the cerebellum. GPCs are thereby attached to each other at
the front and rear ends via Cadherin-2-mediated adherens junctions (arrows). (B) The repulsive cue
triggers signaling cascades leading to a Cadherin-2-mediated stabilization of the leading process
towards the MHB (black dots, arrow), while the GPC maintains contact with the chain. (C) The
centrosome (red) is subsequently repositioned into the leading process, likely due to pulling from the
MT plus ends, while the rear end of the GPC is further stabilized via Cadherin-2 (arrow). (D) During
soma translocation, the nucleus (gray) elongates due to pulling forces from the centrosome while
Cadherin-2-mediated adherens junctions become relocated along the lateral wall, as the GPC starts
moving along the chain to maintain directionality and coherence. (E) The cell translocates its soma
towards the MHB, while Cadherin-2 is disassembled in the rear for releasing the cell as it moves
forward along the chain. (F) The majority of Cadherin-2-clusters are then transported again into the
front of the cell, where they might serve as pool for transport into the leading process during path
finding decisions.
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4.1.10 Outlook

Time lapse analyses of GPCs in the cerebellum of pacR2.10 gatal:GFP embryos revealed
that these cells fail to polarize. In contrast, pac-/-R mutants show that polarization is
restored in GPCs of the URL after transient expression of wild type Cadherin-2 during
neurulation. This suggests that Cadherin-2 plays a role in the establishment of GPC polarity
prior to onset of migration. Cell polarization within the neuroepithelium is an important step
during asymmetric cell division to allow transmission of neurogenic determinants into only
one daughter cell, which is destined to become a neuron. Several proteins have been
implicated in polarity establishment of neuroepithelial cells. For example, in the early mouse
telencephalon, the polarity protein aPKC first regulates integrity of tight junctions in
epithelial cells through interactions with mPar3 and mPar6 (Ohno, 2001) in a Par protein
complex, located at these intercellular connections. This type of junctions is then replaced as
cells acquire a neuroepithelial character, and adherens junctions remain associated with this
complex (Aaku-Saraste et al., 1996). In this manner, polarity is conferred from epithelial to
neuroepithelial cells. The role for Par complex proteins, such as Par-3/ASIP and aPKC has
been conserved in zebrafish where these factors have been implicated in regulating cell
division of neuroepithelial cells during zebrafish neurulation (Horne-Badovinac et al., 2001,
von Trotha et al., 2006). It remains however elusive whether these Par complex proteins are
involved in polarity establishment of GPCs in the URL and whether this is mediated by

interactions with Cadherin-2-containing adherens junctions before onset of GPC migration.

To identify potential mechanisms, antibody co-expression studies have to clarify which
of these polarity proteins are co-localized with Cadherin-2 in GPCs of the URL. Using this
information, green-fluorescent fusion proteins can be generated and co-expressed together
with the Cadherin-2 reporter Cdh2A2-4AC-mCherry in cells located in the URL, thus
allowing one to study their association with adherens junctions by in vivo confocal
microscopy. Time-lapse studies will furthermore reveal, whether adherens junctions and the
associated polarity proteins are asymmetrically distributed into daughter cells during cell
division and how these proteins contribute to the maintenance of cell polarity in migrating

GPCs.

IQGAPI is a key mediator in the regulation of adhesion and migration by anchoring MT
plus-ends in the cell cortex of the leading edge to the actin cytoskeleton at adherens

junctions (Noritake et al., 2005). To identify whether IQGAP1 also mediates MT anchoring
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in migrating GPCs, antibody expression studies for IQGAP1 could be performed in
conjunction with fluorescence-tagged phalloidin staining, to co-label the actin cytoskeleton
and to determine the subcellular localization, which would be expected in actin-rich sites of
the leading process. To test in vivo the possibility that IQGAP1 regulates MT anchoring in
migrating GPCs, a red fluorescently tagged IQGAP1 fusion protein could be expressed in
migrating GPCs together with the MT plus-end protein EB3, being fused to GFP. Both
proteins would be expected to be co-localized in the leading edge. As IQGAP1 also interacts
with adherens junctions it could be tested if the tethering of MTs is lacking or destabilized in
pac-/-R GPCs, being deficient of Cadherin-2. In contrast, the ectopic expression of IQGAP1
in wild type GPCs would be expected to stabilize MT plus-ends or lead to their ectopic
placement in the leading edge of migrating GPCs thus disturbing their coordinated
migration. To show the involvement of adherens junctions in this process, low amounts of a
yellow fluorescent IQGAP1 fusion protein could be co-expressed with the Cadherin reporter
Cdh2A2-4AC-mCherry and low amounts of a cyanine-tagged EB3 fusion protein to mark
MTs in blue, to prevent overexpression of these proteins and ectopic defects. All three
proteins would be expected to co-localize at the cell cortex in the leading edge of polarized

GPCs during preparation and active forward migration.

This study showed that Cadherin-2 clusters accumulate in migrating GPCs and become
redistributed as the cell migrates. In addition it was shown that photo-converted Cadherin-2
clusters are directionally transported into leading edge. Distinctive mechanisms might
control the redistribution of such Cadherin-2 clusters within migrating GPCs. For example,
it has been shown that the transport of receptors located at the cell surface can be achieved
through lateral diffusion. Such lateral diffusion has been however mostly studied on a single
molecule level during clustering of membrane receptors, suggesting that this mechanism
occurs rather randomly by trapping of molecules within certain sites of the membrane (Poo,
1982, Sako and Kusumi, 1994). This however contrasts the observations made herein,
showing that Cadherin-2 clusters are transported in a directional manner, consistent with
individual moving steps of migrating GPCs. Recently, the directed flow of VE-cadherin
clusters has been reported to contribute to the dislocation of adherens junctions in the
leading edge of migrating cells (Kametani and Takeichi, 2007). This directed transport has
been suggested to depend on interactions of actin fibers with VE-cadherin and the indirect
regulation of actin flow at sites of adherens junction via Myosin IIA. It is likely that the

observed transport behavior for Cadherin-2 clusters in migrating GPCs occurs in a similar
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manner as the directed flow of VE-cadherin clusters. Another possibility could be the
internalization of Cadherin-2 clusters via Clathrin-coated vesicles. For example,
internalization of VE-Cadherin is regulated via p120 catenin and involves Clathrin-coated
vesicles as part of an early endosomal trafficking machinery (Xiao et al., 2005, Popoff et al.,
2007). Interestingly, Clathrin has been found to rapidly and directionally move over
micrometer distances within the plasma membrane (Keyel et al., 2004), which could be
another mechanism to explain the directional transport of Cadherin-2 clusters within the cell
membrane of GPCs. Interestingly, in situ analyses by Thisse et al. 2001 showed that
zebrafish clathrin (cltc) is expressed in the CNS during stages of GPC migration. To test the
possibility of Cadherin-2 internalization in a Clathrin-dependent manner during GPC
migration, first immunohistochemistry for Cltc would have to clarify whether this molecule
co-localizes with Cadherin-2 at the cell surface of GPCs, thus indicating its potential
involvement in Cadherin-2 transport. Further analyses could be performed by in vivo time-
lapse imaging via a fluorescently tagged Clathrin fusion protein, being co-expressed with
CdhA2-4AC-mCherry in migrating GPCs to directly show potential involvement of Clathrin
in the internalization and lateral movement of Cadherin-2 clusters. Loss of function studies
for Clathrin could further clarify whether Cadherin-2 internalization is dependent on
Clathrin. The loss of functional Clathrin would thereby be expected to lead to an

accumulation of Cadherin-2 at the membrane, while internalization is disturbed.

Time-lapse analyses of GPCs in pac mutant embryos showed that GPCs are still motile in
the absence of Cadherin-2, the only classic Cadherin present in these cells. This motility
therefore most likely involves other adhesion systems. For example, GPCs have been shown
to possess intrinsic motility and turning behavior when cultured on laminin-coated glass
coverslips (Yacubova and Komuro, 2002). Receptors for laminins are some members of the
B1-integrin family. It is therefore conceivable that GPC motility is conferred through
integrin-mediated signaling. Interestingly, integrin beta 1b.2 (itgh1b.2), which is most
similar to P1-subunits found in mammals is expressed in the developing zebrafish
cerebellum (Thisse et al., 2004), therefore making it a good candidate to mediate GPCs
motility. Furthermore, integrins have been implicated in mediating both radial and tangential
migration of neuronal progenitors. For example, mutant mice being deficient for a3f1-
integrin, a receptor for laminin, show disruption of neuronal migration in the developing
cortex, caused by defects in the response to migration-modulating cues, disorganization of

the actin cytoskeleton and reduced filopodial and lamellipodial activity (Schmid et al.,
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2004). To test whether GPC migration in the cerebellum depends on laminin-mediated
integrin signaling, the zebrafish laminin mutant bashful (Schier et al., 1996) could be
analyzed for the migration behavior of cerebellar GPCs by crossing the gatal:GFP
transgenic line into bashful mutants to allow investigations of migrating GPCs by in vivo
time-lapse imaging, bearing a mutation in the laminin alpha 1 gene. Interestingly, this gene
is also expressed in the cerebellum at stages of GPC migration (Zinkevich et al., 2006).
Similar to neuronal cells in mutant mice, laminin-deficient GPCs might show a perturbed
migration behavior due to lacking or reduced actin filament organization or filopodial
activity in the leading edge, which could be tested by co-staining of the actin cytoskeleton

using fluorescently tagged phalloidin.

4.2 PSA-NCAM regulates neuronal progenitor migration in the zebrafish

cerebellum

4.2.1 Divergence of PST and STX expression in the zebrafish embryo

STX is the predominant polysialyltransferase expressed during brain differentiation being
consistent with previous findings (Marx et al., 2007). Interestingly, besides ventral
diencephalic and tegmental brain regions STX expression was mostly confined to dorsal
hindbrain structures including the rhombic lip from where neuronal progenitors have been
shown to initiate long-distance migration (Koster and Fraser, 2001, Kawaji et al., 2004,
Denaxa et al., 2005, Taniguchi et al., 2006). Also in the cerebellum, neuronal migration
initiated from the upper rhombic lip occurs towards and along the midbrain-hindbrain
boundary (Koster and Fraser, 2001) where STX-expression together with expression of

NCAM and PSA was found to delineate this migratory pathway (Fig. 3.25).

PST expression was generally weaker than STX expression and in contrast not found in
the differentiating cerebellum. Interestingly, PST expression was detected in rhombomeres
of the caudal hindbrain, reaching from the dorsally positioned rhombic lip, which also
expresses high levels of STX towards the floorplate where neuronal differentiation occurs
(Cheng et al., 2004). At 4dpf, expression of both polysialyltransferases had declined to
minute amounts. During this embryonic stage, neuronal migration in the hindbrain and
particularly in the cerebellum ceases and terminal differentiation of neuronal populations is

well under way (Volkmann et al., 2007). These findings show that besides axonal
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pathfinding (Marx et al., 2001), polysialylation of NCAM could well play a role in
regulating neuronal migration in zebrafish, similarly to higher vertebrates (Chazal et al.,

2000, Murakami et al., 2000, Ulfig and Chan, 2004).

Imaging rhombic lip-derived migration in the differentiating cerebellum by time-lapse
confocal microscopy revealed that the removal of PSA by EndoN-injection resulted in
impaired cell migration. The observation that neuronal progenitors remained stalled in the
rhombic lip or in close neighborhood after PSA removal suggests that polysialylated NCAM
is required for mediating their cellular motility. These findings are in good agreement with
results from migrating neuronal progenitors in the postnatal and adult rostral migratory
stream of mammals. Tangential migration is severely decreased in mice lacking PSA-
NCAM in the RMS, leading to a significant size reduction of the olfactory bulb (Cremer et
al., 1994, Chazal et al., 2000).

4.2.2 STX polysialylates NCAM in the developing zebrafish cerebellum

Recently, the cerebellar rhombic lip in mice has been shown to produce different
neuronal cell populations over time (Machold and Fishell, 2005, Wang et al., 2005).
Similarly in the zebrafish cerebellum, the rhombic lip produces different cell types in a
temporal manner (Koster and Fraser, 2001, Volkmann et al., 2007). Neuronal migration
starts at about 28hpf, but granule cell precursors do not initiate migration prior to 50hpf,
reaching its peak of migration between 60 and 80hpf (Volkmann et al., 2007). The
successive decline of high expression levels of NCAM, STX and PSA in the zebrafish
cerebellum after 48hpf indicates that PSA-NCAM regulates early neuronal progenitor
migration. In contrast, the lack of PST in the cerebellum but its presence in rhombomeres of
the caudal hindbrain suggests that PST might function in the polysialylation of rhombic lip-
derived neuronal progenitors, most likely confined to the precerebellar system. Accordingly,
findings in mice show that PSA-NCAM is expressed in ventrally migrating superficial cells,
being destined to form the precerebellar LRN and ECN nuclei in the caudal hindbrain
(Kyriakopoulou et al., 2002). Intriguingly, migration of the later granule cell progenitor
population relies on a Cadherin-mediated adhesion system for proper migration. This
suggests that different adhesion systems and their specific spatio-temporal regulation may
discriminate between different neuronal populations within the cerebellum to regulate their

migratory behavior.
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4.2.3 Differential expression of STX and PST may establish functional differences for
PSA-NCAM in the adult CNS

PST expression was found in several regions of the adult zebrafish brain. These results
clearly contrast previous results in which zebrafish PST expression was reported to be
absent in the adult CNS (Marx et al., 2007). Similarly to the expression during
embryogenesis, many cooperative but also unique expression domains for PST and STX
could be found in the mature brain. For example, both genes were detected in the RMS,
olfactory bulb, along the hypothalamic lateral ventricles and in the cerebellum. In contrast,
STX and PST also showed unique expression patterns in specific compartments of the
cerebellum with STX being furthermore exclusively expressed in the caudal lobe. These
findings suggest that PST and STX activity might act synergistically or in a redundant
manner in the adult zebrafish CNS. In general, the expression of both polysialyltransferases
is confined to many regions with ongoing adult neurogenesis and neuronal migration, which
occurs more widespread in zebrafish than in higher vertebrates (Zupanc et al., 2005, Adolf et
al., 2006, Grandel et al., 2006). PST and STX expression is found in the subpallial stripe, the
zebrafish equivalent of the mammalian RMS and in other ventricular regions such as in the

periventricular gray zone of the optic tectum or in the hypothalamic region.

Notably, in the cerebellum, complementary patterns of STX and PST expression are
found in adjacent neuronal layers of synaptic partners. For example, Purkinje cells express
high levels of STX and low levels of PST, whereas granule cells show the opposite
expression pattern with low STX and high PST expression levels. Interestingly, PSA is
restricted to axons (parallel fibers) and dendrites of the granule cells, but excluded from the
soma (not shown). Therefore, based on the differential polysialyltransferase expression
pattern in the mature cerebellum, variances in polysialylation could play a role in mediating
synaptic plasticity as it has been shown in mice, where PSA and polysialyltransferases can
influence synaptic plasticity and long-term potentiation (Becker et al., 1996, Muller et al.,
1996, Eckhardt et al., 2000). Thus, like in higher vertebrates and mammals the spatio-
temporal regulation of NCAM-polysialylation is highly regulated during development and
adulthood.

4.2.4 Outlook

In this study, STX was shown to be the primary polysialyltransferase in the cerebellum

during embryonic differentiation, consistent with PSA-NCAM expression during early
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stages of cerebellar development. PST expression was generally weaker and mostly found in
the ventral brain, while being stronger expressed in rhombomeres of the caudal hindbrain,
where its expression partly overlapped in dorsal domains with strong STX expression.
Based on these similar expression domains and the high conservation of their catalytic
domains, both enzymes could well have a synergistic or redundant function during
modulation of NCAM-mediated adhesion in the caudal hindbrain. This idea could be tested
by morpholino knockdown of STX and PST to differentiate between the specific
contributions of these enzymes to NCAM polysialylation in the caudal hindbrain. To
efficiently knockdown polysialyltransferase expression, morpholinos could be delivered by
microinjection into 1-cell stage embryos. However, this injection might cause
developmental defects early on and thus obscure late functions. In addition, dilution of
morpholinos with ongoing developmental progression and proliferation makes it difficult to
analyze specific effects during late developmental stages. Thus alternatively, electroporation
of STX and PST morpholinos into the caudal hindbrain during stages of neuronal migration
could be performed to directly interfere with the function of either polysialyltransferase in
this domain. To monitor their distribution, fluorescently tagged morpholinos could be used.
The polysialylation patterns after knockdown of STX or PST could be detected by
immunohistochemistry using anti-PSA antibody staining. The presence or absence of PSA
in specific hindbrain domains will then allow to discriminate between contributions of both
polysialyltransferases to NCAM polysialylation. In addition, in vivo time-lapse imaging
after knockdown of STX and PST could be performed to analyze neuronal migration of

hindbrain progenitors in the absence of polysialyltransferase expression.

STX and PST were shown to be expressed in the adult zebrafish cerebellum.
Interestingly, different levels of both genes were found in distinct cerebellar layers.
However only STX expression was solely detectable in the cerebellar caudal lobe while PST
expression was absent in this domain. This suggests that both enzymes might function in a
differential or redundant manner by regulating distinct processes in the adult cerebellum via
polysialylation of NCAM, including adult neurogenesis, neuronal migration and activity-
induced synaptic plasticity. To distinguish between the contributions of both
polysialyltransferases to these processes, antibody staining for PSA-NCAM could be
performed after morpholino knockdown of STX and PST via electroporation into the adult

cerebellum.
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To identify further mechanisms regulated by PSA-NCAM in the adult zebrafish
cerebellum, the subcellular localization of PSA-NCAM could be examined by
immunohistochemistry. For example, localization on dendrites and axons could be
interpreted to be important in the regulation of synaptic plasticity. In contrast, a function for
PSA-NCAM in adult neuronal progenitor migration could be inferred when PSA-NCAM
locates at the surface of neuronal cell bodies or in leading processes of migrating neuronal
cells, thereby facilitating navigation and movement of the soma. Interestingly, PSA-NCAM
has been recently implicated in the regulation of cognitive learning processes (Gascon et al.,
2007b). Furthermore, the mammalian and teleost cerebellum has also been shown to be
involved in cognitive learning (Timmann et al., 2002, Rodriguez et al., 2005). To identify a
potential role for PSA-NCAM in mediating cognitive learning processes in the adult
zebrafish cerebellum, loss of function experiments could be performed. Modulation of PSA-
NCAM activity could be achieved by gradual injection of EndoN into the hindbrain
ventricle over several days, as learning processes are fairly slow. Differences in the ability
of cognitive learning in fish lacking polysialic acid could be assessed through behavioral

tests.

PSA-NCAM has been shown to be involved in the regulation of neuronal migration
during adult neurogenesis of the olfactory system in rodents (Doetsch et al., 1997). In
addition, evidence suggests that the adult CNS in zebrafish undergoes constant neurogenesis
in many brain regions including the cerebellum (Zupanc and Clint, 2003, Adolf et al., 2006,
Grandel et al., 2006). PSA-NCAM is therefore a likely candidate to regulate neuronal
migration in the adult zebrafish cerebellum. Interestingly, adult cerebellar migration in
teleosts has been proposed to depend on guidance along vimentin and GFAP positive radial
glia fibers (Zupanc and Clint, 2003), similar to cerebellar development during postnatal
stages in mammals. The true existence of glial-guided migration in the adult zebrafish
cerebellum remains however elusive. To assess whether PSA-NCAM is involved in
neuronal migration during adult cerebellar neurogenesis, and whether migration occurs
along radial glia fibers into prospective target layers, newborn neurons could be labeled by
incorporation of BrdU during recent cell divisions. BrdU-positive neurons could then be
visualized together with PSA-NCAM indicating that PSA-NCAM might function in the
regulation of neuronal migration. Furthermore, the association of glia cells with migrating

neurons could be visualized by triple staining in the cerebellum using antibodies for PSA-
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NCAM, BrdU and Vimentin or GFAP to support the migration-regulating function of PSA-
NCAM in the adult zebrafish cerebellum.

PSA-NCAM has been implicated in promoting the regeneration of lesions in the adult
rodent brain, including spinal cord injuries in mice (Papastefanaki et al., 2007), unilateral
lesions in the nigrostriatal pathway in rats (Liu et al., 2006a) and restoration of motor
functions in rats with neurotoxin-induced damage of the olivo-cerebellar circuitry
(Fernandez et al., 1999). Given that the adult zebrafish CNS has a high regenerative capacity
and that PSA-NCAM functions in the regeneration of olivo-cerebellar afferents in rats, PSA-
NCAM might also regulate regeneration of the adult zebrafish cerebellum. To assess this
possibility, loss of PSA or ectopic expression of PSA could be induced in lesions of the
adult cerebellum. For ectopic PSA synthesis, plasmids encoding for both
polysialyltransferases could be targeted to the proliferation zones through electroporation.
The number of cerebellar neurons at the lesion site would be expected to increase when
PSA-NCAM positively regulates this process. This could be visualized by BrdU labeling
and antibody staining using neuronal differentiation markers. Loss of PSA-NCAM via
electroporation of STX and PST morpholinos into ependymal cells or via EndoN-injection
into the IV. ventricle could be further performed, which would be expected to reduce the
regeneration capacity of the lesion site. Such a regeneration promoting function for PSA-
NCAM might be conserved in mammals and may help in the identification of new treatment

strategies for cerebellar neurodegenerative diseases, such as for spinocerebellar ataxia.
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6 Appendix
6.1 Supplementary Figures

Supplementary Figure 1 Semi-thin section of wild type embryo showing region of

ultrastructural analysis

(55hpf) ; wild type

(Suppl. Fig. 1) Sagittal section (20pum) of a wild type embryo at 55hpf stained with toluidine blue
before preparation of ultra-thin sections (60nm) from the region marked by a black box for TEM
analysis (see Fig. 3.3). Abbr.: mes, mesencephalon; cb, cerebellum; rh, rhombencephalon; ov, otic
vesicle

Supplementary Figure 2 Semi-thin section of rescued pac-/-R embryo showing region of

ultrastructural analysis

(55hpf) . ' . pac--R

(Suppl. Fig. 2) Sagittal section (20um) of a pac-/-R embryo at 55hpf stained with toluidine blue
before preparation of ultra-thin sections (60nm) from the region marked by a black box for TEM
analysis (see Fig. 3.9F, G).
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Supplementary Figure 3 Schematic representation of Cadherin-2 deletion variants

(A) Cdh2 -FL

(B) Cdh2AN +
(©) Cdh2A1-3-AC _}

(D) Cdh2A2-4-AC

(Suppl. Fig. 3) Structural features of Cadherin-2 variants. (A) Full-length Cadherin-2 possesses 5
ectodomains (red), a single-pass transmembrane domain (white) and a cytoplasmic domain (green).

Ectodomains are numbered from 1 to 5. The black square shown in ectodomain 1 designates two
important structural features for cis-dimer formation, the conserved tryptophane residue at amino

acid position 2 (Trp2) and an HAV motif. (B) The dominant-negative Cadherin-2-variant (Cdh2AN)

has the first four ectodomains deleted, while ectodomains 1, 2, 3 and the cytoplasmic were deleted in
the Cdh2A1-3AC variant (C), including the Trp2 and HAV motif. (D) In contrast, deletion of

ectodomains 2, 3, 4 and the cytoplasmic tail of Cdh2A2-4AC retained the Trp2 and HAV motif in
ectodomain 1. Note that the missing cytoplasmic domains of Cdh2A1-3AC and Cdh2A2-4AC were
replaced by fusion to monomeric cherry.

Supplementary Figure 4 Nucleotide sequences of cloned stx and pst

st8sia2 (stx) 1,146bp

ATGTCTTTTGAATTCCGAATACTGATGTTTGGAATCGGGACAGCGCTGGTTATATTTGTGATTATA
GCTGATATATCGGAAGTGGAGGAAGAAATCGCGAACATTGAGGATTCACGGAAATTCCACTTAA
AAAGTGTCGCCCTTCAGTCCAACAGAAGTTCAGATCTGAATGCTGCCCCTACTTCTCTAGTCACAT
ATAGAAAGAGCAAAGTCTCCTCTCTAGCTTCACCGTCTGACATAAAGCGCAAAACCAGCAATTCA
TCCTCATCTGAATGGACTTTCAACAGAACCTTGTCTAACCTCATCAGGAAAAACATTTTGAAATTC
CTGGATGCTGAGAGGGACATCTCAATTCTGAAGAGCACCTTTAAACCTGGTGATGTAATTCATTA
TATATTTGACCGTCAGAGCACCACAAACATCTCAGAGAATCTGTACCACCTTTTACCAACTGTGTC
GCCCATGAAGAATCAGCATTACAGAAAGTGTGCCATCGTAGGGAACTCTGGCATACTACTGAAC
AGCAGCTGCGGCAGAGAGATTGACTCGCACGACTTTGTTATTAGGTGTAACTTGGCTCCGGTGGA
GGAGTATGCTGCTGACGTGGGCCTGCGCACCAGCCTGGTGACTATGAACCCCTCAGTGGTGCAGC
GTGCCTTTCAGGACCTGAACAGCGAAGAGTGGGTGCAGCGTTTCGTCCAGCGGCCGCAAAGCCTT
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AGTGGGAGTGTGTTGTGGATTCCTGCCTTTATGGCTAAAGGAGGAGAGGAGCGAGTGGAGTGGG
CCATTCGTCTCATTCTCCTGCATACGGTGAACGTCCGCACCGCCTTCCCCTCTCTGCGTCTGCTCC
ATGCTGTCAGAGGTTACTGGCTGACCAACCATGTCCAGATCAAACGTCCCACCACTGGACTGCTA
ATGTACACCATGGCTACTCGCTTTTGTGATGAGATCCACCTGTATGGCTTCTGGCCCTTCGCTCAC
GACCCTGACGGCAAACCAGTCAAGTATCACTACTATGATACACTAACTTACCACTACACATCTAG
TGCCAGTCCACACACAATGCCTCTGGAGTTTAGGACCTTAAGTGCTCTTCACAGACAGGGGGCGC
TGCGGCTGCACACGGGACCATGCAAACCTCCTACATGA

st8sia4 (pst) 1.077bp

ATGCGGCTTTCACGCAAACACTGGACGGTCTGTACCATTAGCGTTCTGCTTGTATTGTTTTACAAG
ACGACAGACATTGGCAGAAACGAAGTGCACCAGAAAGCTAGTCTGACATGGTACTTGGAGCCAA
GTGCTACTAGACTGATGGCCAATGGCTCTGAGAAACTTTTCGGCAATGTCTTGAATGGTCTTGACT
TGGGAGTTGGATGGAAGATTAATGCCACCCTTGTGTCCATAATAAGGAAAGACATACTCCGCTAC
TTGGACGCAGAGAGAGACGTGTCGGTTATCAAGAGCAATTTTAAGCCGGGCGACACCATCCGCT
ACGTTCTGGACAGACGCAGGACATTCAGCGTATCTCAAACTCTCCATAGTTTACTTCCTGAAGTCT
CTCCTCTGAAGAACAAGACGTTCAAGACATGTGCAGTGGTGGGAAACTCAGGCATTCTCCTGAAG
AGCGGATGTGGAAAGGAGATAGACAACCATAGTTTTGTTATACGATGTAACCTGGCTCCTCTGGA
GGGTTTCGCAGATGATGTAGGATTGCGGTCAGACTTCACCACGATGAACCCATCTGTGATCCAGC
GGGTGTACGGGGGTCTGCGGGAGGAAACCCAGCAGGAGAATCTCATCCAGCGCTTGCGGCAGCT
GAATGACAGCGTGCTCTGGATTCCTGCCTTCATGGTGAAGGGTGGCATGAAGCATGTGGACACGG
TCAATGAGCTCATCCTTAAACACAAGCTGAAAGTGCGCACAGCTTACCCTTCACTCCGCCTAATC
CACGCTGTACGAGGGTTTTGGCTTACAAATAAAATCAATATCAAACGACCCACTACTGGATTACT
GATGTACACGATGGCTACACGCTTCTGTGACGAGATCTACCTGTATGGATTCTGGCCTTTTCCCAA
AGACGCCAGCGGAAATCCTGTTCAATATCATTACTTTGATGGACTGAAATATCGATATTTTTCCAA
TGCGGGTCCTCACCGCATGCCACTGGAGTTTCAAACGCTGCAAAGACTGCACAGCAAGGGGGCG
CTGAAACTCACGACATCTAAATGCACATCAACTTAA
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6.2 Movie legends

Supplementary Movie 1

This movie shows the rotation of the cerebellar anlage from an initial anteroposterior into
a mediolateral orientation. The fourth ventricle of the hindbrain begins to open at ~13hpf
(see black lines, arrow) and as the ventricle widens the cerebellar lobes are repositioned,
such that the anterior cerebellum is bounded at the MHB (dashed black line) and its caudal
aspect lines to the fourth ventricle (solid black line). The movie shows a dorsal view of
50um projections of a time-lapse movie from 13hpf —26hpf. Individual stacks of 3um
sections were recorded in 12-minute intervals using the Zeiss C-Apochromat 40x water-

immersion objective.

Supplementary Movie 3.1 GPC migration in the differentiating zebrafish cerebellum

This movie shows the homotypic neurophilic migration mode of zebrafish cerebellar
GPCs, occurring in a highly directional manner. Movie sequence 1: Colored dots depict
GPCs migrating in separate chains with arrows pointing to single GPCs within each chain
adhering to other neuronal progenitors as they move along them towards the MHB. Movie
sequence 2 shows pseudo-colored GPCs of several chains to illustrate their highly cohesive
migratory behavior. 12um stacks were recorded in 1xm sections every 12 minutes using a
63x water immersion objective. Each stack was projected into a single image for each time

point and displayed as movie sequence using QuickTime Pro 7.2.

Supplementary Movie 3.2 GPC migration behavior in wild type gatal:GFP embryos

This movie shows a dorsal view of the antero-lateral migration mode of zebrafish
cerebellar GPCs in the gatal:GFP transgenic line heading from the URL towards and along
the MHB. Granule cell clusters along the MHB in dorso-medial domains constitute the
future corpus cerebelli, while ventrolateral clusters form the future eminentia granularis.
50um stacks were recorded in 3um sections every 12 minutes using a 40x water immersion
objective. Each stack was projected into a single image for each time point and displayed as

movie sequence using QuickTime Pro 7.2.
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Supplementary Movie 3.3 GPC migration behavior in pacR2.10 gatal:GFP embryos

This movie shows a dorsal view of migrating GPCs in parachute R2.10 gatal:GFP
mutants, lacking functional Cadherin-2. Loss of Cadherin-2 results in impaired migration of
cerebellar GPCs with the majority of cells, although motile remaining in positions close to
the point where they emerge along the medio-lateral axis of the differentiating cerebellum.
50um stacks were recorded in 3um sections every 12 minutes using a 40x water immersion
objective. Each stack was projected into a single image for each time point and displayed as

movie sequence using QuickTime Pro 7.2.

Supplementary Movie 3.4 Coherent migration behavior of GPC in wild type
gatal:GFP embryos

This movie shows a dorsal view of the migration of wild type GPCs of gatal:GFP
embryos in higher magnification. Only one cerebellar lobe is presented for simplicity to
emphasize the highly directional and coherent migration behavior of zebrafish cerebellar
GPCs. Individual traces of GPCs are subsequently followed using ImageJ software and the
manual tracking tool plug-in. The final arrows depict the overall migration direction of
traced GPCs. 50ym stacks were recorded in 3um sections every 12 minutes using a 40x
water immersion objective. Each stack was projected into a single image for each time point

and displayed as movie sequence using QuickTime Pro 7.2.

Supplementary Movie 3.5 Loss of directionality and coherence for GPCs of pac-/-R

embryos

This movie shows a dorsal view of migrating zebrafish cerebellar GPCs after the
temporal rescue of pac-/-R gatal:GFP embryos. Loss of Cadherin-2 around the onset of
GPC migration results in loss of migratory directionality and coherence, also depicted by the
following tracks showing randomized migratory behavior. Only one cerebellar half is
presented. 50um stacks were recorded in 3um sections every 12 minutes using a 40x water
immersion objective. Each stack was projected into a single image for each time point and

displayed as movie sequence using QuickTime Pro 7.2.
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Supplementary Movie 3.6 GPC migration after transplantation of wild type gatal:GFP

host cells into wild type donor embryos

This movie shows a dorsal view of one cerebellar lobe after transplantation of gatal:GFP
donor cells at sphere stage into wild type brass embryos, thus visualizing donor cells in the
cerebellum by their GFP expression. Migration of these GPCs was followed by in vivo time-
lapse imaging starting at 48hpf. This shows that wild type donor GPCs migrate in
anterolateral directions from the URL towards the MHB in a wild type environment.
Individual GPCs were further manually traced by using the ImagelJ tracking tool. 30xm
stacks were recorded in 3um sections every 12 minutes using a 40x water immersion
objective. Each stack was projected into a single image for each time point and displayed as

movie sequence using QuickTime Pro 7.2.

Supplementary Movie 3.7 GPC migration after transplantation of pac-/-R gatal:GFP

host cells into wild type donor embryos

This movie shows a dorsal view of migrating pac-/-R gatal:GFP-derived cerebellar
GPCs in a wild type host cerebellum after transplantation. In contrast to transplanted control
cells, GPCs of pac-/-R gatal:GFP fail to migrate in a directional manner. Subsequent cell
tracing of individual cells reveals their high migratory motility but a lack in directionality, as
depicted by their tracks. Only one cerebellar half is presented. 50um stacks were recorded in
3um sections every 12 minutes using a 40x water immersion objective. Each stack was
projected into a single image for each time point and displayed as movie sequence using

QuickTime Pro 7.2.

Supplementary Movie 3.8 Expression of dominant-negative Cadherin-2-mCherry in

GPC:s of the cerebellum

This movie shows strong transient expression of a heatshock-induced dominant-negative
Cadherin-2 variant (8xHSE:Cdh2AN-mCherry) by cerebellar GPCs in the URL of the
gatal :GFP transgenic line. GPCs expressing this construct fail to initiate migration and
emigrate from the URL, while GFP-expressing GPCs in their vicinity exhibit a chain-like
migration behavior towards the MHB. Only one cerebellar half is presented. 20um stacks

were recorded in 1pm sections every 12 minutes using a 63x water immersion objective.
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Each stack was projected into a single image for each time point and displayed as movie

sequence using QuickTime Pro 7.2.

Supplementary Movie 3.9 Expression of a non-functional Cadherin-2-mCherry

deletion variant in migrating GPCs of the cerebellum

This movie shows control cerebellar GPCs in gatal :GFP embryos strongly expressing a
non-functional Cadherin-2 variant (8xHSE:Cdh2A2-4AC-mCherry) after heatshock
induction. GFP-expressing GPCs co-expressing this variant exhibit wild type-like
directional migration behavior along other co-migrating GPCs towards the MHB. Only one
cerebellar half is presented. 25um stacks were recorded in 1xm sections every 12 minutes
using a 63x water immersion objective. Each stack was projected into a single image for

each time point and displayed as movie sequence using QuickTime Pro 7.2.

Supplementary Movie 3.10 Cadherin-2 dynamics in a migrating cerebellar GPC

This movie shows a higher magnification of one migrating GPC, shown in Movie 3.9, to
reveal dynamics of Cadherin-2 clusters. The GPC expressing the non-functional Cdh2A2-
4AC-mCherry deletion variant initially accumulates Cadherin-2 containing clusters in the
leading edge (white arrow) at the onset of forward movement. During the following
movement, Cadherin-2 clusters are dynamically shifted first into the rear and then become
equally distributed along one lateral wall where the GPC remains in contact with another co-
migrating cell (arrow, see also the slow motion and GFP overlay channel, following the
initial red channel movie sequence). As soon as the contact is released Cadherin-2 clusters
are disassembled in the trailing edge (yellow arrow). Cadherin-2 clusters are subsequently
re-located into the anterior of the cell. 10um stacks were recorded in 1xm sections every 12
minutes using a 63x water immersion objective. Each stack was projected into a single

image for each time point and displayed as movie sequence using QuickTime Pro 7.2.

Supplementary Movie 3.11 Cadherin-2 dynamics in a zebrafish PAC2 fibroblast cell

This movie shows a zebrafish PAC2 fibroblast cell transfected with Cdh2A2-4AC-EosFP
before and after photo-conversion. Besides the rapid diffusion of Cadherin-2 within the cell

(right arrow) upon UV-laser conversion from green to red emission by ROI, Cadherin-2
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clusters appear as if they are transported in a microtubule-like manner from the cell cortex
into the cytoplasm, when a second patch in the membrane was converted (upper arrow). A
single section was recorded every minute using a 63x water immersion objective. The

images were assembled into a movie sequence using QuickTime Pro 7.2.

Supplementary Movie 3.12 Directed movement of Cadherin-2 within the plasma

membrane of a migrating GPC

This movie shows the directed transport of UV-converted Cdh2A2-4AC-EosFP within the
plasma membrane of a GPC. Cadherin-2 containing clusters move towards the leading edge,
thereby passing along the base of an extended neurite. 10ym stacks were recorded in 1ym
sections every 5 minutes using a 63x water immersion objective. Each stack was projected

into a single image for each time point and displayed as movie sequence using QuickTime

Pro 7.2.

Supplementary Movie 3.13 Neuronal migration of cerebellar progenitor cells after

injection of PBS

Lateral view of migrating cerebellar neuronal progenitor cells in PBS-injected control
embryo beginning at 35hpf. Neuronal migration of control cerebellar neuronal progenitors
was analyzed by in vivo time-lapse confocal microscopy. Migrating cells are marked by
expression of uncGFP, thus labeling the soma but not the nucleus. Recording of migratory
neurons started at 35hpf, two hours after PBS injection into the hindbrain ventricle. All cells
that are first positioned at the URL (solid line in first frame and then arrowhead) migrate
rostrally toward the MHB. They further continue ventral migration along the MHB towards
the brain stem. Approx. 11 hours later, neuronal cells assemble in a ventral target cluster and
cease migration. 50um stacks were recorded in 3um sections every 12 minutes using a 40x
water immersion objective. Each stack was projected into a single image for each time point

and displayed as movie sequence using QuickTime Pro 7.2.

Supplementary Movie 3.14 Neuronal migration of cerebellar progenitor cells after

injection of EndoN

Lateral view of migrating cerebellar neuronal progenitor cells in embryos lacking

polysialic acid after EndoN-treatment. Migration of cerebellar neuronal progenitors after
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loss of PSA was analyzed by in vivo time-lapse confocal microscopy, beginning at 35hpf.
Neuronal cells are marked by expression of uncGFP, thus labeling the soma but not the
nucleus. Recording started two hours after EndoN-injection into the hindbrain ventricle.
Initially several neuronal cells are positioned at the URL (top) and extend processes. The top
cell extends several filopodia into the periphery but never initiates migration during the
length of the time-lapse movie. The cell located just below even retracts its process and
becomes stationary at the URL. Over a period of 17 hours these neuronal progenitors remain
stalled close to the URL and fail to migrate towards anteroventral brain regions. 50ym
stacks were recorded in 3um sections every 12 minutes using a 40x water immersion
objective. Each stack was projected into a single image for each time point and displayed as

movie sequence using QuickTime Pro 7.2.
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6.5 Preparation of zebrafish embryos for transmission electron

microscopy — online publication

Preparaiios of Tebraflss Brhryes for Trmsmission Hleron Micwrapy — Risger and Ksier 2007 (12): pds.pooti 772 - Cold Spring Farbor Probocols

Please cite as: CSH Pratocols; 2007, dod:10.1101/pdb protd 772

@ Protocol

Preparation of Zebrafish Embryos for Transmission Electron
Microscopy

Sandra Rieger! and Reinhard W. Koster

GEF-Matiomal Fesearch Center for Envvironmment and Health, Instiute of Developmenial Genetics, 85764
Sfunchen-Meuhsrberg, Germany

lComesponding author (sandra.rieger{at}esf.de)

INTRODUCTION
This protocol describes a procedure for the fixation and embedding of zebrafish embryos at

orzanozenssis stages (48-72 hours post-fermilization [hpf]) for transmission elecmon microscopy (TEM).
The lengths of individual steps may be adjusted according o the developmentzl stage of the specimen.

RELATED INFORMATION

TEM using the described method was performed to identfy the ultrasmucre of e nenronal precursors
inzide the embryonic zebrafish cerebellar rhombic lip (s2e Fiz [ and Fiz. 2 )
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6.6 Quantum Dots Are Powerful Multipurpose Vital Labeling Agents in
Zebrafish Embryos

Summary

Existing imaging techniques in biology have been largely dependent on the use of
organic fluorophores or fluorescent proteins. Most fluorescent molecules have however
some limitations such as reduced photostability or short lifetimes. To establish fluorophores
with improved properties for in vivo imaging applications, we characterized the use of
quantum dots labeling in living zebrafish. Quantum dots are small inorganic semiconductor
nanocrystals, which have high emission quantum yields and narrow emission spectra, they
have a long shelf life and are extremely photostable. Depending on the nanocrystal size,
their emission/emitted fluorescence fills the entire emission spectrum from blue to far-red.
In general, smaller quantum dots tend to emit in the blue range whereas larger dots emit
closer to the red spectrum. Although quantum dots are made of reactive nanocrystal cores,
which are highly toxic such as cadmium-selenide, advances have been made to generate
quantum dots with an additional non-reactive stabilizing shell, being made of zinc sulfide or
silica to improve their optical properties. A further polymercoating on the outside makes
them hydrophilic and renders them useful for conjugation to biological molecules to be used

in intravital applications.

Using streptavidin-conjugated quantum dots 605 (QD605), made from a cadmium
selenide core, a zinc sulfide shell, and a secondary outer coat conjugated to streptavidin,
these nanocrystals could be proved useful for zebrafish imaging applications. To test
whether living zebrafish embryos tolerate QD605, small quantities were injected into 1 to 4-
cell stage embryos and analyzed by confocal microscopy at several developmental stages. In
addition, QD605 were sonicated to reduce aggregation of these nanocrystals and tested for
their in vivo tolerance, as sonication may destroy the non-reactive shell thereby releasing
toxic core components. Such injected embryos displayed a bright red fluorescence and did
not reveal any morphological alterations. These findings showed that QD605 are tolerated
by zebrafish during embryonic development, thus making them useful for in vivo

applications.

Quantum dots can be localized in different cell compartments, depending on their outer
coat (Bruchez et al., 1998, Dubertret et al., 2002). To reveal the subcellular distribution of

QD605 in zebrafish, the eyes of injected embryos were analyzed by comparing QD605 to
148



Appendix

different fluorescent dyes thereby delineating distinct cellular compartments. While the
location of the green fluorescent membrane-bound dye Bodipy Ceramide and a nuclear
histone 2B fusion protein to monomeric red fluorescent protein (mRFP) did not reveal
similarities to the subcellular distribution of QD605, the cytoplasmic staining of unc76:GFP,
which is excluded from the nucleus, was most reminiscent of the QD605 distribution within

the cell, showing that QD605 locate to the cytoplasm and are excluded from the nucleus.

The next challenge was to investigate whether QD605 are suitable for lineage tracing.
QD605 were therefore co-injected with GFP messenger RNA into single blastomeres at the
32-cell and 64-cell stage. Like GFP, QD605 remained restricted to descendants of the
injected blastomeres during proliferation and did not spread through cytoplasmic bridges
into neighboring cells. This demonstrated that QD605 behave in a similar manner as GFP

and therefore QD605 can be used for lineage tracing experiments in zebrafish embryos.

To test the photostability of QD605, microangiography was performed to outline
individual blood vessels. Small amounts of QD605 were therefore injected into the heart
ventricle of living zebrafish larvae at 5dpf. Following injection, QD605 were evenly
distributed throughout the entire vascular system within a short period. Such larvae were
further soaked in the green fluorescent dye Bodipy Ceramide to label cellular membranes.
Subsequently, a frequency of high-power laser scans was applied to the trunk. While Bodipy
Ceramide completely bleached within this region, QD605 labeling appeared almost as bright
as before, thus confirming that QD605 are highly photostable fluorophores.

Many vital fluorescent proteins do not survive tissue fixations and therefore can only
serve for in vivo imaging applications, thus making it difficult to analyze them in the context
of expression analysis by immunohistochemistry. Microangiographed embryos were fixed
and methanol dehydrated, followed by rehydration and immunostaining for anti-acetylated
Tubulin to co-label dendritic and axonal processes within the embryonic brain. Neither the
fixation nor the staining procedure resulted in a loss of fluorescence. This showed that
QD605 can be used for multicolor labeling approaches in fixed specimens, to visualize

axonal tracts in context with the vasculature of the brain.

Similar to GFP, QD605 are excited at a wavelength of 488nm. Thus, when present in one
cell both could be co-excited. In contrast to GFP however QD605 have a large Stoke’s shift,
therefore the emission of QD605 will be easily separable from GFP. To demonstrate this,
microangiography was performed in embryos of the stable gatal:GFP transgenic line (Long

et al., 1997). Such embryos express GFP in erythrocytes and in migrating cerebellar granule
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progenitor cells (Koster and Fraser, 2006, Volkmann et al., 2007). Imaging analyses of
QDO605-injected gatal:GFP embryos by confocal microscopy revealed that the emission
spectrum of QD605 and GFP could be well separated in the same cell, although only a

single excitation wavelength was used.

A known feature during CNS development is that blood vessels and axons share common
trajectories during pathfinding, thereby using the same guidance molecules, as for example
Netrinl and its Receptor Unc5B (Lu et al., 2004, Park et al., 2004). The islet]:GFP stable
transgenic line displays GFP expression in cranial motor neurons and their axon tracts. To
test whether these axons use similar routes as blood vessels in the developing zebrafish
nervous system, microangiography was performed on islet] :GFP transgenic embryos to co-
label axons and blood vessels. It was found that in some brain regions, axon tracts and blood
vessels did not share the same trajectories, while axons and blood vessels were found along
the same routes in domains of the vagus sensory ganglion and the primordial hindbrain
channel (PHBC), posterior to the otic vesicle. This demonstrates that pathfinding of blood
vessels and axons is not strictly dependent on one another in the differentiating zebrafish

brain.
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Biology Labs (MBL) fur die Teilnahme am Kurs “Neural Development
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