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Summary

The capability to regenerate axons in the central nervous system (CNS) has been lost in
mammals and birds whereas fish can repair injured CNS fiber tracts. An important player in
limiting regeneration in mammals is the myelin associated inhibitor Nogo-A. It is expressed
by many cell types, among them oligodendrocytes, and upon contact inhibits axon
regeneration. Zebrafish possess two homologues of the Nogo gene, rtn4a and rtn4b,
whose properties are largely unknown. In this work, we analyze several aspects of the
mammalian Nogo gene and its zebrafish homologues, ranging from their roles in

development and regeneration to their inhibitory properties.

In part one, we investigated the role of rtn4a and rtn4b in the embryonic development of
zebrafish. The analysis of their expression showed that they are expressed in the neural
tube and several brain regions, as well as the optic nerve, and, in the case of rtn4b, in
motor neurons and spinal cord. Next, we examined the effects of rtn4da and rtn4b
downregulation by specific morpholinos and discovered that loss of these proteins causes
severe malformations. Rtn4 proteins are therefore essential for embryonic development

and the patterning of the zebrafish nervous system.

In part two, the role of rtn4b in the regeneration of the optic nerve was characterised. We
found that rtn4b is upregulated in retinal ganglion cells after optic nerve section (ONS) and
essential for the successful regeneration of their axons. Downregulating rtndb by
morpholinos reduces axon regeneration. We determined that rtn4b plays an important role
in the stability and maintenance of the endoplasmic reticulum and serves as an intracellular

factor which is decisive for the success of regeneration.

In the third part we explored the inhibitory properties of Rtn4b in comparison to
mammalian Nogo-A. A stretch from the Nogo-A specific region, called rat M1-4 and
zebrafish M1-4, respectively, was chosen for functional analyses. The results revealed that
both mammalian and zebrafish M1-4 inhibit outgrowth of neurites from neuronal single cell
cultures in both mouse and zebrafish. This inhibition can be blocked by reducing the
expression level of potential receptors S1IPR2 and S1PR5a, both of which are also
expressed in zebrafish retinal ganglion cells. In contrast, in stripe assays only rat M1-4 and
not ZF M1-4 was completely avoided by zebrafish, goldfish or chicken axons growing from

a retinal explant. Analysis of rtn4db expression levels in the regenerating optic nerve
i
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showed a decrease in myelin after optic nerve section (ONS) compared to controls. Thus,
even though Rtndb might possess inhibitory properties, it is not relevant during
regeneration due to its low concentration in CNS myelin and the high regenerative

capacites of zebrafish axons.

In the fourth project, a transgenic line was designed that expresses CreER™ in myelinating
cells and can therefore be used to cause targeted recombination in oligodendrocytes. The
myelin basic protein promoter was used to drive expression (driver line). We could show
that the line causes recombination in effector lines in larval as well as in adult stages and
that recombination is dependent on pharmacological treatments (4-OHT/Tamoxifen). This
line can now be used in researching various issues on myelination, oligodendrocyte
development and for targeted expression of genes by combining it with respective effector

lines.

The goal of the final project was to examine the effect of mammalian Nogo-A on the
regeneration of zebrafish axons in vivo. To this purpose different transgenic lines (effector
lines) in addition to the driver line described above were generated that should allow the
targeted expression of mammalian Nogo-A and its zebrafish homologues in the myelin
surrounding regenerating retinal ganglion cell axons. The aim was to analyse whether
zebrafish axons might in vivo be blocked by the inhibitors. The establishment of the lines
was successful. Expression of Nogo-A and its homologues was achieved in embryonic
stages. In larvae and adult fish, however, various problems with the recombination

efficiency hindered the analysis of transgenetically upregulated Nogo proteins.
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Zusammenfassung

Regeneration von verletzten Axonen findet im Zentralen Nervensystem (ZNS) von
S ugetieren und V geln kaum oder gar nicht statt. Fische hingegen k nnen verletzte
Axone im ZNS regenerieren und verlorengegangene Funktionen wiederherstellen. Ein
wichtiger limitierender Faktor f r Axonregeneration in S ugetieren ist ein Myelin-
assoziiertes inhibitorisches Protein, Nogo-A. Nogo wird in vielen Zelltypen exprimiert, auch
in Oligodendrozyten, und inhibiert bei Kontakt die Regeneration von Axonen. Zebrafische
besitzen zwei Homologe des Nogo-A Gens, rtn4da und rtn4b, deren Eigenschaften
weitestgehend unbekannt sind. In dieser Arbeit analysieren wir funktionelle Aspekte des
Nogo Gens und seiner Homologe im Zebrafisch, in der Embryonalentwicklung und
axonalen Regeneration und ihre inhibitorischen Eigenschaften.

Im ersten Teil untersuchen wir die Rolle von rtn4a und rtn4b in der Embryonalentwicklung
des Zebrafisches. Sie werden im Neuralrohr, diversen Hirnregionen und im optischen Nerv
exprimiert. Rtn4b ist au erdem in Motoneuronen und anderen Bereichen des
R ckenmarks zu finden. Um die Funktion von rtnd4a und rtn4b zu verstehen, wurden sie
durch spezifische Morpholinos herunterreguliert. Der Verlust dieser Proteine f hrte zu
massiven Fehlbildungen. Sie sind demzufolge essentiell f r die Embryonalentwicklung und

die Strukturierung des Nervensystems des Zebrafisches.

Im zweiten Teil wurde die Rolle von rtn4b bei der Regeneration von Axonen im optischen
Nerven analysiert. rtn4db wird in retinalen Ganglienzellen nach Durchtrennung des
Sehnerven hochreguliert und ist f r den Regenerationserfolg der retinalen Axone
essentiell. Herrunterregulation von rtn4b durch Morpholinos hemmte die Regeneration. Wir
folgerten, dass Rtn4b eine wichtige Rolle in der Stabilisierung und Aufrechterhaltung des
Endoplasmatischen Retikulums spielt und vermutlich als intrazellul rer Faktor

entscheidend daf r ist, ob und wie erfolgreich Axone regenerieren k nnen.

Im dritten Teil untersuchten wir die inhibitorischen Eigenschaften von S ugetier Nogo-A im
Vergleich zu Fisch Rtn4b. Wir fokussierten uns dabei auf einen Abschnitt aus der Nogo-A
spezifischen Region, genannt Ratten M1-4 und Zebrafisch M1-4. Sowohl S ugetier als
auch Zebrafisch M1-4 inhibierten das Auswachsen von Neuriten von Neuronen in
Einzelzell-Kulturen der Maus und des Zebrafisch. Diese Inhibition konnte teilweise

aufgehoben werden indem die Expressionslevel der potentiellen Rezeptoren fr
\Y
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Rtn4b/Nogo-A, S1PR2 und S1PR5a in den Retinaganglienzellen verringert wurden. Anders
als in Assays mit Einzelzellen wurden im Streifenassay mit Retinaexplantaten nur die mit
Ratten M1-4 beschichteten Streifen vollkommen von den auswachsenden Axonen von
Zebrafish, Goldfisch oder H hnchen vermieden. Streifen mit Zebrafisch M1-4 wurden von
den Axonen aller getesteten Arten ungehindert gekreuzt. Die Analyse der Rtn4b
Konzentration im regenerierenden optischen Nerven ergab, dass die Expression des rtndb
Gens im Myelin nach der Nervdurchtrennung reduziert ist. So hat Rtn4b zwar inhibitorische
Eigenschaften, hemmt jedoch auf Grund seiner geringen Konzentration im Myelin und des

hohen Regenerationspotentials der Zebrafisch-Axone die Regeneration der Axone nicht.

Im vierten Projekt wurde eine transgene Linie erstellt, welche CreER™2 in myelinisierenden
Zellen exprimiert und welche daher genutzt werden kann um gezielte Rekombination in
Oligodendrozyten zu erreichen. Um die Expression zu steuern, wurde der Promoter des
myelin basic proteins (mbp) benutzt (Treiberlinie). Wir konnten zeigen, dass diese Linie
sowohl im larvalen als auch im adulten Stadium in einer Effektorlinie Rekombination
bewirkt und dass die Rekombination durch pharmakologische Behandlungen (4-
OHT/Tamoxifen) gesteuert wird. Diese Linie kann nun genutzt werden, um Myelinisierung
und die Entwicklung von Oligodendrozyten zu untersuchen und um gezielt bestimmte
Gene in Oligodendrozyten und Myelin zu exprimieren. Dieser letzte Punkt wird durch

Kombination mit einer entsprechenden Effektorlinie erreicht.

Das letzte Projekt hatte zum Ziel, die Auswirkungen von S ugetier Nogo-A auf die
Regeneration von Zebrafisch-Axonen in vivo zu testen. Daf r wurden verschiedene
transgene Linien (Effektorlinien) zus tzlich zu der oben erw hnten Treiberlinie erstellt, die
die gezielte Expression von S ugetier Nogo-A und seinen Zebrafisch-Homologen im
Myelin erm glichen sollte, welches regenerierende retinale Ganglienzellaxone umgibt. Es
sollte die Frage beantwortet werden, ob Zebrafisch-Axone in vivo durch die Inhibitoren
beeinflusst werden. Die Erstellung der Linien war erfolgreich. Im Embryonalstadium
konnten Nogo-A und seine Homologe exprimiert werden. In Larven und erwachsenen
Fischen verhinderten jedoch zahlreiche Probleme mit der Rekombinationseffizienz die

Analyse der transgenetisch hochregulierten Nogo Proteine.
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Introduction

1 Introduction

Fish are able to regenerate their optic nerves, parts of their brain and to heal injuries to
their spinal cord. Amphibians have amazing regenerative abilities in their larval stages.
Mammals, however, do not possess such abilities. Injuries to the central nervous system
cannot be repaired and lead to permanent damage. These differences in regenerative
capacities have been known for a long time. Discovering the underlying factors contributing
to them is of high importance since it might lead to the development of therapies increasing
recovery after CNS injuries, thus avoiding paraplegia after accidents and lasting brain

damage after stroke.

1.1 Regeneration in mammals and fish

1.1.1 Regeneration in the mammalian Central Nervous System
In adult mammals, central nervous system (CNS) injury leads to persistent deficits because

of the inability of mature axons to regrow after transection. Although severed CNS axons
after injury show some spontaneous sprouting, it is soon aborted and provides no
functional recovery (Li and Raisman, 1995). In the peripheral nervous system (PNS) long-
distance axon regeneration can occur and can lead to reinnervation of targets and to
substantial functional recovery. Experiments showed that PNS neurons possess the ability
to upregulate regeneration-associated genes and that the environment of the PNS is
stimulatory towards axon growth, a finding that is corroborated by experiments showing
that CNS axons which do not normally regenerate in their own environment are able to
grow over long distances when provided with a permissive peripheral nerve graft
(Richardson et al., 1980; David and Aguayo, 1981; Benfey and Aguayo, 1982).

These findings suggest, that whether or not regeneration occurs depends on two factors.
One is the intrinsic abilities of neurons to react to an injury with the activation of growth
programs. The second factor is the environment in which regeneration takes place. The
CNS environment is strongly inhibitory mainly due to myelin-associated inhibitors and

astrocytic glial scars (Huebner and Strittmatter, 2009).

1.1.1.1 Neuron intrinsic abilities
As mentioned above, neurons and PNS axons possess the ability to increase the

expression of certain genes that are vital for regeneration after injury. These genes are
1
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known as regeneration-associated genes (RAGs) and are also expressed in come CNS
axons. Among these genes are Cap-23 (cortical cytoskeleton-associated protein 23), c-
Jun, GAP-43 (Growth associated protein 43), Sox11l (SRY-realted HMG-box), SPRR1A
(small proline rich protein 1A), Reggie-1 and -2 (flotillins), sphingosine kinase | and ATF3
(activating transcription factor 3) (Schulte et al., 1997; Leon et al., 2000; Bomze et al.,
2001; Bonilla et al., 2002; Fischer et al., 2004; Raivich et al., 2004; Seijffers et al., 2006;
Jankowski et al., 2009; Koch et al., 2013). C-Jun, ATF3 and Sox11 are injury-induced
transcription factors that appear to induce the expression of other RAGSs, thereby
promoting the growth state (Raivich et al., 2004; Gey et al., 2016). GAP-43 and SPRR1A
are so called effector RAGs which contribute directly to axon outgrowth (Benowitz and
Routtenberg, 1997; Starkey et al., 2009), whereas others, like sphingosine kinase I,
probably enhance cell survival and therefore decrease cell loss after injury (Fischer et al.,
2004). The upregulation of RAGs seems to be at least partially instigated by growth
promoting factors secreted by the PNS surroundings, since implantation of a PNS nerve
graft into the vitreous body of the eye in rats increased GAP-43 expression in regenerating
RGCs, allowing regeneration through the growth inhibiting environment of the optic nerve
(Ng et al., 1995; Berry et al., 1996; Kolb et al., 2007).

In CNS neurons, the upregulation of peripheral RAGs is limited and much less consistent
than in the PNS (Bomze et al., 2001). It is, however, possible to induce gene expressions
comparable to those seen in regenerating PNS neurons by exposing them to appropriate
growth factors like oncomodulin or by causing an inflammation that leads to an increase in
the number of activated macrophages (Fischer et al., 2004; Benowitz and Yin, 2008; Cui et
al.,, 2009; Yin et al.,, 2009). Increasing RAG expression in neurons increases their
regenerative ability (Bomze et al., 2001). Regenerative success can be further increased
by combining the upregulation of RAGs with blocking of inhibitory signalling pathways
(Fischer et al., 2004).

1.1.1.2 The glial scar

Injury of the CNS in mammals leads to the formation of the glial scar (Rudge and Silver,
1990). The scar is formed mostly by reactive astrocytes but also contains microglia,
oligodendrocyte precursors and meningeal cells (Fig. 1.1). Formation of a glial scar
secludes the injury site from healthy tissue, repairs the blood-brain-barrier, prevents

overwhelming inflammatory responses and stabilizes CNS tissue. The glial scar is

2
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therefore important for survival of the animal after injury (Bush et al., 1999; Faulkner et al.,
2004).

Unfortunately, at the same time it severely restricts axon regeneration past the lesion site
(Bovolenta and Fernaud-Espinosa, 2000). Recruited reactive astrocytes produce four
classes of proteoglycans, inhibitory extracellular matrix molecules, among them chondroitin
sulphate proteoglycans (CSPG) (Johnson-Green et al., 1991; McKeon et al.,, 1991).
Expression of CSPGs increases in the glial scar. CSPGs possess a protein core, which
varies between the different proteins, and highly sulphated glycosaminoglycan (GAG)
chains (Morgenstern et al., 2002).
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Figure 1.1: Schematic representation of the CNS injury site.

Injury to the adult CNS often results in the transection of nerve fibres and damage to surrounding
tissues. The distal ends of the severed axons form characteristic dystrophic growth cones that are
exposed to the damaged glial environment. During the early phase of injury, myelin-associated
inhibitors from intact oligodendrocytes and myelin debris can restrict axon regrowth. Recruitment of
inflammatory cells and reactive astrocytes over time leads to the formation of a glial scar, often
accompanied by a fluid-filled cyst. This scarring process is associated with the increased release of
chondroitin sulphate proteoglycans, which can further limit regeneration. Together, these molecular
inhibitors of the CNS glial environment present a hostile environment for axon repair (Yiu and He,
2006).




Introduction

They have been shown to be inhibitory to axon growth in vitro; in stripe assays, axons
strictly avoided CSPG stripes. This inhibitory effect was stable for more than one week
(Snow et al., 1990; Hynds and Snow, 1999). Evidence suggests, that the inhibitory function
of CSPGs depends on the GAG component, since treatment with an enzyme which
removes GAG chains (chondroitinase ABC) increases axon regeneration (Barritt et al.,
2006; Massey et al., 2006).

1.1.1.3 Myelin associated inhibitors

CNS myelin unlike its pendant in the PNS was found to inhibit axon growth (Schwab and
Thoenen, 1985). This effect is due to myelin associated inhibitors (MAIs) which are
expressed in oligodendrocytes. The MAIs include the myelin-associated glycoprotein
(MAG) (McKerracher et al., 1994), oligodendrocyte myelin glycoprotein (OMgp) (Kottis et
al., 2002), Semaphorin 4D (Moreau-Fauvarque et al., 2003), ephrin-B3 (Benson et al.,
2005) and Nogo-A (Chen et al., 2000). OMgp is a glycophospholipid-linked membrane
protein which consists of four domains, including a series of leucin-rich repeats (Mikol et
al., 1990). In the rat spinal cord, OMgp is expressed by oligodendrocyte-like cells that
encircle the nodes of Ranvier. Their function is probably to restrict collateral sprouting since
mice that are OMgp deficient show elevated sprouting from these nodes (Huang et al.,
2005). MAG is a transmembrane member of the immunoglobulin superfamily and is
expressed both in the CNS and the PNS, but is cleared much more rapidly in the periphery
than in the CNS and therefore does not interfere with regeneration. Interestingly, the effect
of MAG on axons changes during development. While it acts in a repellent manner on
mature axons, it stimulates outgrowth of embryonic and neonatal neurites (Johnson et al.,
1989; Mukhopadhyay et al., 1994; Turnley and Bartlett, 1998).

Nogo-A belongs to the group of reticulon proteins and was discovered when antibodies
against inhibitory myelin fractions were created. The antibody (IN-1) was able to neutralize
myelin inhibition and its antigen was termed Nogo-A (Chen et al., 2000; GrandPre et al.,

2000). The protein and its functions will be further described in the following chapters.

The physiological sense for myelin-associated inhibitors is in the stabilisation and
consolidation of neural circuits in the mature CNS that were established during phases of
experience-dependent plasticity in development. For example, physiological signalling from
myelin-derived Nogo-A, MAG and OMgp restricts plasticity to ensure the stability of ocular

dominance domains in the visual cortex (McGee et al., 2005).
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1.1.2 Regeneration in fish
In contrast to mammals, zebrafish axons regenerate very efficiently after injury to the CNS,

leading in most cases to a complete reestablishment of the functions that were affected by

the injury.

Regeneration in the zebrafish is initiated directly after injury to the optic nerve. Two days
post optic nerve section (ONS) the first axons already grow past the injury site and at 4
days post ONS they reach the optic chiasm. At six day post injury, the area proximal to the
injury is completely filled with regenerating axons. The first axons reach the optic tectum at
7-8 days after lesion. Vision is at least partially restored within 14 days after injury
(Diekmann et al., 2015), although regeneration and structuring of the regenerated areas

continues for some time.

Successful regeneration in fish can be attributed to several factors. For instance, the
substantial loss of cells, particularly mature oligodendrocytes, astrocytes and neurons that
occurs in the mammalian spinal cord (Lytle and Wrathall, 2007) does not take place in the
zebrafish spinal cord (Hui et al., 2010). Additionally, cell proliferation increases dramatically

upon regeneration induction in the fish (Ghosh and Hui, 2016).

In contrast to mammals, both PNS and CNS neurons in the zebrafish can specifically
upregulate proteins which support regeneration after injury. Retinal ganglion cells (RGC),
for example, increase protein production after injury of the optic nerve to support
regeneration. Microarray analysis of mMRNA isolated from control and axon-regenerating
RGCs identified 347 upregulated genes, several of which had already been described in
the mammalian PNS. Some were increased more than 20 fold. Upregulated genes were
mostly involved in protein synthesis and degradation, translation or interaction with the
cytoskeleton (Veldman et al., 2007). Among the genes that are upregulated and have been
studied more closely are reggie-1 and reggie-2 (Stuermer, 2010), GAP-43 (Bormann et al.,
1998), E587 (Ankerhold et al., 1998), plasticin (Asch et al., 1998), neurolin (Laessing et al.,
1994), -Tubulin, ATF-3 and Sox11b (Veldman et al., 2007). Upregulation of these genes
is regulated by specific enhancer elements that are different from those that regulate the
expression of the genes during development (Udvadia et al., 2001; Senut et al., 2004;
Fujimori et al., 2008). Artificial downregulation of regeneration associated genes by

Morpholinos seriously impaired regeneration (Becker et al., 2004; Munderloh et al., 2009).
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Simultaneously to the identification of genes that were upregulated, 29 genes were
discovered whose expression levels were decreased during regeneration. Among these
genes was the Class B basic helix loop helix protein 2 (bHLHB2) (Veldman et al., 2007). It
is an inhibitory member of the bHLH family of E-box binding proteins. In mammals, it has
been suggested that downregulation of HLH transcription factors is necessary to initiate the
regenerative response to axonal injury (Kabos et al., 2002). This might be conserved in
zebrafish. Interestingly, one gene whose expression is known to be under the control of a
regulatory element containing an E-box in zebrafish is 1-Tubulin, a gene essential for

regeneration (Senut et al., 2004).

The environment which axons encounter while regenerating differs between fish and
mammals. For instance, in zebrafish, the glial scar does not inhibit regeneration like in
mammals. Rather, glial cells form a bridge across injured tissue and therefore facilitate
regeneration (Hirsch et al., 1995). This is regulated by the connective tissue growth factor a

(ctgfad) which is specifically upregulated after spinal cord injury (Mokalled et al., 2016).

Furthermore, fish myelin does not possess inhibitory properties. In in vitro experiments with
isolated myelin and oligodendrocytes from the goldfish CNS, neither goldfish RGC axons
nor rat dorsal root ganglia were inhibited by either substrate (Bastmeyer et al., 1991;
Bastmeyer et al., 1993; Wanner et al., 1995). Goldfish oligodendrocytes proved to be even
growth promoting. They dedifferentiate upon optic nerve lesion and express growth
promoting molecules (Ankerhold et al., 1998; Ankerhold and Stuermer, 1999). In vivo,
regenerating goldfish axons grow through compact myelin debris and are not inhibited
(Strobel and Stuermer, 1994). Contrary, fish and mammalian axons were both inhibited by
rat CNS myelin in vitro.

1.2 Intra- and extracellular roles of mammalian Nogo-A

1.2.1 The reticulon gene family

The reticulon gene family is highly conserved among eukaryotes. Reticulons (RTN) are
expressed in all tissues, but each RTN exhibits a unique expression pattern in specific cell
types or tissues. The proteins of this family are characterized by a reticulon homology
domain (RHD) at the carboxyl-terminal end. The RHD is approx. 150-201 amino acids (aa)

long and comprises two 28-36 aa long hydrophobic stretches (putative transmembrane



Introduction

domains) and in between a ~66 aa (Nogo-66) stretch. The N-terminus is highly variable in

length and composition between the different reticulons (Fig. 1.2).

All reticulons are enriched in the membrane of the endoplasmic reticulum (Oertle et al.,
2003a). They do not possess an ER localization sequence but each of the hydrophobic
stretches in their RHD is sufficient to target them to the ER (lwahashi et al., 2007).

In mammals there are four different RTN paralogues (RTN1, -2, -3, -4). The sequence
identity between the RHD of RTN1, 3 and 4 is 73%, the identity between RTN2 and RTN4
only 52%. The four paralogues produce several transcripts through alternative promoter

usage and alternative splicing (Fig. 1.2).
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Figure 1.2: The nine main transcripts from the four mammalian reticulon genes.

The common C-terminus encodes the reticulon-homology domain (RHD), whereas the N-termini
are speci c for each paralogue and have no obvious sequence homologies to other proteins. The
66-amino acid loop region between the two putative transmembrane (TM) domains (called Nogo-
66) and stretches within the Nogo-A-speci ¢ N-terminal region have been found to inhibit neurite
outgrowth (Oertle and Schwab, 2003).

The functions of RTN1, RTN2 and RTN3 are still largely unknown but some functions have
been discovered. RTN1 was identified from cDNA extracted from neural tissue. The

different isoforms of RTN-1 were found to interact with the endocytosis adaptor complex
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AP-2 (RTN1A, B) or play a role in exocytosis (RTN1C) (Steiner et al., 2004). RTN1 and
RTN3 are known to interact with a protein mutated in hereditary spastic paraplegia
(spastin) (Mannan et al., 2006). RTN3 is furthermore involved in membrane trafficking
between the ER and Golgi (Wakana et al., 2005). RTNs have in addition been implicated in

neurological diseases (Chiurchiu et al., 2014).

The best characterized member of the reticulon family is the RTN4/Nogo gene. The gene
gives rise to three major isoforms, RTN4-A/Nogo-A, RTN4-B/Nogo-B and RTN4-C/Nogo-C
(Fig 1.2). Nogo-A and Nogo-B are expressed from the same promoter while Nogo-C
possesses a distinct promoter. Through differential splicing and alternate promoter usage,

seven more isoforms are formed.

While their N-termini are different, all isoforms share the RHD of 188 aa at the C-terminus
that is encoded by exons 4-9 of the nogo gene. Nogo-C is the shortest isoform and
contains only one short exon (Exon 1C, unique to Nogo-C) in addition to the exons forming
the RHD. Nogo-A and Nogo-B both possess the Nogo-A/B common region encoded by
exon 1A. In total, Nogo-B is formed by eight exons. Nogo-A, as the longest isoform is
comprised of nine exons. The additional exon 3 of Nogo-A is 2400 bp long and encodes a

unique stretch, called the Nogo-A specific region (NSR) (Oertle et al., 2003b).

Nogo-A is a potent inhibitor of axon regeneration. It has two different inhibitory stretches.
These regions are the A20 region, which is located in the NSR, and the Nogo-66 region,
which lies between the hydrophobic stretches of the RHD (Fig. 1.2 and 1.7) (Oertle et al.,
2003c).

Nogo-A, like all other paralogues is predominantly located in the ER membrane, but a
small percentage (-5 % of the total protein) finds its way to the plasma membrane of
oligodendrocytes where it can cause inhibition (Schwab, 2010). Its topology has not been
determined with complete certainty, but experiments suggest that different topologies might
be possible (Fig. 1.3) (Dodd et al., 2005; Yang and Strittmatter, 2007). Since the
transmembrane domains adjoining the Nogo-66 region are unusually long, it has been
suggested that they might in fact span the membrane twice with both ends of the
transmembrane domain ending at the same side of the membrane. The orientation is either
so that the N- and C-terminus face the cytoplasm (Fig. 1.3, topology 3), or the opposite, so

that the Nogo-66 domain and the NSR reach into the extracellular space ( not depicted in

8
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the figure, but described in (Kempf and Schwab, 2013)). In this topology and topology
number 2 from Fig. 1.3, both inhibitory stretches are exposed on the surface of the cell and

can lead to inhibition of axons that come into contact with them.

At least part of the NSR s intrinsically disordered, a flexibility that might be essential for

specific interactions with its different binding partners (Zelenay et al., 2016).
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Figure 1.3: The membrane topology of reticulons.

Possible topologies of reticulon proteins in membranes. Although eight or more conformations are
possible, only those for which evidence exists are depicted. Different topologies in different cell
types and different membranes may enable reticulons to carry out diverse roles in the cell (adapted
from (Yang and Strittmatter, 2007)). The third topology (on the right) can also exist in the opposite
orientation with the Nogo-66 domain and the NSR facing the extracellular space (Kempf and
Schwab, 2013).

1.2.2 Nogo-A inhibition
Interaction of Nogo-A with one of its receptors leads to the activation of a signalling

cascade, which ultimately leads to retraction of the growth cone. Each inhibitory stretch of

Nogo-A interacts with a specific receptor.

In the case of Nogo-66 the receptor is NgR1 (GrandPre et al., 2000; Fournier et al., 2001),
a glycosylphosphatidylinositol (GPI)-anchored membrane protein without an intracellular
domain. NgR1 acts as part of a receptor complex with co-receptors p75 or TROY/Taj and
LINGO1, which execute signal transduction (Wang et al., 2002a; Mi et al., 2004; Shao et
al., 2005). Upon Nogo-66 binding to the receptor complex, a signalling cascade is initiated

which leads via Rho-A to the activation of the Rho-associated protein kinase (ROCK) which
9
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in turn activates several effectors by phosphorylation, finally resulting in the
phosphorylation of cofilin by LIM domain kinase (LIMK) and therefore in the
depolymerisation or attenuated reorganization of the actin cytoskeleton. Nogo-66 initiated
signalling also leads to the destabilization of microtubules through collapsin response
mediator 2 (CRMP2) activity and by activation of Myosin Light Chain 2 (MLC2) to
actomyosin contraction. Altogether, Nogo-66 binding to its receptor leads to the
destabilization of the cytoskeleton and to the retraction of the growth cone (Fig. 1.4)
(Schmandke et al., 2014).
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Figure 1.4: Nogo-A receptors and signaling.

The main signaling pathways targeted by Nogo-A. Nogo-A- 20 and Nogo-66 are both known to
activate the RhoA/ROCK pathway, resulting in depolymerisation or attenuated reorganization of the
actin cytoskeleton, increased actomyosin contraction, as well as reduced stabilization of
microtubules. Furthermore, Nogo-A- 20 was demonstrated to inactivate CREB on pincher-
mediated endocytosis, possibly affecting gene expression. Additionally, the Nogo-A- 20 domain is
implicated in negative regulation of integrin activation. Two different receptors have been described
for Nogo-66 (PirB and the NgR1-Lingol-p75/Troy-receptor complex). The receptor for Nogo-A- 20
is the GPCR S1PR2. For full names of the depicted proteins please refer to the main text (Adapted
from (Schmandke et al., 2014)).

NgR1 could however not be the sole interaction partner of Nogo-66 since axons from NgR1
knockout-mice were still inhibited by Nogo-66 peptides. Expression cloning revealed the
second receptor to be the paired-immunoglobulin-like receptor B (PirB) (Atwal et al., 2008).
PirB and NgR1 also bind two other MAIs, MAG and OMgp, with high affinity (Domeniconi et
al., 2002; Wang et al., 2002b; Atwal et al., 2008).

The receptor for the A20 region of Nogo-A was long unknown. Then Kempf et al.
discovered that the G-protein coupled receptor (GPCR) sphingosine 1-phosphate receptor
2 (S1PR2) is not only involved in sphingolipid signalling but can also bind the Nogo-A A20
region and initiate a signalling cascade that eventually also leads to ROCK activation and
retraction of the growth cone (Fig. 1.4). The binding pockets are hereby distinct to those
which bind sphingosine 1-phosphate (S1P) (Kempf et al., 2014). The signalling cascade is
started by activation of the G-protein G13, which in turn activates the rho-GEF (guanine-
nucleotide exchange factor) LARG (Leukemia-associated RhoGEF). LARG catalyses the
activation of RhoA by exchanging GDP with GTP. RhoA then activates ROCK, which leads
to the activation of the same intracellular pathway described above for Nogo-66 signalling
and likewise leads the destabilization of the cytoskeleton (Schwab and Strittmatter, 2014).
Upon binding of Nogo-A to S1PR2, the Nogo-A-S1PR2 complex is internalised into
signalling endosomes by a Pincher-dependent mechanism (Joset et al., 2010). In addition
to its actions in the growth cone, the signalling endosome carrying the Nogo-A-S1PR2
complex also affects changes in the cell body after relocating there by retrograde transport,
like decreasing phosphorylated cAMP response element binding (CREB) levels and
increasing Rho-GTP. All effects lead to a negative regulation of the neuronal growth
program (Joset et al., 2010; Kempf et al., 2014). Thus, environment effects neuron-intrinsic

properties.
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In the uninjured mature CNS, Nogo-A is expressed in neurons located in particularly plastic
regions of the CNS like the hippocampus. There, Nogo-A restricts synaptic plasticity and
LTP and is therefore a regulator modulating the balance between plasticity and stability in
mature neuronal networks (Delekate et al., 2011). Nogo-A is also involved in the regulation
of neural precursor migration in the mouse cortex. Through repulsive interaction with

neuroblasts it directs their radial migration (Mathis et al., 2010).

1.2.3 The intracellular role of Nogo-A in neurons
Besides oligodendrocytes, Nogo-A is also expressed in subpopulations of neurons,

including retinal ganglion cells (Vajda et al., 2014). Most of the Nogo is incorporated into
the ER membrane (Shibata et al., 2009), where it contributes to the shaping of the
membrane. The ER consists of three differently shaped domains: the nuclear envelope, the
peripheral ER cisternae and the peripheral tubular ER (Baumann and Walz, 2001; English
et al., 2009). The tubular structures are suggested to be formed by the long
transmembrane stretches of reticulons which span the membrane twice, taking up more
space in the outer than in the inner layer and therefore driving a wedge into the outer
membrane layer, causing a curvature of the ER membrane and leading to the formation of
ER tubules rather than sheets (Fig.1.5) (De Craene et al., 2006; Hu et al., 2008; Sparkes et
al., 2010). Consistent with this theory is the finding, that Nogo-A is prominent in the
peripheral ER and absent from ER areas with low membrane curvature, namely the

nuclear rim and membrane sheets.

Figure 1.5: Reticulon proteins and tubular endoplasmic reticulum.

Reticulon proteins might generate curvature in ER tubules by forming a hairpin-like conformation.
They might occupy a larger area in the outer leaflet of a membrane than in the inner leaflet, causing
it to bend because of the bilayer-couple effect, a phenomenon in which hydrophobic interactions
between the two leaflets of a membrane bilayer tend to keep them coupled together. Modified from
(Voeltz and Prinz, 2007).

Further experiments revealed that Nogo-A overexpression leads to the formation of tubular

membrane structures in all parts of the ER, converting membrane sheets from the
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peripheral ER into tubular structures. Deletion of reticulons lead to a disruption of the
tubular ER structures. In the task of forming the ER membrane, reticulons interact with the
conserved integral membrane protein Deleted in polyposis (DP1/Yopl) (Voeltz et al.,
2006).

The ER performs many functions that are essential for the survival of the cell, like the
synthesis of membrane, membrane lipids and secretory proteins, intracellular transport and
the regulation of intracellular calcium. Many of these functions are confined to distinct
subregions of the ER (Baumann and Walz, 2001). It is therefore not surprising that a
protein which is vital for the maintenance of these distinct domains is important during
regeneration. Such is the case for Nogo-A. Experiments in the rat optic nerve showed that
neuronal Nogo-A silencing reduced sprouting of the injured axons and reduced the
expression of growth-associated molecules. Likewise, upregulation of Nogo-A in RGCs
enhanced sprouting of lesioned axons in the optic nerve (Pernet et al., 2012; Vajda et al.,
2014 and see chapter 4). In light of these new findings, we realise that systemic deletion of
Nogo-A to enhance axon regeneration is an approach that will not necessarily prove to be

successful.

1.3 Reticulons in fish

Due to a whole genome duplication in the ancestor of teleosts, zebrafish often possess two
copies of the same gene. In case of the reticulons, zebrafish has seven paralogues. The
second copy of the rtn3 gene is absent, probably due to a secondary gene loss. However,
two Nogo homologues are present in fish, rtn4a and rtn4b (formerly rtn6) (Diekmann et al.,
2005). The rtnd4a gene produces three different isoforms, Rtna-L, -M, and -N, with Rtn4a-L
being homologous to Nogo-B and Rtn4a-m to Nogo-C (Fig. 1.6). The rtn4a isoforms lack
stretches comparable to the NSR. The Nogo-66 domain, which is inhibitory in the
mammalian protein, does not possess growth inhibitory properties even though it is 70%
identical with its mammalian counterpart. It rather proved to be growth promoting to axons
both from rat and zebrafish (Abdesselem et al., 2009).

In mammals, Nogo-66 binds to NgR1. Analysis of the zebrafish genome revealed the
zebrafish Nogo-66 receptor (ZF NgR), which shares a high similarity with the human NgR1
(Klinger et al., 2004a). Both rat and zebrafish Nogo-66 can bind to ZF NgR. After binding,

however, rat and zebrafish Nogo-66 have different effects. While rat Nogo-66 both in fish
13
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and rat axons lead to the phosphorylation of cofilin and repulsion of the axon, ZF Nogo-66
did not lead to a phosphorylation or inhibition of axon growth from either species
(Abdesselem et al., 2009). This is in accordance with the findings that fish axons are
repelled by mammalian CNS myelin but do not retract upon contact with myelin from the
zebrafish CNS (Bastmeyer et al., 1991).
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Figure 1.6: Schematic representation of RTN4 paralogues in zebrafish.

The zebrafish has two RTN4 paralogues: rtn4a and rtn4b. The rtnda gene produces three different
isoforms (Rtn4a-l (blue), Rtn4a-m (green) and Rtn4a-n (orange)) with the same C-terminal RHD.
Rtn4db possesses a long N-terminal domain and presents a distinct RHD (Modified from (Pinzon-

Olejua et al., 2014).

Rtn4b is considerably longer than its rtnd4a paralogue, consisting of 876 aa, but its similarity

to Nogo-A has previously not been recognized (Diekmann et al., 2005). However, more
detailed sequence analysis revealed conserved stretches between the mammalian NSR
and a region encoded by exons 2 and 3 of the zebrafish rtn4b gene. This stretch cannot be
found in the other zebrafish isoforms (Diekmann et al., 2005) and was called zebrafish
NSR (Shypitsyna et al., 2011). Even though there is only an 18% sequence identity
between the mammalian and zebrafish NSR, several highly conserved stretches could be
found. In particular, mammals possess four short tri-peptide motifs with the consensus
sequence (Asp-Leu/lle-Val/Leu/lle) in their NSR (putative 1-integrin-binding motifs). Three
of these motifs, M1, M3 and M4 could also be found in zebrafish, while the M2 maotif is only
rudimentarily conserved (Fig. 1.7). Interestingly, three of the motifs, M2-4 are located in the

A20 region which is highly inhibitory in mammals (Shypitsyna et al., 2011).

In addition to analysing the roles and expression patterns of Nogo-A and its zebrafish
homologues, this study aims at determining the effects of the mammalian inhibitor on
regeneration of zebrafish retinal ganglion cells in vivo. Therefore, transgenic fish lines

which allow the targeted expression of the rat and fish nogo homologues in myelin
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surrounding the regenerating axons were established using the Cre-loxP and the Tol2

system.
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Figure 1.7: Nogo-A in vertebrates.

In the mammalian NSR four distinct putative 1-integrin-binding motifs can be found (M1-4,
consensus sequence Asp-Leu/lle-Val/Leu/lle). These motifs are conserved to differential extents in
different species. The lower panel shows a multiple alignment of selected conserved clusters (in
brackets) containing the conserved motifs. The degree of sequence similarity is highlighted using
the cyan-to-red colour code. Motif M1, M3 and M4 are highly conserved in all analysed species. M2
is only partially present in zebrafish. (Partially adopted from: (Shypitsyna et al., 2011)).

1.4 The Cre-loxP system and its application in the project

Cre is a site specific recombinase (SSR) derived from the P1 bacteriophage. It catalyses
recombination between specific DNA sequences, the so-called loxP sites (Dymecki and
Kim, 2007). These sites consist of two 13 bp long palindromic sequences which flank an 8
bp spacer region. This spacer region determines the orientation of the loxP sequence
(Hoess et al., 1982; Hoess and Abremski, 1985). Their orientation is important for the
activity of the recombinase. Head-to-tail orientation of two loxP sites leads to the excision
of the DNA located between the sites, while head-to-head orientation leads to an inversion
(Fig. 1.8). When DNA located between the loxP sites is cut out, one half of each loxP site is
also excised, leaving one complete site in the genome after excision. Since loxP sites are
not naturally found in the genome of vertebrates the Cre-loxP system is ideal for site-
directed manipulations of the genome since it only acts on the artificially introduced loxP
sites (Metzger et al., 1995).

In order to be able to use Cre to reorganise the genome at specific time points it was
necessary to control the activity of Cre. For this, Cre is fused to a mutated form of the
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ligand binding domain (LBD) of the estrogen receptor. This mutant form of the LBD
contains a triple mutation which renders it insensitive to its natural ligand. Instead, it is
activated by the synthetic antagonist 4-Hydroxytamoxifen (4-OHT). The official name for
this recombinase is CreER™ (Feil et al., 1997). In the absence of the ligand, CreER™ is
retained in the cytoplasm through an interaction with hsp90 which binds the incompletely
folded LBD (Mattioni et al., 1994). When 4-OHT is applied, it binds to the LBD and leads to
a conformational change. Thereupon, CreER™ sheds hsp90 and translocates into the
nucleus where it catalyzes recombination of the DNA (Shi and Bassnett, 2007).
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Figure 1.8: DNA manipulations controlled by Cre and loxP directions or locations.

(A) If the two loxP sites have the same orientation (head to tail), the DNA located between the loxP
sites is deleted. This reaction can also occur in the other direction and lead to integration of the
circular DNA into the genome. (B) Head to head orientation (opposite orientation) leads to inversion
of the DNA between the loxP sites.

In this project we utilized the Cre-loxP system for targeted expression of a gene that we
introduced into the fish. For this, a driver line was created in which the expression of
CreERT™ is under the control of a tissue-specific promoter and therefore spatially restricted.
Futhermore, effector lines were created which carry the specific gene that we want to
express. The expression of the gene is regulated by two mechanism. Firstly, it is under the
control of the heat shock protein 70 (hsp70) promoter. Its expression can therefore be
temporally controlled by the application of a heat shock. Secondly, to avoid low level

expression of the transgenes due to the leakiness of the hsp70 promoter, before it is
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desired, a stop cassette was inserted between the hsp70 promoter and the Gene of
Interest, inhibiting the formation of the protein encoded by the gene. The stop cassette is
located between two loxP sites. Once CreERT™? reaches the nucleus after TAM treatment, it
excises the stop cassette and the Gene of Interest can be expressed after heat shock (Fig.
1.9).
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Figure 1.9: Application of the Cre-loxP system

Tissue specific expression of CreER™ is achieved by using a specific promoter that is only
activated in this tissue. Expression of the effector construct is under the control of the heat shock
promoter and can thereby be regulated. Expression of the Gene of Interest (Gol) is blocked until
CreERT™ excices the stop cassette from the construct. Double transgenic embryos carry both the
effector and the driver construct. Therefore, spatially and temporally controlled expression of the
gene of interest can be achieved by TAM and HS treatment.

To create the transgenic lines, the Tol2 system was used. The medaka fish Tol2 element
encodes a fully functional transposase. Transposases catalyze the excision of DNA
stretches between certain marker sequences and their integration in other areas of the
DNA. In the case of Tol2, sequences of 200 and 150 bp of DNA at the 5- and 3- end are
required (Urasaki et al., 2006). By co-injection of a vector carrying the genes that are to be
integrated into the zebrafish genome which contains these sequences and Transposases
MRNA into one-cell zebrafish eggs, genes located between the marker sequences are
integrated as single copies into the genome through a cut-and paste mechanism
(Kawakami et al., 2000).

17



Objective

2 Objective

The main objective of this work was the Characterization of Nogo-A transgenic zebrafish
and of the zebrafish Nogo homologues rtn4a and rtndb in wild-type and transgenic

zebrafish. For this, we focussed on elucidating:

a) the role of rtn4a and rtn4b in zebrafish embryonic development (Chapter 3)

b) the role of rtn4b in axon regeneration (Chapter 4)

c) the inhibitory properties of zebrafish Rtn4b and rat Nogo-A (Chapter 5)

d) the effects of Nogo-A and Rtn4b in zebrafish regeneration when artificially
expressed in the central nervous system myelin of the regenerating optic nerve
(Chapter 6 and 7)

The overall aim of this work is to understand the basic differences between regeneration in
mammalian versus non-mammalian species, focussing on the mammalian myelin
associated inhibitor Nogo-A and its zebrafish homologues, rtn4a and rtn4b. Nogo-A is
mostly known for its inhibitory effects when present at the cell surface of oligodendrocytes.
Research has therefore been concentrated on Nogo-A depletion in an attempt to increase
regeneration. In the last years, however, the intracellular role of Nogo-A has gained more

attention.

This project‘s objective is to increase the knowledge on the roles of Rtn4 proteins. The
expression pattern and functions of rtn4a and rtn4b are virtually unknown. Rtn4b is thereby
of special interest due to its recently discovered sequence similarity to Nogo-A. The role of
Rtn4a and Rtn4b as intracellular proteins in embryonic development and regeneration as
well as the role of the mammalian and zebrafish proteins as inhibitor in myelin is to be

examined.

To determine the importance of Rtn4 proteins in zebrafish embryonic development protein
levels were reduced by Morpholino injection into one cell stage wild type zebrafish and
transgenic reporter lines. Malformations and the underlying reasons have been analysed in

accordance to our understanding of the roles of reticulon proteins.

Since analysis in embryos revealed that Rtn4b is essential for the correct growth of retinal

ganglion cell axons, the theory arose that it might also play a role in the re-growth of these
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axons after optic nerve injury. The effect of downregulation of Rtn4b during regeneration in

adult zebrafish was determined by targeted application of Morpholinos into the optic nerve.

The inhibitory properties of the zebrafish and mammalian Nogo proteins were analysed by

in vitro experiments with single cell and stripe assays.

To analyse the effects of Nogo-A on in vivo regeneration we aimed to establish stable
transgenic lines which will allow the expression of Nogo-A or rtn4a/rtn4b in myelin. For this,
the Cre-loxP system and Tol2 mediated transgenesis was used. In these transgenic lines
axon regeneration of retinal ganglion cells through territories with the mammalian inhibitor

can be elucidated.

The results of these studies are described in three published papers, one submitted

manuscript and one unpublished manuscript:

a) Essential roles of zebrafish rtn4/Nogo paralogues in embryonic development -
published 2014 in "Neural Development".

b) Upregulation of the zebrafish Nogo-A homologue, Rtn4b, in retinal ganglion cells is
functionally involved in axon regeneration - published 2015 in "Neural
Development".

c) Substrate properties of zebrafish Rtn4b/Nogo and axon regeneration in the
zebrafish optic nerve; submitted manuscript - submitted 2017 to "Journal of
Comparative Neurology".

d) Cre-inducible site-specific recombination in zebrafish oligodendrocytes - published
2017 in "Developmental Dynamics"

e) An attempt at creating and establishing transgenic lines to investigate the impact of
mammalian inhibitors on axon regeneration in the zebrafish - unpublished

manuscript.
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3 Essential roles of zebrafish rtn4/Nogo paralogues in
embryonic development

3.1 Abstract

3.1.1.1 Background

As a consequence of gene/genome duplication, the RTN4/Nogo gene has two counterparts
in zebrafish: rtn4a and rtn4b. The shared presence of four specific amino acid motifs - M1
to M4 - in the N-terminal region of mammalian RTN4, and zebrafish Rtn4b suggests that

Rtn4b is the closest homologue of mammalian Nogo-A.

3.1.1.2 Results

To explore their combined roles in zebrafish development, we characterized the expression
patterns of rtn4a and rtn4b in a comparative manner and performed morpholino-mediated
knockdowns. Although both genes were co-expressed in the neural tube and developing
brain at early stages, they progressively acquired distinct expression domains such as the
spinal cord (rtn4b) and somites (rtn4a). Downregulation of rtn4a and rtn4b caused severe
brain abnormalities, with rtn4b knockdown severely affecting the spinal cord and leading to
immobility. In addition, the retinotectal projection was severely affected in both morphants,
as the retina and optic tectum appeared smaller and only few retinal axons reached the
abnormally reduced tectal neuropil. The neuronal defects were more persistent in rtn4b
morphants. Moreover, the latter often lacked pectoral fins and lower jaws and had
malformed branchial arches. Notably, these defects led to larval death in rtn4b, but not in

rtnda morphants.

3.1.1.3 Conclusions
In contrast to mammalian Nogo-A, its zebrafish homologues, rtn4a and particularly rtn4b,

are essential for embryonic development and patterning of the nervous system.

Keywords: Brain and spinal cord development, larval motility, Morpholino knockdown,

Nogo Reticulon, rtn4, Zebrafish
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3.2 Background

Reticulon 4/Nogo-A is one of the best characterized members of the evolutionarily
conserved reticulon (RTN) gene family (RTN1, RTN2, RTN3 and RTN4) (Oertle et al.,
2003a). It is also the longest of three RTN4 gene transcripts A, B and C (Fig. 3.1), as well
as a widely known inhibitor of axon regeneration in oligodendrocytes and myelin of the
adult mammalian central nervous system (CNS) (Chen et al., 2000; Schwab, 2010).
Growth inhibition is predominantly exerted by two Nogo-A domains, the Delta 20 domain in
the N-terminal portion of the protein and the Nogo-66 loop in the C-terminal reticulon
homology domain (RHD) (Schwab, 2010). In addition to its activity as an inhibitor of axon
growth in the adult CNS, recent studies in mice have uncovered its functional roles in
neuronal development and cortical plasticity. For instance, Nogo-A has been demonstrated
to be present in migrating neuroblasts and immature neurons in the neural tube, as well as
on radially and tangentially migrating neurons of the developing cortex, affecting their
motility (Mingorance-Le Meur et al., 2007; Mathis et al., 2010). In other studies, Nogo-A
was found to contribute to long-term potentiation (LTP) in the hippocampus, ocular
dominance column formation in the visual system, and size control of postsynaptic
densities in cerebellar neurons (McGee et al., 2005; Delekate et al., 2011; Petrinovic et al.,
2013). Collectively, these findings suggest that Nogo-A negatively regulates neural
plasticity in the mammalian brain (Schwab, 2010). These defects, however, apparently not
interfere with fertility and viability of the Nogo-A-knockout mouse, which shows no striking
phenotype at birth (Kim et al., 2003; Simonen et al., 2003).

Much less is known concerning the role of the RTNs, especially RTN4/Nogo-A, in the
neurodevelopment of non-mammalian species. In fish, such analysis is of great interest
because axons regenerate successfully in the teleost CNS (Attardi and Sperry, 1963;
Gaze, 1970; Stuermer and Easter, 1984; Becker et al., 1997; Abdesselem et al., 2009) and
because neuronal projections in the peripheral nervous system of the embryo seem to
develop abnormally when rtn4a is downregulated (Brosamle and Halpern, 2009).

It has been recognized that zebrafish possess two rtn4 paralogues, rtn4a and rtn4b (Fig.
3.1) (Diekmann et al., 2005; Shypitsyna et al., 2011). Both proteins have a conserved
RHD, the hallmark of this gene family (Oertle et al., 2003a), but very different N-terminal

regions (Shypitsyna et al., 2011). A comparative study revealed that, in contrast to its
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mammalian counterpart, the Nogo-66 region in the RHD of zebrafish Rtn4, upon binding to
either the zebrafish or the mouse Nogo receptor (NgR), promotes neuronal growth
(Abdesselem et al., 2009). The N terminus of zebrafish Rtn4a bears no resemblance, in
sequence or in length, to that of mammalian RTN4, but four short motifs - termed M1 to M4
(Fig. 3.1) - were found to be conserved between the N terminus of Rtn4b and the inhibitory
Nogo-A-specific Delta 20 domain of mammalian RTN4 (Shypitsyna et al.,, 2011). To
elucidate the function of the zebrafish Rtn4b N terminus and its M1 to M4 motifs, ongoing
studies in our laboratory aim to investigate the expression pattern of Rtn4b in the adult

CNS and its potential ability to inhibit axon growth.

. M1M2 M3 M4

Homo sapiens . I I — B Rtnd-A

' A20 ~ [ L BHR © Rtnd-B
v[JeBERLc Rtna-C

Rtn4.

............................................................................................................. N_m_c Rtnda |

I RHD..j Rindam
Danio rerio v [ RHDAA < Rtnda n

M1M2M3 M4
Horeteetes s s s anans N- l I I l M-c Rtn4b

Figure 3.1: Schematic representation of the human RTN4 gene and its zebrafish paralogues.

All three major isoforms encoded in the RTN4 gene in humans (RTN4A, RTN4B and RTN4C)
possess the reticulon homology domain (RHD), which includes the Nogo66 domain. The N-terminal
region of RTN4A contains the Nogo-A-specific domain (yellow) and the neurite growth inhibitory
Delta 20 ( 20) stretch. The diagnostic M1 to M4 motifs are indicated in red. The zebrafish has two
RTN4 paralogues: rtn4a and rtn4b. Rtnda is produced in three different isoforms (Rtn4-l (blue),
Rtn4-m (green) and Rtn4-n (orange)) with the same C-terminal RHD. Rtn4b also contains the M1 to

M4 N-terminal motifs (red) and presents a distinct RHD.

Previous work by Br samle and Halpern (Brosamle and Halpern, 2009) addressed the role

of zebrafish rtn4a using morpholino (MO)-based knockdown strategies and showed that
downregulation of the shortest splice form, rtn4a- (Diekmann et al., 2005) (herein after
referred to as rtnda-n), led to misguidance of the posterior lateral line nerve and disorder of
cranial nerves in 2- and 3-day-old embryos. Their work further suggested that Nogo NgR
interactions may contribute to axon guidance and to development of the zebrafish

peripheral nervous system (PNS) by channelling axons through inhibitory terrain.

Our goal in the present study was to examine the expression and function of rtn4b in
zebrafish embryos, particularly in light of the similarity between the N-terminal region and

that of mammalian Nogo-A/RTN4A (Fig. 3.1). In addition we comparatively analysed the
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expression of zebrafish rtn4a and its role in embryogenesis. Interestingly, and in contrast to
the Nogo-knockout mouse, our results reveal morphological defects in the formation of the
spinal cord and brain. In rtn4b-knockdown embryos, furthermore, the pectoral fin became
absent or reduced and the lower jaw was often lost. Together, the neuronal and non-
neuronal defects in rtn4b morphants were stronger than those in rtn4a, ultimately impairing

larval motility and causing death.

3.3 Results

3.3.1 Expression patterns of rtn4a and rtn4b
The initial assumption that rtn4da was the closest zebrafish homologue of mammalian

Nogo-A prompted the characterization of its developmental expression patterns (Brosamle
and Halpern, 2009). However, the recent identification of a Delta 20 like region in Rtn4b
(Shypitsyna et al., 2011) revealed that this protein is equally or more functionally related to

mammalian Nogo-A than to Rtn4a (Fig. 3.1)

To gain comparative insight into the embryonic expression domains of both duplicate
genes, we performed mRNA in situ hybridization with rtn4a- and rtn4b-specific probes.
Although expression of both rtn4a and rtn4b can be first appreciated in the gastrula 6 hours
post fertilization (hpf) (Abdesselem, 2009; Brosamle and Halpern, 2009), rtn4a transcripts
become more abundant and were restricted to the anterior half of the embryo by 18 hpf
(Fig. 3.2 A). At this stage, rtn4b expression, in contrast, was also seen in the posterior part
of the embryo (Fig. 3.2 D). At 1 day post fertilization (dpf), both rtn4a and rtn4db mRNAs
were highly expressed in cells of the eye anlage and in the midbrain in cells of the

presumptive optic tectum (Fig. 3.2 C and 3.2 F).

In addition, the rtn4a signal was detected in somite boundaries at 1 dpf and in skeletal
muscle at 2 dpf, as previously reported (Brosamle and Halpern, 2009) (Fig. 3.2 B and 3.2
G). Rtn4b mRNA expression at 1 dpf was absent from somites, and, in contrast to rtn4a, its
expression was observed in the entire CNS, including forebrain, midbrain and hindbrain, as
well as in the spinal cord (Fig. 3.2 E and 3.2 F). The strongest rtn4a signal at 2 dpf was
observed in somites, in the brain region and in retinal ganglion cells (RGCs) (Fig. 3.2 G
and 3.2 H).
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Figure 3.2: Expression of rtn4a and rtn4b genes during zebrafish embryogenesis.

The developmental expression pattern of rtnda and rth4b was examined by whole-mount in situ
hybridization using gene-specific probes. (A) At 18 hours post fertilization (hpf), rtnda is expressed
in the anterior part of the embryo. Between 1 day post fertilization (dpf) (B) and (C) and 2 dpf (G)
and (H), we detected increased transcription of rtn4a in the somites (s) and the eye anlage (e), as
well as in the presumptive optic tectum (t). (D) At 18 hpf, rtn4b transcripts appeared along the trunk
of the embryo. (E) and (F) At 1 dpf, rtndb expression is evident in the posterior spinal cord (sc), the
developing forebrain (fb), eye anlagen (e) and midbrain and hindbrain (hb), including the otic
vesicle (ov). (G) and (H) At 2 dpf, rtnda mRNAs are produced in retinal ganglion cells (RGCs)
(arrow), the olfactory organ (o) and forebrain (fb), as well as in somites (s). (I) and (J) At 2 dpf,
rtn4b is transcribed in the forebrain (fb), including the olfactory organ (0) and RGCs (arrow), and in
the midbrain and hindbrain. At this stage, the spinal cord was no longer labelled, but the notochord
(n) began to express rtn4db. Lateral views are shown, except in (C) and (F) (dorsal views of 1-dpf

embryos) and (H) and (J) (ventral views of 2-dpf embryos).

Similarly, an rtndb signal at 2 dpf was detected in distinct brain areas, including the

olfactory system, telencephalon, optic tectum and hindbrain, as well in as RGCs (Fig. 3.2 |
and 3.2 J). The spinal cord, however, was no longer labelled at 2 dpf, but the signal
became visible in the notochord (Fig. 3.2 1), in branchial arches and pectoral fins (not

shown). Thus, both genes are strongly expressed in the developing nervous system.

3.3.2 Morphological defects of rtn4a and rtn4b knockdown
A previous study reported embryonic roles of rtn4a in the PNS up to 4 dpf (Brosamle and

Halpern, 2009). Our own expression data are in agreement with these observations
(Additional file 1: parts E and F) and additionally suggest the roles of both rtn4a and rtn4b

in the CNS at later stages. Therefore, we examined and compared their developmental
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functions using the MO-knockdown approach. After running titration and toxicity controls
(Additional file 1: part B), MOs targeting the shared 5 untranslated region (5UTR) of all
three rtn4a isoforms, I, m and n (previously known as , and ) [16,17], and against each
splice form separately, a second MO against ATG as well as two MOs against rtn4b
(5 UTR, MO1; ATG, MO2) were separately microinjected, and the embryos were scored for
morphological phenotypes (Additional files 3.1 and 3.2).

In addition to using two MOs against each rtn4, we confirmed the specificity of the MOs
against rtn4a and rtn4b by two antibodies: IK964 against the RHD of Rtn4a and K1121
against M1-4 of Rtn4b. In immunoblots of proteins from untreated and MO-injected
embryos, the protein-specific bands at 43 kDa (Rtn4al) (Fig. 3.3 A) and 90 and 180 kDa
(Rtn4b) (Fig. 3.3 A and 3.3 C) disappeared or were massively reduced in MO-treated
embryos. The blots suggest that Rtn4al is the predominant form because a mixture of all
rtnda MOs (MO1) caused the disappearance of only one specific band at 43 kDa. Similarly,
when rtn4a-I- green fluorescent protein (GFP) was overexpressed and detected by anti-
GFP, MO1 against rtn4a-l, rtn4a-m and rtn4a-n led to the loss of GFP fluorescence. That
the GFP antibody was able to detect the Rtn4al-GFP fusion protein was confirmed by
Western blot analysis (Fig. 3.3 B).

We then used the antibodies for detection of Rtn4a and Rtndb in embryos. In
immunostaining experiments, both antibodies labelled neurons and axons in the forebrain,
midbrain and hindbrain in 1-dpf embryos (Fig. 3.3 D and 3.3 G) and in labelled RGCs
and their axons, commissures and the olfactory system in the 2-dpf embryo (Fig. 3.3 F
and 3.3 J), consistent with the distribution of the mRNAs. Also, K1121 against Rtn4b
stained cells in the spinal cord at 1 dpf and motor neurons and their axons at 2 dpf (Fig. 3.3
H and 3.3 I). IK964 against Rtn4a bound to somites (Fig. 3.3 E) and not to the spinal cord
or motor neurons. That the antibody staining is specific was shown in embryos injected
with MOs against rtn4a and rtn4b, in which labelling was significantly reduced (Additional
file 3.3).
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Figure 3.3: Rtn4a and Rtn4b protein levels and Morpholino knockdown

(A) Western blot (WB) analysis using the zebrafish -Rtnd4a antibody (Abdesselem et al., 2009)
shows that Rtn4a-l (an approximately 43-kDa band, arrow) is suppressed either by injection of a
mixture of Morpholinos (MOs) against each rtn4a isoform or a MO against the rtn4a-l isoform.
Embryos expressing an Rtnda-I-GFP fusion can overcome the Rtnda MO1 downregulation. GFP
antibodies detect the fusion protein at approximately 70 kDa and GFP alone at approximately 26
kDa. -tubulin (Tub) served as a protein loading control. (B) Exogenous Rtn4al-GFP was detected
at 6 hpf, but simultaneous co-injection of rtnda-l MO1 abrogated its expression. (C) -Rtn4b
antibodies show the downregulation of Rtn4b for both MOs used in the experiments. The 180-kDa
band (arrowhead), probably a dimerization band, is entirely reduced in MO-injected embryos, and
the 90-kDa band (arrow) shows a strong reduction. (D) through (J) Rtnda and Rtn4b
immunostainings at various developmental stages. At 1dpf, Rtnda is expressed in distinct neuronal
structures, including the forebrain (fb), the presumptive optic tectum (t) and the hindbrain (hb).
Rtn4a is also present in the eye anlage (e), otic vesicle (ov) (D), and in muscle tissue (m) (E). At 2
dpf, Rtn4a is detected in retinal ganglion cells (RGCs) (arrow), the optic nerve (arrowhead) and the
olfactory system (0) (F). At 1 dpf, Rtn4b is expressed in the same structures as Rtn4a except the
muscle tissue (G). Rtn4b is also detected in the spinal cord (sc) (H). At 2 dpf, the Rtn4b signal is
still present in the spinal cord (sc) and can also be seen in growing primary motor neurons (arrow)

(). In the head, Rtn4b is present in RGCs (arrow) and the optic nerve (arrowhead) (J).
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This expression pattern led us to expect morphological defects in MO-injected embryos.
Indeed, between 15 and 24 hpf, rtn4a morphant embryos microinjected with a mixture of 2
ng of the three rtn4a isoforms showed abnormalities most visible in the head region, such
as reduced eyes and mild deformations of the forebrain (Fig. 3.4 D and 3.4 E). The same
defects were also observed in 75% (rtnda-l), 51% (rtn4da-m) and 30% (rtn4a-n) of the
embryos, when 5 ng of MO against each isoform were injected separately (Additional file
1). This shows that Rtnda-l is apparently the functionally most prominent form, a finding
that is consistent with immunoblot results in which IK964 against Rtn4a gave one specific
band at 43 kDa, which disappeared after MO knockdown of rtn4a-l. When rtnda MO-
injected embryos at 2 dpf were stained with the antibody against acetylated tubulin, the
pathfinding mistake of the lateral line nerve first described by Br samle and Halpern
(Brosamle and Halpern, 2009) for rtn4- (that is, rtn4a-n) was one striking defect in the
organization of the fiber tracts (Additional file 1: parts E and F). Yet, it was not the sole

neurological defect, as described further below in the retina and brain development section.

Rtn4b morphants at 15 hpf exhibited similar but stronger defects when injected with 5 ng of
MO1. The size of the eyes was reduced and the brains were smaller (Fig. 3.4 G, P, Q). In
particular, the forebrain appeared flattened and failed to develop distinct diencephalic and
telencephalic regions. At 1 dpf, the rtn4b morphants appeared abnormally curved (Fig. 3.4
H).

At 2 dpf, the rtn4a and rtndb morphants showed increasingly reduced brain sizes (Fig. 3.4
F, F, I ,I) compared to controls (Fig. 3.4 C, C). Moreover, the fourth brain ventricle was
expanded in most rtn4b morphants at 2 dpf, so that the skin above the hindbrain seemed to
have lifted (Fig. 3.4 1, 1). The cerebellum and posterior hindbrain regions were present. At 3
dpf, the rtndb morphants remained abnormally curved and had lost motility. In addition,
they had smaller heads and lacked the lower jaw (Fig. 4 N). They were impaired in their
escape response and reacted to touch with one or two swimming strokes and eventually
ceased to move altogether (Additional file 3.4 C). The abnormal forebrain in rtn4b
morphants caused a shift of the optic tectum into abnormally anterior positions, a
phenomenon that became even more pronounced at 5 dpf (Fig. 3.4 O, G). Furthermore,
the rtn4db morphants showed an increasingly curved tail, an inflated heart cavity and

abnormal mouth and jaws, and they died at about 7 dpf.
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Figure 3.4: Morphogenetic defects after morpholino-mediated downregulation of rtn4a and
rtn4b.

(A) At 15 hpf, control embryos showed a differentiated eye anlage (e) and forebrain (arrow). In
contrast, the general morphology of rtn4a- and rtn4b-morpholino (MO)-injected embryos was visibly
affected (D) to (G). The forebrain was flattened (arrow), and the eye anlage (e) and the head were
reduced in size. At 1 dpf, the heads and eyes of embryos injected with rtn4a and rtndb MO1
remained reduced. In particular, rtn4b morphants exhibited an abnormally curved notochord (E) to
(H). At 2 dpf, the rtnda morphants still had reduced eyes and forebrains compared to controls (Co)
(Fand F vs. C and C), but no other morphogenetic defects were apparent. Rtn4b morphants had
even smaller eyes, markedly shortened forebrain/midbrain regions and a deformed fourth ventricle
(Iand I, arrow). At 3 dpf, the eyes and brains of rtnda and rtndb morphants remained smaller (J, L
and N). Rtn4b morphants developed a thinner, ventrally curved tail; lacked lower jaws (asterisk);
and had an inflated heart cavity. At 5 dpf, rtnd4a, but not rtn4b, morphants seemed to regain a nearly
normal overall morphology (K, M and O). The reduction in eye size was quantified at 15 hpf in
embryos injected with rtn4b MO1 and MO2 (targeting the 5 untranslated region and ATG,
respectively) and coinjected with rtn4b mRNA (P). In rescue experiments, the rtn4b morphant
phenotype showed clear improvement (Q). Anterior brain structures selected for measurements are
outlined in yellow. Samples studied were rtndb MO1 (n = 36), rtn4db MO2 (n = 64), rtn4b MO1 +
rtndb mRNA (n = 69) and rtn4db MO1 (n = 85). Scale bars = 100 m.

The rtn4a morphants, in contrast, were less disturbed in their overall morphology (Fig. 3.4
L, M). Interestingly, although the motility of rtndb morphants appeared to be reduced
relative to control embryos, they always escaped upon touch, and this defect did not result
in lethality.

Given the severity of the rtndb morphological knockdown phenotypes, we ran additional
tests to rule out unspecific MO effects. To this aim, we performed rescue experiments in
which embryos were co-injected with rtn4b MO-1 and rtn4b mRNA engineered to lack the
MO-binding site. Rtn4b morphant embryos were evaluated at 14 to 15 hpf and the degree
of rescue was assessed as the proportion of embryos exhibiting mild or strong eye and

forebrain phenotypes (Fig. 3.4 P).

In contrast to the 33% strong and 67% mild phenotypes observed among rtn4b morphants,
only 2% of the rescue embryos had strong phenotypes, 59% had mild phenotypes and
39% looked normal (Fig. 3.4 P, Q). To rule out that mRNA might induce defects on their
own, we examined rtn4b mRNA-injected embryos and found that only 7% of them showed
mild phenotypes (Fig. 3.4 P). The results of these rescue experiments suggest that rtn4b
MO-1 plays a specific role in brain morphogenesis. This result was supported by
experiments with MO2, which caused defects similar to those caused by MO1 in 100%
embryos (Fig. 3.4 P and Additional file 3.1: part D).
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3.3.3 Roles of rtn4b in neural development
To obtain insights neuronal and non-neuronal defects underlying the severe rtn4db

morphant phenotype, we analysed MO-injected Tg(shh:gfp)-, Tg(hb9:gfp)- and Tg(Isl1:gfp)-
transgenic embryos. These embryos express GFP in the floor plate, motor neurons, cranial
nerves and retinal axons, respectively, and thus allowed us to recognize defects in the
relevant structures following MO injections. Rtn4b morphants of Tg(shh:gfp) fish at 1 dpf
showed abnormalities in the forebrain, including the ventral hypothalamic region and the
dorsal interthalamic structures (Fig. 3.5 A, B) (Ertzer et al., 2007). A closer look at the GFP
signal in the notochord and floor plate revealed undulations in the rostrocaudal axis instead
of a straight row of cells, which we observed in controls (Fig. 3.5 C, D). Those undulations,
although not easily apparent, were also observed in nontransgenic rtn4b morphants
(Figure 3.4 H). Rtn4b morphants of Tg(hb9:gfp) zebrafish showed fewer motor neurons at
1 3.dpf and abnormal motor axon projections at 2 dpf (Fig. 3.5 E, H) in correlation with the
embryo s inability to move (Additional file 3.4). The reduction in the number of cells in the
spinal cord and the extent of aberrant projections observed in Tg(hb9:gfp) embryos
injected with rtn4b-MO1 were partially rescued after combined injections of rtn4b-MO1 and
rtndb-mRNA. In posterior regions of the spinal cord (segments 15 to 18) analysed at 1 dpf,
the number of cells was reduced after injection of rtn4b MO (approximately 6.87 cells per
segment) compared to control MO injected embryos (approximately 15.37 cells per
segment). This reduction was partially rescued upon combined injections of rtn4b-MO and
rtndb-mRNA (approximately 10.62 cells per segment) (Fig. 3.5 O and Additional file 3.4).
Moreover, the proportion of embryos with strong abnormal motor axon projections in rtn4b
morphants (approximately 75%) was reduced after coinjection of rtn4b-MO and rtn4b-
MRNA (approximately 33%) (Fig. 3.5 P).

In another group of Tg(hb9:gfp) fish, we examined whether the embryos at 3 dpf showed
an escape response when touched. In the rtn4b rescue group, 38% were able to escape,
whereas only 5% of embryos escaped in the rtn4b-MO group. All embryos were motile in
the mRNA-injected group (Additional file 3.4: part C). The partial rescue by combined
rtndb-MO and rtn4db-mRNA injections shows that the defects were specific for rtndb MOs
(Fig.3.50, P).

The reduction in number of cells in the spinal cord and the reduced brain size might be a

result of increased apoptosis, reduced cell proliferation or both. Indeed, when 1-dpf rtn4a-
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and rtn4b-MO-treated embryos (MOL1 for rtn4a and rtn4b) were exposed to acridine orange

(apoptotic cells), significant increases in labelled cells was recorded in the midbrain and

hindbrain (Additional file 3.5).

Co MO rtn4b MO1 rtn4b MO1

tg(shh:gfp)
1 dpf

tg(hb9:gfp)
1-2 dpf
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Figure 3.5: Development of neural and non-neuronal structures in rtn4b-knockdown, GFP
transgenic embryos.

At 1 dpf, Tg(Shh:GFP), rth4b morphant embryos showed deformations in the hypothalamic region
(h), dorsal thalamic structures (arrow), anterior floor plate (f) and forebrain (A) and (B). Additionally,
the notochord (n) is abnormally undulated (compare (C) and (D)). In addition, 1-dpf Tg(hb9:GFP),
rtndb morphant embryos had fewer cell bodies in the spinal cord and truncated motor axons (E)
and (F) (arrowheads). At 2 dpf, motor axons showed aberrant branching (G) and (H) (arrows). At 5
dpf, lateral (J) and dorsal (L) views reveal smaller eyes (e), aberrant retinal ganglion cells (RGCs)
(white arrow) and few retinal axons projecting into the tectum (t), which is displaced anteriorly,
along with abnormally patterned branchial arches (br) and reduced pectoral fins (pf) (I) to (L). At 2
dpf, Tg(Isl1:gfp), rtn4b-MO1 morphants showed severe defects in cranial motor neurons, including
lack of pairs Ill and IV (M) and (N). (O) Quantification of the number of motor neurons in posterior
segments (n = 15 to 20) of the spinal cord in control morpholino (Co MO; n = 20), rtn4b-MOL1 (n =
25) and rescued (n = 20) embryos at 1 dpf. (P) Proportion of embryos with abnormal motor axons
in embryos injected with Co MO, rtn4b-MO, rtn4b-MO2, or coinjected with half concentrations of
both MOs, or rtn4b-MO1 + rtn4b-mRNA, and injected with rtn4b-mRNA. hb: hindbrain; e: eye; ob:
olfactory bulb; c: cerebellum; X: branchiomeric nerve X. Co MO (n = 15), rtn4b-MO1 (2.5 ng) (n =
30), rtn4b-MO2 (2.5 ng) (n = 31), rtndb-MO1 (5.0 ng) (n = 17), rtn4b-MO2 (5.0 ng) (n = 11), rtn4b-
MO1 + rtndb-MO2 (2.5 ng) (n = 20), rtn4b-MOL1 (5.0 ng) + rtn4db-mRNA (100 pg) (n = 69) and rtn4b
MRNA (100 pg) (n = 85). Scale bar =100 m.

In embryos exposed to bromodeoxyuridine (BrdU) at 1 dpf and analysed 1 hour later, BrdU
and 4 ,6-diamidino-2-phenylindole (DAPI) labelling showed a reduction in the total number
of cells in rtn4a-MO-injected embryos, and an even greater reduction in rtn4b-MO-injected
embryos (Additional file 6). Interestingly, the ratio of BrdU-positive cells was identical in
controls and following rtn4a-MO or rtn4b-MO injections, indicating that the number of cells

entering the S-phase was not affected (Additional file 6: parts H and P).

In a pulse-chase experiment in which embryos were given BrdU at 1 dpf and analysed 2
days later, it was apparent that the BrdU labelling was retained in most cells of the
midbrain and hindbrain of 3-dpf rtn4b-MO-treated embryos (see Additional file 6 for BrdU
labelling in the tectum and a related quantification in the hindbrain), suggesting that cell
proliferation was impaired in these structures. This observation is consistent with the
massive reduction of brain size in these embryos (Fig. 3.4 P). On the other hand, rtn4a-
MO-treated embryos showed a reduction in BrdU labelling similar to that in control MO-
injected embryos (Additional file 3.6: parts E and N). Interestingly, although their brains
were smaller than those of control embryos at 1, 3 and 5 dpf (Fig. 3.4), this effect was not
as severe as it was in rtndb morphants. Therefore, the rate of cell division in rtn4a

morphants was likely affected only transiently or partially.

At 5 dpf in rtn4db morphants of the Tg(shh:gfp) line (Fig. 3.5 I, L), the absence of the lower

jaw and of the five branchial arches, which will form the gills, became evident. Moreover,
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the rtn4b morphants had problems with visual system development. RGCs and their axonal
projection to the optic tectum were underdeveloped, and the optic tectum shifted anteriorly
(Fig. 3.5 1, 5L and next section). Moreover, the pectoral fins were abnormal or missing. In
addition, the rtndb morphants of Tg(Isl1:gfp) embryos showed that the neurons of cranial
nerves lll and 1V failed to differentiate (Fig. 3.5 M, N). Thus, rtn4b morphants had severe

brain-patterning defects and skeletal malformations.

3.3.4 Retina and brain development
Besides the clear differences between the rtn4a and rtn4b expression patterns and

knockdown phenotypes, some similarities were also evident. For instance, both transcripts
appeared to be upregulated in the optic tectum and retina, and both morphants exhibited
related morphological defects, such as smaller brains and eyes. To better characterize
neural roles of rtn4 paralogues, we analysed their function in the GFP-labelled retinotectal
system of Tg(brn3c:mgfp) zebrafish. Injection of rtn4a-l MO1, but more severely rtn4b
MO1, resulted in a reduction in the size of the eyes of 27% and 50%, respectively, and a
reduction in the area covered by RGCs of 39% and 80%, respectively (Fig. 3.6 J, L). Rtn4b
MO1 and rtndb MO2 at half concentrations enhanced each other and led to 85% severely
and 15% mildly reduced RGC areas (Fig. 3.6 S). Rtn4db MO2 caused a strong reduction in
the area occupied by RGCs in 91% of the embryos (and 9% mild). Moreover, rtn4a-l MO1
combined with rtn4db MO1 at half concentration acted synergistically, causing this effect in
100% of the embryos.

In 3-dpf rtn4da morphants, the area of the retina occupied by RGCs was reduced and
extended markedly fewer axons into the optic nerve and tectum (rtn4a-MO1; Fig. 3.6 D, E)
than in control embryos (Fig. 3.6 A, B). The rtn4b morphant was more severely affected, as
the area occupied by GFP-labelled RGCs was massively reduced and the few axons

formed rudimentary optic nerves (rtn4b-MO1; Fig. 3.6 G, H).

To rule out the possibility that axons were present in both morphants but failed to express
GFP, we performed immunostaining with antibodies neurolin. These immunostained
images that the RGCs and axons were indeed reduced (rather than being invisible as a
result of the absence of GFP expression) (Fig. 3.6 C, F, I).
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Figure 3.6: Retinal ganglion cell development in rtn4a- and rtn4b-knockdown, GFP-
transgenic embryos.

(A) Through (I) Tg(brn3c:mGFP) embryos at 3 dpf exhibit labelled retinal ganglion cells (RGCs) in
the eye (arrow) and RGC axons in the optic nerve and tract as well as in the optic tectum (t). (A),
(D) and (G) Lateral views of the left eye and optic tectum (anterior to the left). (B), (C), (E), (F), (H)
and () Ventral views (anterior to the top). (A) to (C) In control morpholino (Co MO) injected
embryos, RGC axons reached the optic tectum (t) and innervated the neuropil (A). The ventral view
shows the RGCs in both eyes (arrow) and the RGC axons in the optic nerve, the chiasm and the
optic tract (B). (C), (F) and (I) RGCs and their axons were costained with antibodies against
neurolin. RGCs from both morphants, rtn4a (D) to (F) and, to a greater extent, rtn4b (G) to (1), cover
smaller areas of the retina (outlined) and their axons show aberrant pathways. (J) to (L)
Quantification of eye size, the area covered by RGCs and their ratio. (M) to (O) and (P) to (R)
Rescue of the rtn4a and rtn4b RGC phenotypes. Arrow points to RGCs. (S) Quantification at 3 dpf
showing the reduction in the area covered by RGCs after injection of rtn4a- and rtn4b-MOL1
(separately and combined) and rtn4b-MO1 and rtndb-mRNA, as indicated under each bar. Control-
MO (n=28), rtnda-I-MO1 (5.0 ng) (n=16), rtnda-I-MO1 (2.5 ng) + rtnda--mRNA (100 pg) (n=32),
rtn4db-MO1 (2.5 ng) (n=22), rtn4b-MO2 (2.5 ng) (n=24), rtn4db-MO1 (5.0 ng) (n=19), rtn4b-MO2 (5.0
ng) (n=24), rtn4b-MO1 and rtn4b-MO2 (2.5 ng) (n=27), rtn4b-MO (5.0 ng) and rtn4b-mRNA (100
pg) (n=23) and rtn4a-I-MO1 (2.5 ng) and rtn4b-MO1 (2.5 ng) (n=27). Scale bar=100 m.

The specific roles of rtnda and rtn4b in retinotectal development were also confirmed by
rescue experiments in which mRNAs of the rtn4a (isoform I) and rtn4b, respectively, were
coinjected along with the corresponding MOs. Upon coinjection of 100 pg of rtn4a-lI-m
RNA, morphants with mild phenotypes were reduced from 75% to 25% and 20%,
respectively (Fig. 3.6 Mto O, S).

The concentration-dependency of the mRNA rescue experiment strongly suggests that the
phenotypes observed were specifically caused by rtn4a downregulation. Likewise, the
rtn4b (MOL1) strong phenotype was partially rescued by mRNA coinjection. Morphants with
strong phenotypes were reduced from 87% to 52% (Fig. 3.6 P to 6R, S). The remaining
48%, however, remained mildly affected. Besides supporting the specificity of the MO
effects on RGC differentiation and RGC axon growth, these experiments also confirm the

strong effect of rtn4b downregulation on retinotectal development.

At 5 dpf, most rtn4a morphants of the Tg(brn3c:mgfp) embryos still had smaller retinotectal
projections (Fig. 3.7 D, E) but the reduction in size was more severe in rtn4b morphants
(Fig. 3.7 G, H). The tectum resides in positions far too anteriorly, as mentioned above (Fig.
3.7 G). Brains exposed to the neuronal marker HUC/HuD and the nuclei marker DAPI,
which stain all cells and spare the tectal neuropil, highlight how small the neuropil had

become in the morphants compared to controls (Fig. 3.7 A, C, D, F, G, I).
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Figure 3.7: Brain differentiation and retinotectal projections in rtn4a- and rtn4b-knockdown,
GFP-transgenic embryos.

In rtn4a-morpholino (MO) and rtn4b-MO-injected embryos, brains are smaller both anteroposteriorly
as well as laterally. (A) Extent of the tectum (t) and the forebrain (fb) marked by white brackets in
the HUC/HuD labelled brains of control embryos. (D) and (G) Knockdown of rtnda, but more
severely of rtn4b, leads to a reduction in the size of the tectum and the forebrain. In rtn4b
morphants, the olfactory placodes (arrowhead) are not clearly identifiable and the tectum is
localized in abnormally anterior positions. (B) In control embryos, the GFP labelled retinal ganglion
cell (RGC) axons cover the tectal neuropil (outlined). (E) and (H) The RGC axons in the tectum
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cover a smaller area in both morphants, but more severely so in the rtn4b morphants than in their
rtnda counterparts. GFP is also expressed in heuromasts (arrows), which are aberrantly positioned
in the morphants. (C), (F) and (l) 4 ,6-diamidino-2-phenylindole (DAPI) staining of the brain shows
the area of the neuropil (outlined), which is reduced after downregulation of rtn4a and rtn4b. (J3), (K)
and (L) Quantification of the length of the optic tectum, forebrain and tectal neuropil in control and
rtnda-MO- and rtn4b-MO-injected embryos. (A) to (I)Dorsal views of the brain of Tg(brn3c:mGFP)
embryos at 5 dpf. Control MO (5.0 ng) (n = 10), rtn4a-I-MO1 (5.0 ng) (n = 10) and rtn4b-MO1 (5.0
ng) (n = 10). Scale bar =100 m.

A comparison with the controls illustrates that the tectum, the forebrain and the neuropil in
the rtn4b morphants were reduced to 62%, 54% and 48%, respectively, of their original
size (Fig. 3.7 G, J to L) and to 78%, 77% and 76%, respectively, in the rtn4a morphants
(Fig. 3.7 D, J to L). Again, this analysis underscores the abnormal brain patterning in rtn4b

morphants, which is more severe than in the rtn4a morphants. In addition to RGCs, Tg

(brnc3:mgfp) also expresses GFP in neuromasts. The number of neuromasts and their

position was also abnormal in the morphants (Fig. 3.7 B, E, H).

In sum, downregulation of both rtn4da and rtn4b produced clear abnormalities in the
development of the CNS and the PNS, whereby the strongest effects were observed in
rtndb morphants. In these embryos, specific neural structures such as the retina, the optic
tectum and the forebrain, as well as neuromasts, cranial ganglia and spinal cord, were
markedly reduced. Loss of rtn4b also led to reduced and disorganized axon projections
from RGCs, cranial ganglia and motor neurons, and ultimately to larval death. Outside the
nervous system, rtndb morphants suffered from the loss of lower jaws, shorter or absent
pectoral fins and notochord abnormalities in correlation with the increasingly curved tail. In
rtnda morphants, the retinotectal defects were qualitatively similar to those in rtndb
morphants, but overall were less severe and apparently reversible with time. The cranial
nerve and lateral line misprojections of rtn4a morphants reported by Br samle and Halpern
(Brosamle and Halpern, 2009), together with early forebrain defects, seemed not to be

lethal, at least not in the first weeks of life.

3.4 Discussion

Although knockout of RTN4/Nogo-A in mice produces viable animals without obvious
morphological defects in the brain (Kim et al., 2003; Simonen et al., 2003), our study
results show clear neurodevelopmental defects upon downregulation of both zebrafish

RTN4 homologues. In particular, zebrafish rtndb plays essential roles in the early
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development of the nervous system and in the morphogenesis of the notochord and jaws.
In the nervous system, the most striking effects of rtn4db downregulation were reduced
number of motor neurons and abnormal motor axon pathfinding, reduced eye and brain
size, abnormal retinotectal projection, fewer and mislocalized neuromasts and axon
pathfinding errors of cranial nerves and nerves of the anterior and posterior lateral lines.
The severity and lethality of these defects indicate that, unlike zebrafish rtn4a and
mammalian RTN4, rtn4b is vital for zebrafish embryonic development. Our MO data further
show that zebrafish rtn4a also contributes to CNS and PNS development, although to a
lesser degree than rtn4b. This synergy between the neurodevelopmental roles of rtn4a and
rtndb is consistent with their expression in partially overlapping domains of the brain.
Differential expression was restricted mainly to posterior regions of the embryo, where
Rtn4a was detected in lateral line ganglia and somites, and Rtn4b was detected in the
spinal cord. Unlike rtn4b-knockdown embryos, rtn4a morphants, although less motile
relative to controls, always escaped upon touch, survived for weeks and seemingly
recovered some of the earlier abnormalities.

Among the most striking abnormalities shared between the rtn4a and rtn4db morphants
were their strongly reduced and malformed retinotectal projections. The tecta appeared to
have shifted into abnormally anterior positions, possibly as a consequence of the reduced
forebrain size, and received a small number of RGC axons from the few remaining RGCs.
This observation suggests that rtn4a and rtn4b are involved in neuronal differentiation
and/or the maintenance of normal cell numbers in specific areas of the nervous system and
therefore may be required for cell proliferation, cell survival and pattern formation in
specific subdivisions of the CNS and PNS. Our previous bioinformatic analyses strongly
suggest that the Rtn4b N-terminal domain is directly homologous to the corresponding
Delta 20-containing region of mammalian Nogo-A [18]. However, downregulation of
RTN4/Nogo-A mammals does not obviously impair cell proliferation, neuronal
differentiation or brain patterning in the early embryo (Kim et al., 2003; Simonen et al.,
2003). Interestingly, the absence of Nogo-A/RTN4 and the use of Nogo-blocking antibodies
have been shown to increase the rate of radial migration in hippocampal, cortical and
cerebellar neuronal progenitors (Mingorance-Le Meur et al., 2007; Mathis et al., 2010); to
impair synaptic potentiation in the hippocampus (Delekate et al., 2011); and to affect the
size of cerebellar postsynaptic densities (Petrinovic et al., 2013). This is consistent with a

significant role of mammalian RTN4/Nogo-A as a negative regulator of cortical plasticity in
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developmentally older embryos, in contrast to our observations in fish, in which defects

appeared much earlier in development.

Notably, the authors of a recent report uncovered distinct neurodevelopmental roles for the
mouse Delta 20 and Nogo-66 regions (Rolando et al., 2012). In that study, proliferation of
neural stem cells in the adult subventricular zone was found to be modulated by Nogo-
66/NgR1 interactions, whereas the migration of neuroblasts to the olfactory bulb was
controlled by binding of Delta 20 to a receptor complex distinct from NgR1. Conservation of
related activities in zebrafish rtn4 paralogues may be relevant to our finding of reduced
neural structures in morphant embryos. Our data further suggest that the function of Nogo
genes evolved independently in fish and mammals, with an early developmental role
becoming more predominant in the former and a later function in cortical development and
plasticity in the latter. We presently do not know whether this difference might involve the
action of the Delta 20-like region of zebrafish rtn4b as an inhibitor or a repulsive cue during
cell cell interaction and axon growth. Remarkably, although zebrafish and mammalian
Nogo-66 are almost 70% homologous, the interaction of zebrafish Nogo-66 (of Rtn4a) and
NgR does not lead to inhibition of neurite growth in fish or mammalian neurons but to axon
growth (Abdesselem et al., 2009). Hence, it remains to be clarified how the inhibitory

potential of Rtn4a and Rtn4b may have evolved differentially in fish and mammals.

The reduced brain size and aberrant axonal pathways seen upon rtnd4a and rtn4b
knockdown could theoretically result from insufficient signalling through NgR (and co-
receptors), but this phenomenon remains to be analysed. Interestingly, although NgR1 is
expressed in the embryonic zebrafish brain (Klinger et al., 2004a), its downregulation is
known to cause pathfinding errors only in PNS axons (Brosamle and Halpern, 2009). It is
presently unknown whether CNS fiber tracts are affected by NgR knockdown or whether
the Nogo-66 domain of Rtn4b binds to NgR. Similarly, whether the Delta 20-like region of
Rtn4b binds to a receptor complex resembling the mammalian amino-Nogo-A receptor
complex needs to be clarified. Yet, some conservation between the interactions of Delta 20
and Nogo-A receptor in fish and mammals is expected, based on their sequence similarity
(Shypitsyna et al., 2011) and on the fact that fish axons recognize mouse Nogo-A Delta 20
(Wanner et al., 1995; Abdesselem et al., 2009).

Most assumptions about the function of RTN4A/Nogo-A are based on its cell surface

expression. However, it should be noted that this protein is by far more abundant in the
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endoplasmic reticulum (ER), where it has been proposed to play a role in structuring the
membranous network (Dodd et al., 2005; Voeltz et al., 2006; Teng and Tang, 2008). It has
also been reported to be upregulated in mammalian RGCs after optic nerve transection,
but no concrete function has been associated with this phenomenon (Pernet et al., 2012;
Vajda et al., 2014). The sub cellular localization of the zebrafish RTN4 homologues has not
been examined in detail, but Nogo-66 has been shown to reside in and on glial cells in the
adult regenerating optic nerve (Abdesselem, 2009), as was also demonstrated for
mammalian Nogo-66 and the Nogo-A-specific region (Schwab, 2010). Generation of the
appropriate antibodies will be required to find out whether zebrafish Rtn4a and Rtn4b

protein expression is similar to that in mammals.

3.5 Conclusions

Both rtn4a and rtn4b functions are required during early zebrafish development, as their
downregulation has more dramatic effects in brain patterning than rtn4 knockout in
mammals. This is somewhat surprising, given the fact that zebrafish rtn4db and mouse
RTN4 are expressed in the neural tube and at comparably early stages of brain
development (Schwab, 2010). Duplication of genes is often accompanied by the acquisition
of a new function of one or both duplicates, as judged by their temporal or spatial
expression patterns (Force et al., 2002). Even though rtn4a and rtn4b differ partially in their
expression domains, in that rtn4a is, for instance, expressed in somites and rtn4b is
expressed in the spinal cord and notochord, their expression patterns large overlap.
Moreover, their downregulation causes similar abnormalities in forebrain and midbrain
morphology as well as in rudimentary and aberrant retinotectal projections. The most
significant differences between Rtn4b and Rtn4a morphants was the immobility and
lethality of Rtn4b at 5 dpf and the significant recovery and nearly normal outer appearance
observed at this time in Rtn4a. This difference might be causally related to an important
function of the zebrafish Rtn4b N terminus, which, like mouse Nogo-A but unlike zebrafish
Rtn4a, contains conserved M1 to M4 protein motifs (Shypitsyna et al., 2011). Nogo-A Delta
20 has been identified as a CNS myelin-associated inhibitor of axon growth and
regeneration in the adult mammalian CNS and regulator of plasticity (Schwab, 2010). In
this context, it will be interesting to explore the biological properties of the zebrafish Rtn4b

Delta 20-like domain and its expression in adult fish, particularly because zebrafish
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successfully regenerate RGC axons in the optic nerve and fiber tracts in the spinal cord
(Becker et al., 1997; Munderloh et al., 2009).

3.6 Methods

3.6.1.1 Zebrafish husbandry

Zebrafish (Danio rerio) were maintained at 28 C under a 14-hour light, 10-hour dark cycle
(Westerfield, 2000). Developmental stages are indicated based on those described by
Kimmel et al. (Kimmel et al., 1995) and in hours and days post fertilization (hpf and dpf,
respectively). Some embryos were raised in fish water containing 0.003% 1-phenyl 2-
thiourea to prevent pigmentation (Karlsson et al., 2001). A zebrafish reporter line
expressing GFP under the control of the sonic hedgehog gene promoter Tg(shh:gfp) was
obtained from Max-Planck-Institute Developmental Biology (T bingen, Germany).
Tg(hb9:gfp)-transgenic zebrafish expressing GFP in motor axons were provided by D
Meyer (University of Innsbruck, Austria). Tg(Isl1:gfp) zebrafish expressing GFP in cranial
motor neurons were provided by S Higashijima (Okazaki Institute for Integrative
Bioscience, Higashiyama, Japan) and Tg(brn3c:mgfp) zebrafish expressing membrane-
targeted GFP in retinal axons were provided by H Baier (University of California, San
Francisco, USA).

3.6.1.2 Whole-mount in situ hybridization

Whole-mount in situ hybridization was performed as described previously [33]. We cloned
1.3 kb of rtnda-l, 1 kb of rtnda-m and 0.9 kb of rtn4a-n (including the full open reading
frames (ORFs) and 393 bp from the 3UTR and 1.5 kb from the rtn4b N terminus, including
the M1 to M4 motifs) in pCRIlI TOPO (Invitrogen, Carlsbad, CA, USA) and used them as
templates for the synthesis of two independent RNA in situ hybridization probes with the
DIG RNA Labelling Kit (Roche Applied Science, Penzberg, Germany). Transcription
patterns were visualized using an Axioplan 2 compound microscope (Carl Zeiss
Microscopy, Oberkochen, Germany) using Nomarski (differential interference contrast)
optics, photographed with a Zeiss Color Axiocam and further processed using Adobe
Photoshop 12.0 software (Adobe Systems, San Jose, CA, USA).

3.6.1.3 Cloning full-length rtn4a and rtn4b cDNAs
The rtn4a full coding sequence was amplified by RT-PCR from 1-dpf zebrafish embryo total

RNA with the following primers: forward rtn4a-fw 5 -atgcagccgcaggagtacat-3 and reverse
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rtnd4a-rv 5 -ggctgccgggtcacgact-3. The rtndb cDNA was amplified with forward primer
rtndb-fw 5 -gtcctgagctgegctatttc-3 and reverse primer rtn4b-rv 5 -gttatttagtaggcagcggtgtg-3
by RT-PCR from total RNA extracted from adult zebrafish optic nerve. First-strand cDNA
was synthesized under standard conditions with the SuperScript First-Strand Synthesis
System (Invitrogen) using an oligo(dT) primer. All of the above-mentioned PCR
experiments were done with Phusion High-Fidelity DNA Polymerase (Finnzymes/Thermo
Fisher Scientific, Espoo, Finland). Full-length cDNAs were cloned into a PCR2.1 TOPO

vector (Invitrogen) and sequenced.

3.6.1.4 Morpholino knockdowns and mRNA rescue
The following MOs were purchased from Gene Tools (Philomath, OR, USA) and designed
to target independent sequences at the 5 UTRs and the start codon of the zebrafish rtn4a
and rtn4b, including known splice variants based on the following sequence data obtained
from the GenBank database (see Additional file 2): rtnd4a-l, 5 -taaagtaacttcaagatgcgccgga-
3 (position on mRNA 55/ 30) and 5 -tcgtggagcttatttgatcatccat-3 (position on mRNA 1/25)
[GenBank:AY555039.1]; rtnda-m, 5 -cgtgcatcggtcatatatccagtca-3 (position on mMRNA
18/+7) and 5 -ttatctgaattggcgtgcatcggtc-3  (position on MRNA 5/+20)
[GenBank:AY555042.1]; rtn4a-n, 5 -ctcgctcattctgcgatcagacagee-3 (position on mRNA
25/0) and 5 -gctccaccacttgtttggaatccat-3 (position on MRNA 1/25)
[GenBank:AY555043.1]; rtn4b, 5-ccactgcgggagaactcagaacagc-3 (position on mRNA
81/ 57, for better distinction, rtn4b-MO-1) and 5 -gctcgttctgtgtcctccatcggga-3 (position on
MRNA 5/+20, rtn4b-MO-2) [RefSeq:NM_001040335.1]; control, 5-
aacgaacgaacgaacgaacgaacgc-3 In addition to ATG-targeting MOs, as described by
Br samle and Halpern (Brosamle and Halpern, 2009), we used MOs directed against
5UTR sequences of the rtn4a splice variants. All microinjections were performed at early
cleavage stages (one- to four-cell stage) using a manual micromanipulator (Narishige,
Tokyo, Japan) coupled to a Transjector 5246 (Eppendorf, Hamburg, Germany) under a
Stemi 2000 stereomicroscope (Carl Zeiss Microscopy). After running specificity and dose-
dependency controls, MOs were injected at a concentration of 0.5 or 1.0 ng/nl in 13
Danieau buffer (58 mM NaCl, 0.7 mM KCI, 0.4 mM MgSO 4, 0.6 mM Ca(NO 3) 2, 5.0 mM
2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid [pH 7.6]) and 0.125% Phenol Red
(Sigma-Aldrich, St Louis, MO, USA). For MO rescue experiments, rtnda-l was cloned in
frame with GFP into the EcoRI/Apal restriction sites of pGFP-N1. RTNa-I-gfp, rtn4a-l and

rtn4b ORF cDNAs were subcloned into the EcoRI/Xbal (rtn4al-gfp), EcoRI/Xbal (rtnda-l) or
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EcoRlI/Stul (rtn4b) restriction sites of pCS2+ (provided by Z Varga, University of Oregon,
Eugene, OR, USA) and transcribed in vitro using the mMESSAGE mMACHINE SP6 kit
(Ambion, Austin, TX, USA). For mRNA synthesis, DNA templates were linearized with
BssHII. After synthesis, template DNA was removed by DNasel digestion of the rtn4a-l and
rtndb mRNAs. rtn4a-1 or rtn4db MO at 1.0 ng/nl in 13 Danieau buffer were coinjected with
capped mRNAs at 20 or 100 pg/nl at a 1:1 ratio in 0.05 M KCI and 0.125% Phenol Red.
For overexpression experiments, mRNAs were microinjected at 100 pg/nl. At least 200
embryos per experiment were microinjected (5-nl injection volume) and kept in E3 medium
(5 mM NacCl, 0.17 mM KCI, 0.33 mM CaCl 2 and 0.33 mM MgSO 4) at 28 C. Quantification
of phenotypes was carried out on 200 embryos per experiment, from among which a
smaller number were selected for detailed analysis. Images were acquired using a SteREO
Lumar.V12, Axioplan 2 or confocal laser scanning microscope LSM 710 (Carl Zeiss

Microscopy). Images were further processed using Adobe Photoshop 12.0 software.

3.6.1.5 Immunohistochemistry

Anesthetized embryos (6 to 24 hpf) were fixed in 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS) for 2 hours at room temperature (RT) or overnight at 4 C.
Embryos/larvae older than 48 hpf were fixed in PFA for 30 minutes at RT, washed in PBS-
Tween 20 (PBST) and permeabilized in acetone for 7 minutes at 20 C. The following
antibodies and concentrations were used for whole-mount immunohistochemistry:
polyclonal anti-neurolin, 1:500 (Diekmann and Stuermer, 2009); monoclonal antiacetylated
tubulin, 1:1,000 (Sigma-Aldrich) and the monoclonal anti-HUC/HuD neuronal protein
(16A11) 1:1,000 (Molecular Probes, Sunnyvale, CA, USA). For staining with the polyclonal
Rtn4a antibody (IK964, which was generated in our laboratory) diluted 1:250 (Abdesselem
et al., 2009), PFA fixation was not used. Instead, embryos were incubated on ice in 50%
methanol in PBS, pH 7.4 (2 minutes), 100% MeOH (5 minutes) and 50% MeOH in PBS (2
minutes). To generate a polyclonal antibody against zebrafish Rtn4b, the rtn4b-M1-M4
region (Shypitsyna et al., 2011) was amplified by PCR from a pCR2.1 TOPO vector
containing the rtn4b ORF. Forward rtndb-M1-fw 5-
GGGAATTCTAGCCCGTCTCCAGACCTGCTCCAGGA-3 and reverse rtndb-M4-rv 5-
GGGTCGACCTA-CTGCAGACCCTGGAGCAGCTCTGCC-3 primers containing EcoRI
and Sall restriction enzyme sites were designed to amplify 490 bp, including the M1 to M4
motifs. The PCR product was digested with EcoRI and Sall and cloned in frame into the

pGEX-4 T-3 glutathione S-transferase expression vector (GE Healthcare Life Sciences,
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Freiburg, Germany) after the thrombin cleavage site. The recombinant protein was used to
immunize a rabbit to produce the polyclonal antibody K1121. The immunopurified Rtn4b
antibody was used at a dilution of 1:500. Nuclei were counterstained with 100 ng/ml DAPI,
together with the secondary antibody, for 30 minutes at RT. The secondary antibodies
were cross-purified with fluorophore-conjugated goat anti-rabbit and cyanine 3 or Alexa
Fluor 488 coupled anti-mouse antibodies in which specimens were incubated overnight at
4 C. For analysis of Rtn4 expression levels, embryos were dechorionated, deyolked, lysed
and analysed by Western blotting. Blots were exposed to polyclonal Rtnd4a antibody
(IK964; diluted 1:10,000) and polyclonal Rtn4b antibody (K1121; diluted 1:1,000) and to a
monoclonal antibody against GFP (diluted 1:2,000 to detect Rtn4al-GFP; Roche Applied

Science).

3.6.1.6 Bromodeoxyuridine labelling

To label cells in the S-phase, embryos were immersed in 10 mM BrdU (Sigma-Aldrich) in
1% dimethyl sulfoxide in E3 medium. Embryos were incubated for 1 hour at 28 C and
washed in E3 medium (three times for 5 minutes), fixed in 4% PFA overnight at 4 C and
dehydrated in methanol at 20 C. After gradual rehydration, embryos were permeabilized
with proteinase K (10 g/ml) followed by post fixation with 4% PFA, washed with PBST,
blocked with 10% normal goat serum in PBST for at least 2 hours at room temperature and
incubated with mouse anti-BrdU-fluorescein isothiocyanate antibody (1:200; Sigma-Aldrich)

in 4% blocking solution overnight at 4 C.

3.6.1.7 Acridine orange staining

To get an impression of the extent of apoptosis, 1-dpf live embryos were incubated in 2
g/ml acridine orange (Sigma-Aldrich) for 30 minutes, followed by three rinses in E3
medium. Embryos were anesthetized in 0.016% Tricaine methanesulfonate (MS-222;

Sigma-Aldrich) and photographed (Zeiss Lumar.V12 stereomicroscope).

3.6.1.8 Motility tests

To evaluate the escape response, 3-dpf embryos were touched with the tip of a fine needle
twice at the dorsal tip of the tail. Embryos that did not react were classified as nonmotile.
Three groups of at least 50 embryos were tested in each experiment. Quantifications To
quantify total cell numbers and axon branching of motor neurons in Tg(hb9:gfp), control
and rtn4b-MO1-injected embryos, six representative specimens from each group were

fixed at 1 and 2 dpf, respectively, and their trunk regions were scanned by confocal
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microscopy. All fluorescent cells (trunk segments 15 to 18) and axonal projections (trunk
segments 5 to 8 and 15 to 18) were counted in z-stack confocal reconstructions. Embryos
exhibiting aberrant branching and mistakes in pathfinding of their motor axons were
classified as mild, and those which in addition showed defasciculation were categorized as
strong. The size of the eye and the area covered by RGCs, as well as the areas of the
optic tectum, forebrain and neuropil, were determined in Tg(Brn3c:mgfp) control, rtn4a-I
and rtndb MO1-injected embryos, with 10 representative specimens at 3 and 5 dpf. Areas
were measured in ImageJ software (National Institutes of Health, Bethesda, MD, USA) by
using ventral and dorsal z-plane projections of the head. Data are represented as mean
values, and error bars indicate the standard error of the mean. Data were analysed using
analysis of variance (ANOVA) and paired t-test were used after determining whether the
sample datasets conform to a normal distribution. P-values are indicated as follows: *P
0.05. *P 0.01.
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3.7 Additional Files
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Additional file 3.1: Toxicity of rtnda morpholino-mediated knockdown.
(A) Impaired development and viability after injection of rtn4-morpholino (MO). Embryos were
microinjected at cell stages 1 to 4 and analysed at 6 hpf and 15 hpf. Higher doses of rtn4a-MO
resulted in delayed gastrulation at 6 hpf and reduced viability at 15 hpf compared to control
embryos (arrowhead). (B) Rtn4a and rtn4db MOs were microinjected at 2.5 or 5.0 ng. Mortality,
development and viability were evaluated for all experimental groups in at least three experiments.
Embryos showing a curly tail phenotype upon Rtnd4a knockdown were excluded from the
experimental group. (C) Quantification of embryos with reduced anterior brain structures was
carried out after knockdown of each Rtn4a isoform. Control (n = 95), rtn4a-l MO1 (n = 78), rtn4a-m
MO1 (n = 23), rtnda-n MO1 (n = 33) and rtn4a (I, m and n) MO1 (n = 78). (D) A second rtn4b-MO
sequence (rtn4b-MO2) elicited the same phenotype as the rtn4b-MO1 sequence. At 15 hpf, the
forebrain was flattened and the sizes of the head and eye anlage were reduced. At 1 dpf, rtn4b-
MO2-injected embryos were smaller than control embryos, with reduced heads and eyes. Embryos
also had an abnormally curved notochord. At 2 dpf, rtndb morphants had shortened fore- and
midbrain regions. At 3 dpf, rth4b morphants developed a thinner tail, which curved ventrally, lacked
lower jaws and had an inflated heart cavity. At 5 dpf, they did not recover any of the abnormalities
seen at 3 dpf. (E) Acetylated tubulin staining of 2-dpf embryos injected with 5 ng of rtn4a MO
revealed pathfinding mistakes of the lateral line. (F) Proportion of embryos with aberrant pathfinding
of the lateral line at 2 dpf after injection of a mixture of 2 ng (n = 45) or 5 ng (n = 75) of each isoform
of rtn4a-MO (arrow).

. . Total
. Predicted % embryos with
Data accession number MW [KD] MO ng reduced RGC area scored
embryos
Normal | Mild | Strong
Control 5.0 98 2 0 88
Rtnda-l |[GenBanK:AY555039.1] | 35.73 ””(‘ll";‘n'\fl)ol 2+2+2 | 20.87 |80.94 |0 93
Rtn4a-m |[GenBank:AY555043.1] 23.86 rt”(‘ll";‘n'\f]g)z 2+2+2 | 35.43 |65.21 |0 68
Rtnd4a-n |[GenBank:AY555043.1] 21.70
rtnd4a-1 MO1 5.0 44.03 [(56.54 |0 100
rtnda- MO2 5.0 25.02 |75.31 |0 75
rtndb MO1 2.5 18.18 |27.27 |54.54 195
rtndb MO1 5.0 0 11.89 |88.11 54
Rtn4b [f]enBank:NM001040335 93.44 rtndb MO2 2.5 8.33 |29.16 (625 |134
) rtndb MO2 5.0 0 16.67 |83.33 48
rtndb MO1+
MO?2 2.5+2.5 0 18.52 [81.48 163
(Rtnda-1 +
Rtn4b) MO1 25+25 0 0 100 170

Additional file 3.2 Morpholino effect in retinal ganglion cells under different rtn4
MO concentrations
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Additional file 3.3: Immunostaining of morphant embryos confirms the specificity of Rtn4a
and Rtn4b antibodies

(A) In 1 dpf control morpholino-injected embryos, the Rtnd4a antibody labelled neural structures
such as the neural tube. Upon morpholino knockdown of all rtn4a isoforms (C) or the rtn4a-l isoform
only (E), the signal appeared clearly reduced. Similarly, at 2 dpf, labelling of retinal ganglion cells
(RGCs) and optic nerves (arrow) in control embryos (B) was reduced after knockdown of all or only
the rtnda-l isoforms (D) and (F). (G) and (H) In control embryos, antibodies against Rtn4b labelled
RGCs (arrow) (G), spinal cord (arrow) and motor neurons (arrowheads) (H). The signal in these
structures was drastically reduced after Rtn4b downregulation (I) and (J). (A), (C) and (F) show
dorsal views (rostral to the left). (B), (D), (F), (G) and (I) show ventral views (rostral at the top). (H)
and (J) show lateral views (rostral to the left).
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Additional file 3.4: Rtn4b morphants in brn3c:mGFP transgenic embryos.

(A) Branching of motor neurons in rtn4b morphants. Axonal projections (trunk segments 5 to 8 and
15 to 18) were analysed. In mild phenotypes, motor axons showed misbranching and pathfinding
mistakes, whereas in strong phenotypes defasciculation was also observed. (B) Proportion of
abnormal motor axons in anterior and posterior segments in rtndb morphants and in the rescue
group at 2 dpf. rtndb MO1 (n = 19), rtn4db-MO1 and rtn4db-mRNA (n = 25) and rtn4db-mRNA (n = 20).
(C) Proportion of nonmotile embryos at 3 dpf in rtn4b morphants, rescued and rtn4b-mRNA-injected
groups.
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Additional file 3.5: Apoptosis in rtn4 morphant embryos.

Comparison of apoptosis in control (A), rtn4a morphant (B) and rtn4b morphant (C). Cell death was
visualized at 1 dpf by acridine orange staining. (D) and (E) Quantification of acridine orange
intensity in selected areas of the midbrain (square) and hindbrain (rectangle) showing increased

staining (arrow) in both morphants. Control MO (5.0 ng) (n = 30), rtn4a-I-MO1 (5.0 ng) (n = 25) and
rtndb-MO1 (5.0 ng) (n = 24).
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Additional file 3.6: In vivo bromodeoxyuridine labelling of 1- and 3-day post fertilization rtn4
morphant embryos.

(A) Overview of the bromodeoxyuridine (BrdU) pulse chase experiment. To maximize the labelling
of cells entering the S-phase, a 1-hour BrdU pulse was applied at 1 dpf. Half of the embryos were
fixed immediately after the pulse (B), (D), (F), (J), (K) and (L), and the other half were fixed 2 days
later (C), (E), (G), (M), (N) and (O). Confocal maximum projections of midbrain and hindbrain
sections showed a considerable amount of BrdU-labelled cells at 1 dpf (green) (B), (D), (F),
(J), (K) and (L). Nuclei were counterstained with 4 ,6-diamidino-2-phenylindole (DAPI)
(red). At 1 dpf, the presumptive tectum of rtnda morphants (D), especially rtn4b morphants
(F), is reduced in size relative to control embryos (B). (C), (E), (G), (M), (N) and (O) BrdU
retention in the tectum and hindbrain at 3 dpf. In addition to the reduced tectum in 1-dpf
rtnda and rtn4b morphants, cells in the 3-dpf rtn4b morphants show strong BrdU signalling
2 days after the BrdU chase (G) and (O). Only weak and diffused BrdU signalling was
detected in rtn4a (E) and (N) and control (C) and (M) groups. (H) and (P) Quantification of
total cells (red) and proliferating cells (green) in the tectum and hindbrain at 1 dpf in rtn4a
and rtn4b morphants and the control group. (I) Quantification of total cells in the tectum at 3
dpf (red). (Q) Quantification of total (red) vs. BrdU-positive cells (yellow) in analysed areas
of the hindbrain at 3 dpf in rtn4a and rtn4b morphants and the control group.*Melanocytes.
Control (1 dpf; n = 8), rtnd4a (n = 11), rtn4b (n = 12), control 2 dpf (n = 6), rtn4a (n = 6) and
rtndb (n = 14). Scale bar =50 m.
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4 Upregulation of the zebrafish Nogo-A homologue,
Rtn4b, in retinal ganglion cells is functionally
involved in axon regeneration

4.1 Abstract

4.1.1.1 Background

In contrast to mammals, zebrafish successfully regenerate retinal ganglion cell (RGC)
axons after optic nerve section (ONS). This difference is explained on the one hand by
neurite growth inhibitors in mammals (including Nogo-A), as opposed to growth-promoting
glial cells in the fish visual pathway, and on the other hand by the neuron-intrinsic
properties allowing the upregulation of growth-associated proteins in fish RGCs but not in
mammals.

4.1.1.2 Results

Here, we report that Rtn4b, the zebrafish homologue of mammalian Nogo-A/RTN4-A, is
upregulated in axotomised zebrafish RGCs and is primarily associated with the
endoplasmic reticulum (ER). Rtn4b functions as a neuron-intrinsic determinant for axon
regeneration, as was shown by downregulating Rtn4b through retrogradely transported
morpholinos (MO), applied to the optic nerve at the time of ONS. MO1 and MO2 reduced
the number of axons from retina explants in a concentration-dependent manner. With MO1
the reduction was: 55% (70 M MO1) and 74% (140 M MO1), respectively; with MO2:
59% (70 M MO2) and 73% (140 M MO2), respectively (compared to the control MO-
treated side). Moreover, regenerating axons 7d after ONS and MO1 or MO2 application
were labelled by Alexa488, applied distal to the first lesion. The number of Alexa488
labelled RGCs, containing the Rtndb MOl or MO2, was reduced by 54 and 62%,

respectively, over control MO.

4.1.1.3 Conclusion and potential implications
Thus, Rtn4b is an important neuron-intrinsic component and required for the success of
axon regeneration in the zebrafish visual system. The spontaneous lesion-induced

upregulation of Rtn4b in fish correlates with an increase in ER, soma size, biosynthetic
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activity and thus growth and predicts that mammalian neurons require the same
upregulation in order to successfully regenerate RGC axons.

4.2 Background

The visual pathway in teleost fish is well-known for the capacity of the RGCs to regenerate
axons following ONS and to restore function (Gaze, 1970). In contrast, CNS axons in
mammals do not spontaneously regenerate because of inhibitory properties of the glial
cells in the environment of lesioned axons (Schwab, 2010) and the poor neuron-intrinsic
properties (Stuermer, 2010; Eva et al., 2012). In fish the glial cell environment is apparently
growth-permissive (Bastmeyer et al., 1991; Wanner et al., 1995). Moreover, fish RGCs
possess the unique ability to spontaneously activate the cellular machinery required for
axon regrowth including upregulation of growth-associated proteins (Grafstein and

McQuarrie, 1978; Skene et al., 1986) and rise in the neuron‘s biosynthetic activity.

One of the strongest oligodendrocyte and myelin-associated inhibitors in mammals is
Nogo-A (Schwab, 2010). More than 95% of Nogo-A is localized at the ER (Voeltz et al.,
2006; Shibata et al., 2009) and only small amounts emerge at the surface (Schwab, 2010).
Nogo-A is also expressed in neurons, particularly in those with far-projecting axons.
Neuronal Nogo-A was reported to negatively regulate neuronal plasticity (Vanek et al.,
1998; Zemmar et al., 2014) but a positive influence on neurite extension has also been
observed. Nogo-A promotes sprouting of axons in the lesioned mouse optic nerve and

regeneration in RGCs with elevated Nogo-A expression levels (Pernet et al., 2012).

In zebrafish embryos, the Nogo-A homologue Rtn4b (Shypitsyna et al., 2011) was
discovered in many differentiating brain regions (Pinzon-Olejua et al., 2014) including the
developing RGCs, and its downregulation caused severe defects in the retinotectal
projection.

Here, we asked whether Rtn4b would be upregulated in adult fish RGCs after ONS and
promote axon regeneration. This can be assessed by in vivo application of specific MOs to
the eye-side stump of the lesioned optic nerve as done with reggie-1 and -2, which
massively impaired axon regeneration (Munderloh et al., 2009). Our results indeed show

that zebrafish RGCs require Rtn4b as a neuron-intrinsic determinant of axon regeneration.
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4.3 Results

4.3.1 Rtn4b expression in zebrafish RGCs and its upregulation after
optic nerve lesion

The affinity purified antiserum against zebrafish Rtn4b (Pinzon-Olejua et al., 2014) labelled
all retinal layers but was brighter over RGC somata compared to other retinal neurons (Fig.
4.1 A). The RGC axon layer which was intensely labelled by the anti MBP AB (fish RGC
axons are myelinated in their intraretinal path), was only weakly stained by the Rtn4b AB
(Fig. 4.1 A-C). 10d after ONS, RGC somata had significantly increased expression of
Rtn4b indicating that ONS leads to Rtn4b upregulation in neurons (Fig. 4.1 B). In the
normal optic nerve, Rtn4b labelling was weak (Fig. 4.1 D) whereas anti MBP AB strongly
labelled the myelin (Fig. 4.1 F, M), in the normal nerve and after ONS. The staining with
Rtnd4a AB was similar to MBP but the AB labelled in addition boundaries of axon fascicles
and further subdivisions of the fascicles (Fig. 4.1 E). Rtn4a therefore appears to reside in
astrocytic structures as suggested earlier (Abdesselem et al., 2009) and myelin. In the
nerve 10d after ONS, Rtn4b labelling was associated with glial cell processes around
fascicles and more strikingly with regenerating RGC axons which were identified by anti-
neurolin AB (Diekmann and Stuermer, 2009) (Fig. 4.1 G-I, P).

Accordingly, axons and growth cones in culture were also labelled (Fig. 4.2 E). Rtn4a AB
also stains RGC growth cones in vitro (Abdesselem et al., 2009) but was in sections
through the nerve strong in the fascicle boundaries and subdivisions rather than in
Neurolin-positive regenerating axons (Fig. 4.1 J-L,Q). In the nerve 10 d after ONS, myelin
detected by MBP AB was intense and the Neurolin-positive regenerating axons were
located amidst the myelin staining (Fig. 4.1 M-O,R). Together, this staining shows that
regenerating RGC axons in the nerve and in vitro are Rtn4b-positive and cross through
MBP-labelled myelin. Rtnd4a is in myelin and astrocytic fascicle boundaries and
subdivisions but not to the same extent in Neurolin-positive axons as Rtn4b. Rtn4b
appears less prominent in CNS myelin in the retina and optic nerve but is significantly
upregulated in RGCs and RGC axons after ONS.
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Figure 4.1: Expression pattern of Rtn4b in the zebrafish retina and optic nerve.

Cross sections of the zebrafish retina, normal (A) and 10 d after ONS (B,C) were exposed to ABs
against Rtn4b (A,B) and MBP (C). Weak Rtn4b staining is seen across all retinal layers including
RGCs (white arrow) in the normal retina (A). RGCs robustly upregulate Rtn4b, 10 d after ONS (B).
The RGC axons in the retina on top of the RGCs (bracket) are also weakly labelled but are more
intensely stained by the AB against MBP (C). Scale bar, 50 m. Cross sections through the normal
zebrafish optic nerve (D,E,F) show very weak labelling with Rtn4b AB (D). E) Rtn4a AB stains
across the normal nerve similar to MBP. Labelling with the MBP AB is strong in the normal nerve
(F) as well as at 10 d after ONS (M). Scale bar, 10 m. Rtn4b AB in nerves at 10 d after ONS (G,)
labels portions of RGC axons identified as axonal (rather than glial) by the AB against neurolin (H).
I, overlay. Scale bar, 20 m. J) Rtn4a AB in thel0 d ONS nerve stains, in particular, the boundaries
of fascicles and subdivisions of the fascicles. K,L) The Neurolin-positive regenerating RGC axons
are not labelled with Rtn4a to any significant extent, in contrast to Rtn4b labelling (I). M) MBP
staining is intense in the 10 d ONS nerve. N, O) Neurolin-positive regenerating RGC axons are
located amidst the myelin. Boxed areas in (I,L,O) are enlarged in (P-R). Arrows point to Neurolin
positive axons which are also Rtn4b AB positive (P), but seem not significantly co-localized with

Rtn4a (Q), and lie amidst the MBP labelling of myelin (R). Scale bar, 10 m.

To clarify whether Rtn4b in fish is, as in mammals, localized at the ER we exposed

zebrafish oligodendrocytes in vitro to Rtn4b AB and the AB against CLIMP63 specific for
the ER. Rtnd4a AB was used for comparison. Rtn4b as well as Rtn4a labelled a reticular
network that is positive for CLIMP63 AB and reached into the cellular processes (Fig. 4.2
A,B,C) like Nogo-A in mammals (Voeltz et al., 2006). Growth cones of RGC axons showed
Rtn4b and CLIMP63 staining (Fig. 4.2 E,F), suggesting that the ER extends into the tips of

elongating axons.

We also tested if Rtn4b might be visible at the cell surface as reported for Nogo-A in
mammalian oligodendrocytes and neurons (Schwab, 2010). We were not able to detect cell
surface staining by exposing live cells to Rtn4b AB, either because the protein does not
reach the surface or in amounts that are too small to be detected by the present staining

procedure (Fig. 4.2 D).
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Figure 4.2: Rtn4a and Rtn4b staining of ER in zebrafish oligodendrocytes

A) Labelling of fixed zebrafish oligodendrocytes with Rtn4b reveals a reticular structure similar to
the ER staining with CLIMP63 AB (B). C) Rtnd4a AB also labels ER in oligodendrocytes. D)
Exposing live oligodendrocytes to Rtn4b AB gives no cell surface staining. DAPI stains the nuclei in
(A,D) and also in (B,C) where, however, the red ER stain covers the blue. E) Zebrafish RGC axons
and growth cones are labelled by the Rtndb AB. These structures are also labelled with CLIMP63
AB (F). Scale bar, 10 m.

Next, we analysed changes in axotomised RGCs in retina whole mounts (Fig. 4.3 A-l).
RGC somata at 5 d after ONS increased in area by 87% ( the cell body reaction ) and the
cytoplasm was filled entirely by Rtn4b AB labelling (Fig. 4.3 D) associated with cloudy
structures, typical for ER staining with anti-PDI (protein disulfide isomerase) in mammalian
cells (ABCAM home page). Rtn4b staining intensity was upregulated in intensity by 48%
when compared to controls (p<0.01). 10d after ONS, Rtn4b protein levels were even more

elevated with an increase of 54% in comparison to control (p<0.01).

Quantitative Western blots with retina lysates, control versus 5 d and 10 d after ONS, also
showed a significant upregulation of 100 kDa Rtn4b by 45% (5 d; p<0.01) and 58% (10 d;
p<0.0001), respectively (Fig. 4.3 J).

57



Rtn4b and regeneration

Figure 4.3: Upregulation of Rtn4b in zebrafish RGCs after ONS

RGCs in retina whole mounts showed weak immunostainings in the cytoplasm after exposure to
Rtndb AB (A). B,E,H) Labelling with Phalloidin against F-actin shows all cells and their cytoplasm.
C,F,l) Merge of A,B; C,D and G,H with DAPI stainings to visualize nuclei. D,E,F) 5 d after ONS, the
RGCs exhibit a significant increase in size and increase in Rtn4b labelling intensity (48% in
comparison to control, p<0.01) in the cytoplasm. G, H, I) 10 d after optic nerve sections, the size on
the RGCs and the intensity of Rtn4b staining is still highly increased (53% over controls, p<0.01).
Scale bar, 10 m. J) This apparent increase in the 100 kDa Rtn4b protein is also seen in Western
blots with retinae at 5 (p<0.05) and 10 d (p<0.0001, Student-s T-test) after ONS. Anti-alpha-tubulin
served as loading control.
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4.3.2 Rtn4b is essential for RGC axon regeneration.
To determine whether Rtn4b is indeed needed for RGC axon regeneration we

downregulated Rtn4b by placing a MO-soaked piece of gel foam directly at the eye-sided
optic nerve at the time of ONS (Munderloh et al., 2009). The MOs are retrogradely

transported into the RGCs as is demonstrated by using lissamine-labelled MOs.

Figure 4.4: Downregulation of Rtn4b in RGCs by MO1

After application of the control (Co) MO to the lesioned optic nerve, Rtn4b labelling of RGCs in
retina whole mounts was intense at 5d after ONS (A,B), but was markedly reduced when MO1
against Rtn4b (C,D) was offered. B,D) The Rtn4b AB-labelled cells contain Lissamine (red)
conjugated to the MOs. Examples of RGCs are outlined (white interrupted lines). DAPI stains the
nuclei. Scale bar, 10 m. E) Western blot analysis showing a significant decrease in Rtn4b
expression in retinae 5d after ONS and application of MO1 and MO2 (p<0.0001), respectively, to

the optic nerve. Alpha-tubulin served as loading control.
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To minimize the danger of potential off-target effects, two different MOs, MO1 and MO2,
were used and applied at two different concentrations (either 70 or 140 M) to the left optic
nerve in parallel with control MO application to the right nerve within the same animal. That
MO1 and MO2 specifically downregulate Rtn4b in a concentration-dependent manner was
demonstrated earlier in zebrafish embryos (Pinzon-Olejua et al., 2014). 5 d after MO1 or
MO2 application, the Rtn4b immunostaining intensity in RGCs in whole mounts was
markedly reduced (Fig. 4.4 C,D), whereas RGCs receiving control MO were intensively
labelled (Fig. 4.4 A,B).

4.3.3 Ex vivo outgrowth assay

Next we analysed whether Rtn4b MOs impair axon regeneration. In the so-called
outgrowth assay, the retinae were divided into mini-explants at 5d after ONS and MO
application and seeded onto Plys-coated coverslips. Counts of axons in Rtn4b MO-treated
compared to control MO-treated retinae at 24h shows that Rtn4b downregulation reduced
axon outgrowth significantly. MO1-treated retinae at 70 and 140 M, respectively, gave a

reduction in number of axons of 55% and 74% over controls (Fig. 4.5).
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Figure 4.5: Quantification of axon number after MO application in the outgrowth assay.

A,B) Retina mini-explants isolated from retinae 5 d after (A) control MO (Co) or (B) Rtndb MO1
application to the optic nerve, extend axons and axon fascicles (arrows) after 24 h in vitro.
Outgrowth is significantly reduced on the Rtn4b MO-treated side. Scale bar, 100 m. C) The
histogram demonstrates the decline in number of axons extending from retina explants in vitro after
MO1 and MO2 application to the optic nerve, in comparison to axon number from control (Co) MO
treated fish (100%). Bars indicate standard deviation. The differences between groups are
statistically significantly different. Quantification was done on three replicates from three different

experiments and for statistical analysis, Student‘s T-test was used. * p<0.05, ** p<0.01.

MOZ2-treated retinae at 70 and 140 M, respectively, showed a 59% and 73% reduction
over controls (80 explants were evaluated per experiment). This reduction in axon number
was statistically significant with MO1 at 70 M (p<0.05), with MO2 at 70 M (p<0.01) and
at 140 M MO1 (p<0.05) and MO2 (p<0.01). Thus, downregulation of Rtn4b with two

unrelated MOs blocks RGC axon outgrowth in a concentration-dependent manner.

4.3.4 In vivo regeneration assay
In a second assay, the optic nerve of fish after ONS and MO treatment was re-sectioned at

7 d, 2 3 mm distal from the first lesion, and Alexa488-dextran was applied to retrogradely
label RGCs with regenerating axons (Munderloh et al., 2009). 2d later, the dextran-labelled
RGCs were counted in left and right retina whole mounts (left side: Rtn4b MO1 and Rtn4b
MO2, respectively; right side: control MO) in 7 independent experiments (Fig. 4.6 A-F). The
number of dextran-labelled RGCs was on average reduced by 54% over controls with MO1
(p<0.001), and by 62% with MO2 (p<0.001) (Fig. 4.6 G). Thus, downregulation of Rtn4b

significantly blocks RGC axon regeneration.

4.4 Discussion

This study showed that zebrafish upregulate Rtn4b after ONS and need Rtn4b for axon
regeneration. This was demonstrated by employing the MO-mediated downregulation of
Rtn4b in vivo, with two different MOs and at different concentrations. Moreover, impaired
axon regeneration was observed in two independent experimental approaches: the ex vivo
outgrowth and the in vivo regeneration assay. Therefore, we conclude that Rtn4b belongs
to the group of growth-associated proteins that axotomised fish RGCs upregulate in order
to regenerate axons and that are indicative of the growth-supportive neuron-intrinsic

properties of these neurons.
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Figure 4.6: Rtn4b MO-induced reduction in axon regeneration in the in vivo regeneration
assays.

A-F) After application of Alexa488 to the regenerating axons (distal from the original lesion and MO
application site) the retrogradely labelled RGCs are counted in retina whole mounts. Many more
Alexa488 labelled RGCs are recognized 9 d after ONS and control (Co) MO application (A) than on
the contralateral retina (D) belonging to the nerve that received Rtndb MO1 (or MO2). (B, E) The
RGCs contain lissamine associated with the MOs. C,F) Merge of A,B and D,E. Scale bar, 50 m.
G) The histogram demonstrates the decline in number of Alexa-labelled RGCs after MO1 and MO2
application to the optic nerve, in comparison to axon number from control (Co) MO treated fish
(100%). Bars indicate standard deviation. Three different experiments with n,10 retinal squares
(300x300 m) for each experimental group were statistically evaluated using Student‘s T-test. The
differences between groups are statistically significantly different, *** p<0.001.

The present technique involving downregulation of specific growth associated proteins in
vivo by MO-application to lesioned zebrafish CNS fiber tracts has been successfully
applied in the past (Becker et al., 2004; Veldman et al., 2007; Munderloh et al., 2009;
Elsaeidi et al., 2014). The danger of potential MO side effects was minimized by employing

two different MOs against Rtn4b and different MO concentrations, in parallel with control
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MO. That MO1 and MO2 specifically target Rtn4b is further supported by Western blots in
retinae and embryos. In zebrafish embryos, the appropriate rescues involving co-injection
of MO-resistant RNAs partially restored the defects caused by Rtn4b downregulation
(Pinzon-Olejua et al., 2014). Such rescue experiments are not feasible in the present
experimental setting since lesioned axons do not take up or retrogradely transport RNAs or
vectors, nor can RGCs be transfected by injecting the agents into the vitreous. Still, present
and earlier controls together with results from several studies using the in vivo MO-
application to downregulate specific proteins speak for the reliability of our results showing

that Rtn4b is essential for axon regeneration.

In a previous study, MO-mediated downregulation of reggie-1 and -2 impaired RGC axon
regrowth by up to 70%. Reggies are intracellular membrane associated proteins involved in
Rabl1-dependent cargo recycling and trafficking (Stuermer, 2010; Solis et al., 2013). Their
downregulation affects the machinery that regulates the delivery of membrane and proteins
to the elongating growth cone (Bodrikov et al., 2011). This function is essential for neurite
elongation and explains why the reduction in axon regeneration was massive with reggie
MOs. The present results suggest that Rtn4b is equally important even though the

molecular mechanism is unclear (see below).

To get an impression of the significance of a given protein for axon growth its forced
upregulation in mammalian RGCs can be informative. For instance, adeno-associated virus
(AAV)-mediated upregulation of reggie-1 in rat RGCs increased the number and length of
regenerating axons in the optic nerve (Koch et al., 2013). In a similar experiment, AAV-
mediated upregulation of Nogo-A enhanced sprouting of lesioned axons in the optic nerve
of Nogo-A knockout mice (Pernet et al., 2012; Vajda et al., 2014). This growth is always
minimal compared to fish RGC axons. Likewise, intracellular Nogo-A mildly facilitated
neurite formation in mouse midbrain neurons and F11 cells (Pernet et al., 2012; Kurowska
et al., 2014). Compared to the situation in mammals, the increase in ER and soma size
associated with Rtn4b upregulation in fish RGCs is remarkable and is evidently causally

linked to the success of axon regeneration in vertebrates (Grafstein and McQuarrie, 1978).

More than 95% of Nogo-A / RTN4A is associated with the ER where it has been shown to
promote the formation of ER tubules (Shibata et al., 2009; Schwab, 2010). Zebrafish Rtn4b
is also predominantly localized at the ER as shown by the present immunostainings. The

increase in Rtn4b staining in the retina and RGCs is consistent with an expansion of the
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ER in response to ONS during the upregulation of protein synthesis (cell body response,
(Grafstein and McQuarrie, 1978; Skene et al., 1986)). It is possible that Rtn4b enhances
growth through its ER structuring ability (Voeltz et al., 2006), or it plays a direct role in the
production of specific proteins and the upregulation of growth-associated molecules in
regeneration competent neurons. Rtn4b and CLIMP63 staining reaches into the axons and
RGC growth cones which is consistent with the notion that they contain ER and synthesize
molecules relevant for growth and guidance (Merianda et al., 2009). RTN4a as an ER
shaping protein is reportedly involved in the redistribution of protein disulfide isomerase
(PDI) in superoxide dismutase (SOD)1 dependent amyotrophic lateral sclerosis (Yang et
al., 2009) emphasizing the importance of ER-associated functions of RTN4. Moreover, the
ER structure in axons depends on microtubules and GTPases like atlastin-1. Atlastin-1 loss
of function inhibits axon elongation (Rismanchi et al., 2008; Renvoise and Blackstone,
2010; Gonzalez and Couve, 2014), probably due to impairment of ER structure and
distribution. Therefore, it is conceivable that zebrafish Rtn4b subserves similar important
functions for the integrity of the ER and growth, including reforming growth cones and

axons.

The other functionally relevant location of Nogo-A/RTN4-A in mammals is the cell surface.
Growing axons typically are inhibited by Nogo-A exposed on the surface of
oligodendrocytes and CNS myelin (Schwab, 2010). Surface-exposed Nogo-A is also
known as an inhibitor of neuronal plasticity and regulator of structural integrity of neuronal
connections. Whether a fraction of zebrafish Rtn4b is exposed on the cell surface is
relevant for experiments testing its function as potential growth inhibitor associated with
glial cells and CNS myelin. In mammals, surface-exposed Nogo-A acts as a ligand for two
receptor complexes (Schwab, 2010; Schmandke et al., 2014) connecting to signalling
cascades that inhibit axon growth. Whether zebrafish Rtn4b exerts inhibition on growing
axons with Nogo receptors needs to be analyzed. However, even though Rtn4db is
expressed in fish oligodendrocytes (ER), the present staining with Rtn4db AB in MBP-rich
regions of the normal and regenerating optic nerve is relatively weak, particularly when
compared to Rtn4a AB. Rtnd4a consists mainly of the RHD and a short N-terminal
sequence but the long N-terminal region of Rtn4b with homology to the mammalian Nogo-
A-specific region is absent from Rtn4a (Shypitsyna et al., 2011). Unlike mammalian Nogo-
66, zebrafish Nogo-66 within the RHD of Rtn4a is not inhibitory to axon growth but rather

seems to promote growth (Abdesselem et al., 2009).
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Rtn4b is significantly upregulated in axotomised RGCs and regenerating RGC axons.
Strikingly, the regenerating Neurolin-positive axons were amidst optic nerve myelin (Strobel
and Stuermer, 1994) consistent with the notion that fish CNS myelin is not or by far less
inhibitory than mammalian CNS myelin (Bastmeyer et al., 1991; Wanner et al., 1995).

4.5 Conclusion

Notwithstanding the inhibitory activity of surface exposed mammalian Nogo-A, our study
has demonstrated that neuron-intrinsic Rtn4b/zebrafish Nogo is upregulated after optic
nerve lesion in RGCs and contributes to axon regeneration as an important ER associated
factor. Robust upregulation of RTN4-A/Nogo-A and growth of the ER in mammalian RGCs
concomitant with a decrease of RTN-4/Nogo-A in optic nerve myelin might increase the
RGC*s competence for regeneration.

4.6 Methods

4.6.1.1 Animal husbandry

Animals, optic nerve lesion (ONS) and morpholino-application: Zebrafish were maintained
at 28 C in the animal facility (TFA) of the University of Konstanz. For in vivo knock-down of
the Rtn4b protein, the optic nerves of zebrafish, male and female, aged 4-8 months, were
severed under 3-aminobenzoic ethylester anaesthesia (MS222, 250 mg/l; Sigma-Aldrich
Sigma-Aldrich, St. Louis, MO, USA) in compliance with animal welfare legislation.
Procedures were approved by the ethical approval committee of the Regierungspr sidium
Freiburg, Germany: AKZ: 35-9185.81/G-13/103. For the in vivo regeneration assay (see
below) the ventral-most fascicles of the optic nerve which carry axons from the young
peripheral RGCs, were spared. A piece of gelfoam soaked in 2.5 | of a morpholino (MO)
solution of a concentration of either 70 M or 140 M in Ringer’'s solution was applied to
the proximal stump directly after ONS (Munderloh et al., 2009). Two different MOs against
Rtn4b (Pinzon-Olejua et al., 2014) were used: 5 -ccactgcgggagaactcagaacagc-3 (position
on mRNA -81/-57, rtn4b MO1) and 5 -gctcgttctgtgtcctccatcggga-3- (position on mRNA -
5/20, rtn4db MO2). The control MO sequence was: 5 -aacgaacgaacgaacgaacgaacgc-3
(absent from the zebrafish genome). All MOs (Gene Tools, Philomath, OR, USA) were
labelled with lissamine and visualized in RGCs after retrograde transport. There is no
noticeable RGC death following ONS in goldfish and zebrafish [34, 35].
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4.6.1.2 Quantitative outgrowth assay
5 d after ONS and MO application, retinae were freed from blood vessel layer and pigment
epithelium and chopped into approximately 300x300 m squares. These were cultured in a
Poly-L-lysine (Plys)-coated 48 -well plate (Greiner , Monroe, NC, USA) in L15 medium, 25
mM Hepes, 2 mM I-glutamine, penicillin (10 U/ml), streptomycin (10 g/ml), 1% FCS and 1
o/l bFGF at 28.5 C. After 24 h of incubation the number of axons per mini-explant was
counted under phase contrast optics (Axiovert 35 microscope; Carl Zeiss Inc., Jena,
Germany). For each MO and concentration, the experiment was performed three times

with n, 80 explants per experimental group.

4.6.1.3 Quantitative in vivo regeneration assay

To assess the regeneration capacities of RGCs under rtn4b knockdown in vivo, the optic
nerve of MO-treated zebrafish was re-sectioned 7 d later, 2-3 mm distal to the first lesion,
and Alexa488-dextran (Invitrogen, Carlsbad, CA, USA) was applied on the second lesion in
order to retrogradely label RGCs that had regenerated their axons. At this time the
previously spared fascicles were also severed and served as control for the successful
retrograde transport of the dye. After 48h, the number of dextran-labelled RGCs was
counted in retina whole mounts of control and Rtn4b knockdown retinae (Munderloh et al.,
2009). The experiment was performed four times with each Rtn4db and CoMO. Per
experiment, n=10 images were evaluated for each group. Results were statistically

evaluated using Student‘s T-test.

4.6.1.4 Immunostaining of retina whole mounts and cryosections

For retina whole mount stainings, retinae were prepared as described above, fixed in 4%
paraformaldehyde (PFA) in PBS at RT for 30 min, permeabilised by incubation in 1% Triton
in PBS for 1 min at RT and exposed to immunoaffinity-purified polyclonal K1121 against
Rtn4b (Pinzon-Olejua et al., 2014) 1:500 and anti-MBP 1:100 (kindly provided by William
S.Talbot, Stanford University, USA), diluted in 1% BSA/PBS, overnight at 4 C. Nuclei were
stained with 4',6-diamidino-2-phenylindole (DAPI) (100 ng/ml) and cells with Alexa488-
coupled Phalloidin (Invitrogen, Carlsbad, CA, USA), applied together with the secondary
AB (Cy3-coupled donkey anti-rabbit or Alexa488-coupled goat anti-rabbit ((Jackson
ImmunoResearch, West Groove, PA, USA) for 2 h at RT. For cryosections, the eye and
optic nerve were isolated, transferred directly into TissueTec (Sakura, Alphen aan den Rijn,

The Netherlands) at -20 C and cut on a cryostat. The 10 m thick sections were
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transferred to Plys-coated slides and allowed to dry, and either stored at -20 C or
subjected directly to immunostainings with Rtn4b AB, anti MBP, IK964 against Rtn4a or
anti-Neurolin (N518) against growing axons (Diekmann and Stuermer, 2009). After washes
in PBS, sections were coverslipped with Mowiol (Calbiochem, San Diego, CA, USA).
Images were acquired at a confocal laser-scanning microscope (LSM700 META,; Zeiss
Inc., Jena, Germany) with an Apochromat 63x/1.4 oil immersion lens. For quantitative
analysis of RGC size, Rtn4b-labeled cells were encircled in retinae at 5d after ONS and
normal control retinae at the LSM, evaluated by ImageJ. Fluorescence mean intensities of
Rtn4b staining in control and ONS retinae were scored in three separate experiments for
12 images per group using Imaged. Zebrafish oligodendrocytes were obtained (as
described, (Bastmeyer et al., 1991)) from the regenerating optic nerve/tract by explanting
pieces of tissue between two coverslips in the same medium as retina explants. Cells
emigrate from the nerve/tract explants and some divide over 10-14 d in vitro.
Oligodendrocytes and RGC axons were immunolabelled with Rtn4da AB, Rtn4b AB or
CLIMP63 (kindly provided by Hasso Farhan, University of Konstanz, Germany) after PFA

fixation, or exposed to Rtn4b AB live, then fixed and exposed to secondary ABs.

4.6.1.5 Western Blots

For Western Blot analysis isolated retinae were lysed in Ripa-buffer. Blots were exposed to
Rtn4db AB (diluted 1:1000) and anti- -Tubulin AB. The intensity of protein bands was
determined by ImageJ, the Rtn4b band normalized to the loading control and statistically
evaluated using the Student‘s T test. Blots for evaluation of upregulation of Rtn4b after
nerve transection were repeated four times for 5 d and 10 d ONS, experiments for

assessing downregulation by Mo were performed 5 times with two retinae used per lysate.
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5 Substrate properties of zebrafish Rtn4b/Nogo and
axon regeneration in the zebrafish optic nerve

5.1 Abstract

This study explored why lesioned retinal ganglion cell (RGC) axons regenerate
successfully in the zebrafish optic nerve despite the presence of Rtn4b, the homologue of
the rat neurite growth inhibitor RTN4-A/Nogo-A. Rat Nogo-A and zebrafish Rtn4b possess
characteristic motifs (M1-4) in the Nogo-A-specific region, which contains delta20, the most
inhibitory region of rat Nogo-A. To determine whether zebrafish M1-4 is inhibitory as rat
M1-4 and Nogo-A delta20, proteins were recombinantly expressed and used as substrates
for zebrafish single cell RGCs, mouse hippocampal neurons and goldfish, zebrafish and
chick retinal explants. When offered as homogenous substrates, neurites of hippocampal
neurons and of zebrafish single cell RGCs were inhibited by zebrafish M1-4, rat M1-4 and
Nogo-A delta20. Neurite length increased when zebrafish single cell RGCs were treated
with receptor-type-specific antagonists and, respectively, with morpholinos (MO) against
S1PR2 and S1PR5a which represent candidate zebrafish Nogo-A receptors. In a stripe
assay, however, where M1-4 lanes alternate with polylysine-(Plys)-only lanes, RGC axons
from goldfish, zebrafish and chick retinal explants avoided rat M1-4 but freely crossed
zebrafish M1-4 lanes  suggesting that zebrafish M1-4 is growth permissive and less
inhibitory than rat M1-4. Moreover, immunostainings and dot blots of optic nerve and
myelin showed that expression of Rtn4b is very low in tissue and myelin at 3-5 d after
lesion when axons regenerate. Thus, Rtn4b seems to represent no major obstacle for axon
regeneration in vivo because it is less inhibitory for RGC axons from retina explants, and

because of its low abundance.

Key words: optic nerve regeneration, neurite growth inhibitor, Nogo-A/RTN4-A
homologue, zebrafish Rtn4b, retinal explants, single cell neurons, Nogo receptors, growth

in stripes,

RRID: AB_10562367; RRID:AB_10000211; RRID:AB_2636940; RRID:AB_2636941,
RRID:AB_2315032
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5.2 Introduction

Neurons in the central nervous system (CNS) of mammals fail to regenerate axons after
injuries due to inhibitory components in their environment and intrinsic conditions which
reduce the growth capacity. In the CNS of fishes, however, axons do regenerate and
restore functional connections due to a growth-permissive environment and neuron intrinsic
properties which favour growth (Stuermer et al., 1992; Stuermer, 2010). A major
impediment of axon regeneration in mammals is CNS myelin and myelin-associated axon
growth inhibitors (Schwab, 2010) which can even block the elongation of fish axons
(Bastmeyer et al., 1991). The major inhibitor in mammalian CNS myelin is Nogo-A/RTN4-
A, the longest transcript of the reticulon (rtn)-4 gene (Schwab, 2010). Nogo-A has two
inhibitory stretches: Nogo-66 in the C-terminal reticulon homology domain (RHD) and
delta20 in the so-called Nogo-A specific N-terminal region (NSR, Fig. 5.1; (Shypitsyna et
al., 2011)). The receptor for Nogo-66 is Nogo-receptor 1 (NgR1) in complex with accessory
proteins (Fournier et al., 2001; Mandemakers and Barres, 2005) whereas Nogo-A delta20
binds to the G-protein coupled receptor (GPCR) sphinosine-1-phosphate receptor 2
(S1PR2), which is associated with tetraspanin and other (unpublished) co-receptors
(Kempf et al., 2014; Thiede-Stan and Schwab, 2015).

How does this compare to the situation in fish? In contrast to mammals, fish CNS myelin is
comparatively growth permissive. This was shown by experiments using either optic nerve
tissue sections or myelin fractions from the fish in comparison to sections and myelin from
the rodent CNS. In these assays, fish CNS myelin was crossed by axons (Carbonetto et
al., 1987; Vanselow et al., 1990; Bastmeyer et al., 1991) whereas mammalian CNS myelin
inhibited growth of fish retinal ganglion cell (RGC) axons as well as mammalian DRG
axons (Caroni and Schwab, 1988; Wanner et al., 1995). However, it has more recently
been recognized that zebrafish possess RTN4-A/Nogo-A homologues, namely Rtn4a and
Rtn4b (rtn-6) (Diekmann et al., 2005; Shypitsyna et al., 2011) which are widely expressed
in the zebrafish CNS (Pinzon-Olejua et al., 2014) including optic nerve and CNS myelin
(Welte et al., 2015). Both proteins have a conserved C-terminal reticulon homology domain
(RHD), the hallmark of this gene family (Oertle et al., 2003a; Diekmann et al., 2005). A
comparative study revealed that the Nogo-66 region is highly conserved and present in the
RHD of zebrafish Rtn4a. Nogo-66 binding to the Nogo receptor (NgR) surprisingly
promotes neurite growth (Abdesselem et al., 2009) whereas rat Nogo-66 and NgR-
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mediated signal transduction inhibits growth (Fournier et al., 2001). The N-terminal regions
of zebrafish Rtnd4a and -b differ from each other (Shypitsyna et al., 2011). The N-terminus
of zebrafish Rtn4a is short (Diekmann et al., 2005) and is homologous to the RTN4B
isoform (Shypitsyna et al., 2011), whereas the N-terminus of zebrafish Rtn4b shares some
similarity with rat Nogo-A/RTN4-A (Fig. 5.1; (Shypitsyna et al., 2011)). In particular, four
short motifs termed M1-4 - were found to be conserved between fish Rtn4b in several
teleost species and mammalian RTN4-A (Fig. 5.1 A). Three of these motifs are located
within the delta20 region which is the most inhibitory portion of the mammalian RTN4-
A/Nogo-A protein (Oertle et al., 2003a; Schwab, 2010; Shypitsyna et al., 2011). M1 lies
outside of the delta20 region at the N-terminal side. The motifs M1, M3 and M4 are
conserved in zebrafish whereas the M2 region does not fully match the motif profile
(Shypitsyna et al., 2011) (Fig. 5.1 A).
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Figure 5.1: Comparison of Nogo genes and generation of recombinantly expressed M1-4
proteins.

A) Schematic representation of human/ rat RTN4A/Nogo-A with the C-terminal Reticulon homology
domain (RHD) and the N-terminal Nogo-A/-B common region, next to the Nogo-A specific region.
The position of the motifs M1, M2, M3 and M4, the region used for recombinant expression (M1-4)
as well as the location of the most inhibitory delta20 region are indicated (Shypitsyna et al., 2011).
Zebrafish (ZF) Rtndb and Rtn4a possess the RHD. Rtn4b has a long N-terminal Rtn4b specific
region with motifs M 1,3,4 in similar positions as in the human/rat RTN4-A gene. M2 does not fully
match the motif profile (dotted line) but is highly conserved in other teleost species. ZF Rtn4a
mainly consists of the RHD and a short N-terminal stretch which is homologous to the RTN4B
variable part. B) Coomassie-stained gels with recombinantly expressed Zebrafish (ZF) M1-4-GST,
Rat M1-4-GST, Nogo-A delta20-GST and GST alone, ZF M1-4 and Rat M1-4 after cleavage of
GST. The molecular weight markers (in kDa) are shown to the right.

C) In Western blots with recombinantly expressed rat M1-4 and after cleavage of GST, mAb 11C7
recognises the M1-4 protein. Recombinantly expressed and GST-cleaved ZF M1-4 is recognized

by the pAB K1121 against Rtn4b.

For recombinant protein expression we chose a region comprising M1-4 in the rat and the
corresponding region in the zebrafish gene which we term M1-4. We anticipated that rat
M1-4 is as inhibitory (or more) as delta20, and asked whether M1-4 of zebrafish Rtn4b may
likewise be inhibitory. Moreover, zebrafish possess members of the S1PR family (Matsui et
al., 2007; Kai et al., 2008; Gu et al., 2011) which represent putative Nogo-A specific
receptors (Kempf et al., 2014). These receptors could transmit growth-inhibiting signals
triggered by delta20 or M1-4 binding to growth cones provided that the neurons (such as
RGCs) express the relevant receptors. If so, how could this be reconciled with the older
data showing growth permissiveness of fish CNS myelin and optic nerve tissue? This was

addressed in a series of experiments in the present study.

To examine whether rat M1-4 and the zebrafish M1-4 region are inhibitory to axon growth,
like rat Nogo-A delta20, we generated and recombinantly expressed rat delta20, rat M1-4
and zebrafish M1-4. We compared axon growth on delta20, rat M1-4 and zebrafish M1-4
as the sole homogeneous substrate. We also determined axon behaviour on striped
substrates (Vielmetter et al., 1990) containing alternating lanes of rat M1-4 versus
polylysine, and zebrafish M1-4 versus polylysine, respectively. If M1-4 would be inhibitory,
axons from retina explants are expected to avoid the M1-4 containing stripes and to
elongate preferentially on polylysine. Inhibition by rat or zebrafish M1-4 requires the
presence of the receptors. We show expression of SIPR2 and S1PR5a in zebrafish RGCs
which mediate the inhibition by M1-4. Also, we repeated tests of the substrate properties of
zebrafish and rat CNS myelin. The outcome of these assays confirmed earlier results: fish

CNS myelin was significantly more permissive than rat CNS myelin (Carbonetto et al.,
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1987; Caroni and Schwab, 1988; Vanselow et al., 1990; Bastmeyer et al., 1991; Wanner et
al., 1995). This led to the next experiment: we determined the expression and exposure of
Rtn4b M1-4 during the time that axons cross the lesion and regenerate into the brain-side
portion of the optic nerve. Our results show that zebrafish optic nerve myelin at 5 d after
optic nerve section (ONS) as well as nerve homogenates at 3 d after ONS contain
significantly less Rtn4b than non-transected (normal) nerves. The amount of the myelin
protein PO was nearly the same in transected versus normal nerves and was, in fact, used
as standard against which Rtn4b was determined. Thus, zebrafish Rtn4b is less inhibitory
for RGC growth cones from retinal explants and is very low in optic nerve myelin after ONS

and during axon regeneration.

5.3 Results

5.3.1 Part 1 Production of rat and zebrafish M1-4
Earlier analyses of the Rtn4 genes in fish and mammals have shown that mammalian

Nogo-A/RTN4-A and zebrafish Rtn4b contain an N-terminal sequence with diagnostic
motifs which was called NogoA-specific region (Fig. 5.1 A; (Shypitsyna et al., 2011)). In
particular, four short motifs termed M1-4- which possess the consensus sequence (Asp-
Leu/lle-Val/Leul/lle), were found to be conserved between Rtn4b in several teleost species
and in all analysed Rtn4A of higher vertebrate species (Fig. 5.1 A). Zebrafish has three of
these motifs, M1, M3 and M4, whereas the M2 region does not fully match the motif profile
(Shypitsyna et al., 2011). Three of these motifs, M2-4, are within the most inhibitory Nogo-
A-delta20 region of mammalian RTN4-A/Nogo-A (Oertle et al., 2003a; Oertle and Schwab,
2003; Schwab, 2010; Shypitsyna et al., 2011). M1 lies outside of the delta20 region. The
recombinant zebrafish protein comprises the same region as our rat M1-4 protein and is,
therefore, termed zebrafish M1-4. We expected that M1-4 in rats is as inhibitory or even
more inhibitory than delta20, against which the substrate properties of zebrafish M1-4 was
compared. Rat and zebrafish M1-4 as well as delta20 were recombinantly expressed as
GST fusion proteins (Fig.5.1 B). The proteins were either used with GST attached or after
cleavage of the GST-tag with thrombin. Both rat M1-4 and rat Nogo-A delta20 were
recognized by the mAB 11C7 (Fig. 5.1 C) (Oertle et al., 2003a). Zebrafish M1-4 was
recognized by pAB K1121 against Rtn4b (Fig. 5.1 B,C) (Pinzon-Olejua et al., 2014; Welte
et al., 2015).
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5.3.2 Part 2 Inhibition of neurite growth by rat M1-4 and zebrafish M1-4 in
mouse hippocampal neurons and zebrafish single cell RGCs

To determine whether rat M1-4 inhibits neurite extension to a similar extent as Nogo-A
delta20, the soluble GST-fusion proteins were applied to PDL-coated coverslips.
Dissociated neurons from P1-2 mouse hippocampus and single cell zebrafish RGCs were
added. 5d later, cells were fixed, stained with Phalloidin and the length of neurites was
determined (Fig. 5.2 A). Neurite length was significantly reduced on GST-delta20 and rat
GST-M1-4 for both mouse and zebrafish neurons, compared to GST as control
(quantification from three independent experiments). GST-delta20 caused a reduction in
neurite length of hippocampal neurons by 37%, and rat GST-M1-4 by 64% indicating that
GST-M1-4 is even more inhibitory to growing axons than GST-delta20. Surprisingly,
zebrafish GST-M1-4 also caused a reduction of neurite length in hippocampal neurons by
54% (Fig. 5.2 A, B). Neurite length of single cell fish RGCs was also reduced, 24 % by
GST-delta20, 51% by rat GST-M1-4 and 48% by zebrafish GST-M1-4 (Fig. 5.2 A,B).
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Figure 5.2: Substrate properties of Rat M1-4 and Zebrafish M1-4. Outgrowth assay.

A) Hippocampal neurons (stained by Phalloidin) were plated on GST, GST-delta20, GST-Rat M1-4
and GST-Zebrafish (ZF) M1-4 and the length of the longest neurite was determined. Neurons were
stained by phalloidin. Scale bar, 20 m.

B) The quantification of neurite length showed that GST-delta20 compared to GST (100%) reduced
neurite length by 37%. Values are 56.01- 1.8 m (mean — s.e.m.) with GST and 35.4-1.4 m
(mean — s.e.m.) with GST-delta20 as substrate, *p<0.05, neurons (n) = 646 and n=599,
respectively. On GST-Rat M1-4 neurite length was even more reduced than on GST-delta20. GST-
Rat M1-4 reduced length by 64% compared to GST and 42% compared to GST-delta20. Values
are 56.01- 1.8 m (mean — s.e.m.) on GST and 20.7-0.9 m (mean — s.e.m.) on GST-rat M1-4,
*p<0.05, n= 646 and n=703, respectively. Neurite length was also reduced on GST-ZF M1-4 by
54% compared to GST. Values are 56.01- 1.8 m (mean — s.e.m.) on GST and 26.2-1.3 m
(mean — s.e.m.) on GST-ZF M1-4, *p<0.05 (h= 646 and n=734). Neurons (n) from 3 independent
experiments. One-way ANOVA. Pair wise comparisons between groups (Holm-Sidak method).

C) Zebrafish single cell RGCs (stained by phalloidin) also showed reduced neurite length on GST-
delta20, GST-Rat M1-4 and GST-Zebrafish (ZF) M1-4 compared to GST alone. Scale bar: 50 m.
D) The quantification showed a 24% reduction in RGC neurite length of zebrafish single cell RGCs
on GST-delta20. Values are 20.2— 1.3 m (mean — s.e.m.) on GST and 15.4-1.3 m (mean —
s.e.m.) on GST-delta20, *p<0.05, n= 307 and n=323. GST-Rat M1-4 reduced neurite length by 51%
compared to GST. Values are 20.2— 1.3 m (mean — s.e.m.) on GST and 10-0.7 m (mean —
s.e.m.) on GST-rat M1-4, *p<0.05, (n= 307 and n=303). GST-ZF M1-4 reduced neurite length by
48%. Values are 20.2— 1.3 m (mean —s.e.m.) on GST and 10.6-0.9 m (mean —s.e.m.) on GST-
ZF M1-4, *p<0.05, (n= 307 and n=324, respectively). Neurons (n) from 3 independent experiments.
One-way ANOVA. Pair wise comparisons between groups (Holm-Sidak method). Scale bar: 20 m.

Here again, rat as well as zebrafish GST-M1-4 were more inhibitory than rat GST-delta20.
Thus, rat M1-4 and zebrafish M1-4 cause a reduction in neurite length in single cell

cultures of mouse hippocampal and zebrafish RGC neurons.

5.3.3 Part 3 Stripe-Assay
The substrate properties of rat and zebrafish M1-4 were also evaluated in a choice assay.

Proteins were applied onto Plys-coated coverslips with the aid of a special matrix
(Vielmetter et al., 1990) so that protein stripes on Plys alternate with pure Plys stripes.
Axons from retina explants were confronted with alternating lanes of Plys and rat M1-4,
and Plys and zebrafish M1-4, respectively, and with Plys versus GST in the controls. Rat
and zebrafish M1-4 proteins were used after cleavage of GST with thrombin because
axons grew on both lanes when GST remained attached. Retinal explants were prepared
from adult goldfish and zebrafish as well as embryonic chick retinae. Neurons of these
species are known to be inhibited by rat CNS myelin, Nogo-A-delta20 and rat Nogo-66,
respectively (Bastmeyer et al., 1991; Wanner et al., 1995; Abdesselem et al., 2009).

Goldfish retinal explants were used in most assays (5 independent experiments, each with

all substrates side by side, 50 retina explants) because the larger goldfish retina provides
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at least twice as many explants per retina as zebrafish retinae. The behaviour of zebrafish
axons was monitored pairwise on rat M1-4 versus Plys, zebrafish M1-4 versus Plys, and
GST versus Plys, with 22 retina strips. Our assays show that the behaviour of zebrafish
RGCs on M1-4 resembles goldfish RGCs (see below; Fig. 5.3). The stripe assay with chick
retinal explants was performed in 4 independent experiments each experiment

corresponding to one retina.

75



Substrate properties of Rtn4b

Figure 5.3: RGC axons avoid rat M1-4 but not zebrafish M1-4 in stripe assays

The substrate stripes were visualized by staining with antibodies against GST, the pAB K1121
against zebrafish M1-4, and 11C7 against Nogo-A delta20 (Rat M1-4), respectively. The axons
were stained with Phalloidin.

A) Goldfish (GF) RGC axons on Rat M1-4 compared to zebrafish (ZF) M1-4. On a substrate
consisting of alternating lanes of Plys with GST versus Plys-only, goldfish RGC axons from a retinal
explant (to the bottom of the image) cross the striped carpet randomly. On alternating lanes of Plys
with Zebrafish (ZF) M1- 4 and Plys only, RGC axons cross the stripes. However, on alternating
lanes of Plys plus Rat M1-4 and Plys-only, goldfish RGC axons grow preferentially on Plys and
avoid Rat M1-4. The quantification shows that most (84%) of the goldfish explants and axons
extending on stripes strictly avoid Rat M1-4 (category d); 12% show growth preferentially on Plys
but crossing of Rat M1-4 lanes also occurred (category c); 4% of explants showed growth across
Plys and Rat M1-4 (category b); random growth across stripes (category a) was not observed with
Rat M1-4. With GST, axon growth was random (100% category a). On ZF M1-4 axons grew
randomly (category a, 59%) or mostly random (category b, 41%). Scale bar, 50 m

B) Zebrafish (ZF) RGC axons from retinal explants also grow randomly on a striped substrate of
Plys plus GST and Plys-only. They cross stripes of Plys plus ZF M1-4 but grow preferentially on
Plys stripes and avoid Rat M1-4.

Quantification of the stripe assay showing that 30% of the ZF retinal explants grow strictly (category
d) and 60% preferentially on Plys stripes (category c) with Rat M1-4 in the neighbouring lane, and
10% show many M1-4 stripe crossings (category b). With ZF M1-4, axons from ZF explants grow
randomly across stripes (100% category a). Random growth across stripes is also seen with GST
(100% category a).

C) Chicken (CK) RGC axons on Rat M1-4 compared to ZF M1-4. Axons from the chick retina grow
on Plys stripes and avoid Rat M1-4. They grow across stripes with ZF M1-4, and stripes with GST.
The explants are at the bottom of the image. Scale bar, 50 m.

The quantification of the stripe assays shows that 59% of axons of chicken retina explants are
mostly accumulated on Plys and avoid Rat M1-4 (category d); 29% show a preference for Plys but
also can cross M1-4 stripes (category c); 12% show significant stripe crossing (category b). With ZF
M1-4, 100% of the chick retina explants show random growth of axons across stripes (category a).
The same random growth was seen for stripes with Plys and GST (100% category a).

From each retina two explant strips per condition (rat M1-4 versus Plys, zebrafish M1-4 versus
Plys, and GST versus Plys) were cultured and evaluated. The quantification of the stripe assay was
performed according to Vielmetter and Stuermer (1989) with category a representing no stripes,
random growth; b, mostly random, some in stripes; ¢, mostly stripes, some crossing; d, almost all

grow in stripes.

From each retina two explant strips per condition (rat M1-4 versus Plys, zebrafish M1-4
versus Plys, and GST versus Plys) were cultured and evaluated. The quantification of the
stripe assay was performed according to Vielmetter and Stuermer (1989) with category a
representing no stripes, random growth; b, mostly random, some in stripes; ¢, mostly

stripes, some crossing; d, almost all grow in stripes.

Goldfish RGC axons showed a clear preference for Plys and avoided the rat M1-4
containing stripes (Fig. 5.3). 84% of the explants were in category d, 14% in ¢, 4% in b and
none in a. Zebrafish RGC axons exhibited the same avoidance response with rat M1-4 as
goldfish showing that goldfish and zebrafish axons are inhibited by rat M1-4 in the same

way as with Nogo-A delta20 in earlier experiments (Bastmeyer et al., 1991; Wanner et al.,
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1995; Abdesselem et al., 2009; Manns et al., 2014). With zebrafish retina on rat M1-4,
30% of the explants were in category d, 60% in ¢, 10% in b and 0% in a. Thus, with rat M1-

4, most retina explants extended axons in stripes (Fig. 5.3).

However, with zebrafish M1-4, goldfish RGC axons as well as zebrafish RGC axons freely
crossed the stripes (Fig. 5.3). 0% of the goldfish explants grew in stripes of categories d
and c, 41% fell in b and 59% in a. With zebrafish retina on ZF M1-4, 0% were in categories
d, c, b and 100% were in a. With GST applied in stripes, neither goldfish nor zebrafish
axons grew in stripes and instead crossed the striped substrate randomly (100% in a).
These results suggest that zebrafish M1-4 - despite its similarity to rat M1-4 - is growth-

permissive in this type of stripe assay.

That zebrafish M1-4 might, for some reason, have become inactive is unlikely since the
stripe assay employed protein from the same batches that were used in the outgrowth
assay. Moreover, when cells were seeded onto stripes we observed that 31.6% less cells
extended neurites on zebrafish M1-4 (and 35.4% less on rat M1-4) compared to Plys which

is indicative of inhibitory substrate properties.

To test whether the difference in substrate properties of zebrafish M1-4 and rat M1-4 can
also be recognized by RGC axons of warm blooded vertebrates, we exposed RGC axons
from embryonic E6-7 chicken retina to the same alternating lanes of rat M1-4 and Plys, and
zebrafish M1-4 and Plys, respectively. As demonstrated (Fig. 5.3), chick RGC axons
avoided the rat M1-4 containing lanes (59% in category d, 29% in ¢, 12% in b and 0% in a)
but freely crossed lanes with zebrafish M1-4 (100% in category a). Likewise, growth of

chicken retina explants on GST was random (100% in category a).

The growth behaviour of goldfish, zebrafish and chicken RGC axons suggests that
zebrafish M1-4 is growth-permissive in this choice assay and does not cause inhibition to

the same extent as rat M1-4.

5.3.4 Part 4 Zebrafish RGCs express S1PR2 and S1PR5a as candidate
Nogo-A receptors

The G-protein coupled receptor (GPCR) S1PR2 was recently identified as one of the

axonal receptors that binds the Nogo-A specific region in mammals and transmits

inhibition (Kempf et al., 2014). Homologues of S1PR2 and S1PR5 were identified in

zebrafish. Morpholinos against S1IPR2 as well as chemical inhibitors have been used and
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approved to be functional in zebrafish embryos in the context of gastrulation, heart
development and vascular patterning (Kupperman et al., 2000; Kai et al., 2008; Gu et al.,
2011; Mendelson et al., 2013). We investigated whether members of this GPCR family
might potentially be involved in the reaction of zebrafish RGCs to Nogo-A. Using RT-PCR
we found that SIPR2 and S1PR5a are transcribed in the zebrafish retina. To verify that the
receptors are expressed in RGCs, we performed in situ hybridization with probes specific
for SIPR2 and S1PR5a on retina sections. Our results show that RGCs express these two
receptors (Fig. 5.4).

Figure 5.4: Expression of candidate Nogo-A receptors S1PR2 and S1PRb5a in zebrafish RGCs
Cross sections through the zebrafish retina were subjected to in situ hybridization and show S1PR2
and S1PR5a expression in zebrafish RGCs. The sense controls (right of the pairs of images) are
blank. The black structures to the left in each image represent the retinal pigment epithelium.
RGCs, marked by arrows, show dark staining by the antisense probe indicative of S1IPR2 and
S1PR5a mRNAs. Scale bar, 50 m.

If these receptors are relevant for the inhibition of RGC axon growth on M1-4, inhibitors
and receptor-type specific MOs should allow growth of longer axons in single cell RGC
cultures on these substrates. We applied MOs specific for either SIPR2 or S1PR5a to
single cell RGCs growing on rat M1-4 and zebrafish M1-4, respectively. The specific MOs
were used at two different concentrations (0.5 M and 1 M), in parallel to control MO at
corresponding concentrations (Fig. 5.5 A, B, C). Both S1IPR MOs caused an increase in
neurite length on rat M1-4 and zebrafish M1-4 in a concentration-dependent manner (Fig.
5.5 B,C). With control MO, neurite length on M1-4 was still reduced.

The GPCR S1PR2 can be inhibited by JTE-013 and S1PR1,3-5 by FTY-720. When
outgrowth was determined in the presence of JTE-013 at 5 M and FTY-720 at 1 M,
respectively, an increase in neurite length was observed in single cell RGCs on rat M1-4
and zebrafish M1-4 (Fig. 5.6 A,B). These results imply that SIPR2 and S1PR5a (the only
other member of the family which is expressed in RGCs) are candidate Nogo-A and M1-4

receptors in zebrafish RGCs.
78



Substrate properties of Rtn4b

Figure 5.5: Morpholinos against S1IPR2 and S1PR5a reduce the inhibitory influence of rat
M1-4 and zebrafish M1-4 on RGCs.
A) Zebrafish single cell RGCs were plated on GST, Rat M1-4 or Zebrafish (ZF) M1-4. Cells were
transfected with lissamine-labelled MOs against S1IPR2 and S1PR5a or control MO at two
concentrations of 0.5 M and 1 M, and stained with phalloidin to visualize cell morphology. DAPI
was used to visualize the position of the nucleus (blue) and the lissamine (red) attached to the MO,
right next to it. Scale bar, 40 m. B) Quantification showed that the reduction in neurite length on
Rat M1-4 compared to GST was improved after downregulation of the putative Nogo receptors by
MOs against S1IPR2 and S1PR5a in a concentration-dependent manner (with 0.5 Mand1 M
MO). Neurite length was 250.6— 1.9 m (mean — s.e.m.) on GST with control MO and 132.7-1.8
m on Rat M1-4 with control MO. Neurite length on Rat M1-4 increased to 163.6-2.3 m (mean —
s.e.m.) with 0.5 M S1PR2 and to 231.3-2.1 m (mean — s.e.m.) with 1 M S1PR2, *p<0.05,
n=358, n=352, n=324, n=346). In experiments with MO against S1PR5a, neurite length was 250.6—
1.9 m (mean —s.e.m.) on GST with control MO, and 132.7-1.8 m (mean — s.e.m.) on Rat M1-4,
and increased to 187.3-1.8 m (mean — s.e.m.) with 0.5 M S1PR5a MO on Rat M1-4 and to
267.8-1.6 m (mean —s.e.m.) with 1 M S1PR5a MO (*p<0.05, n=358, n=377, n=351). Neurons
(n) from 3 independent experiments. One-way ANOVA. Pairwise Comparisons between Groups

(Holm-Sidak method).
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These results can explain why zebrafish (and goldfish) RGCs recognize mammalian myelin
and Nogo-A as described in earlier studies (Bastmeyer et al., 1991; Diekmann et al., 2005).
Unfortunately, it was not possible to use the receptor antagonists in the stripe assay with
retinal explants at sufficiently high concentrations that would disrupt axon growth in stripes.
For instance, JTE-013 at 50 M failed to disrupt growth in stripes and precipitated when
used at 100 M. The receptor specific MOs could also not be used in stripe assays since

MOs do not penetrate neurons when RGCs reside in retinal explants.

Figure 5.6: Inhibitors of S1PR2 and S1PR5a reduce the inhibitory influence of rat M1-4 and
zebrafish M1-4 on RGCs.

A) Zebrafish single cell RGCs were plated on Rat M1-4, zebrafish (ZF) M1-4 and GST as control
and cultured in the presence of compounds JTE-013 and FTY-720 which block S1PR2 and
S1PR1,3-5, respectively. Cells were stained with phalloidin to visualize their morphology. Scale bar,
50 m.B) Quantification showed that the inhibition of neurite length by Rat M1-4 and Zebrafish (ZF)
M1-4 compared to GST was improved by JTE-013 and FTY-720 which block the potential Nogo
receptors. On GST neurite length was 610.8— 4.4 m (mean — s.e.m.), on Rat M1-4 it was
313.7-1.8 m (mean — s.e.m., ***p<0.001) and on Zebrafish M1-4 it was 362.4-2.5 m (mean —
s.e.m., ***p<0.001) in controls. On GST with JTE-013 neurite length was 576.8-4.6 m (mean —
s.e.m., p=0.56). On Rat M1-4 and with JTE-013, neurite length was 563.9—4.6 m (mean — s.e.m.,
p=0.77); on zebrafish (ZF) M1-4 and JTE-013, it was 600.7—4.4 m (mean — s.e.m., p=0.87). On
GST and with FTY-720, neurite length was 643.08-5.6 m (mean —s.e.m., p=0.9), 551.08—4.1 m
(mean — s.e.m.) on Rat M1-4 with FTY-720 (p=0.8), and 529-3.7 m (mean — s.e.m.) on ZF M1-4
and with FTY-720 (p=0.84, n=499, n=522, n=515, n=502, n=507, n=531, n=508, n=672, n=537).
Neurons (n) from 3 independent experiments. One-way ANOVA. Pairwise Comparisons between

Groups (Holm-Sidak method).

Several earlier studies have also emphasized that the fish visual pathway as well as fish

CNS myelin was comparatively growth permissive for fish RGC axons as well as for rat

RGC axons and DRGs (Carbonetto et al., 1987; Caroni and Schwab, 1988; Vanselow et
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al., 1990; Bastmeyer et al., 1991; Wanner et al., 1995). How can this be reconciled with the
finding that fish CNS myelin contains Rtn4b (Welte et al., 2015) whose M1-4 is apparently
inhibitory in the assays with single cell neurons? This was addressed in the next series of

experiments with CNS myelin from zebrafish and rat.

5.3.5 Part 5 Neurite growth on zebrafish CNS myelin and rat CNS myelin
and quantitative estimates of M1-4 (Rtn4b) in zebrafish myelin

The substrate properties of CNS myelin and the relative amount of M1-4 in myelin and
optic nerve was determined in three sets of experiments. (I) We re-evaluated the substrate
properties of zebrafish CNS myelin in comparison to rat CNS myelin. (II) We performed
immunostainings against Rtn4b on optic nerves at 3 d after ONS to obtain an estimate of
the distribution of Rtn4b at the time when axons begin to regenerate. We compared this
staining to normal nerves and PO staining to visualize myelin. We also used the AB against
Rtn4a on sections of the same nerves since Rtn4a, more precisely its Nogo-66 domain,
was found to promote rather than to inhibit RGC axon regeneration (Abdesselem et al.,
2009). (lll) We determined in dot blots the relative amount of Rtn4a and -b in the optic
nerve at 3 d after ONS and in myelin at 5 d after ONS when axons regenerate into the
brain-side optic nerve. (IV) In addition, Western blots were performed with nerves at 3 d
after ONS.

In the first experiment, CNS myelin was added to PDL-coated coverslips as patches of
300-600 m in diameter, onto which either single cell zebrafish RGCs or else mouse
hippocampal neurons were seeded (Fig. 5.7 A,C). Five days later, neurons were fixed and
stained with Phalloidin and neurite length was quantified on myelin and on PDL next to the
myelin dots as control. We also realized that there were significantly fewer cells on rat CNS
myelin than on zebrafish CNS myelin as determined by DAPI-staining of the nuclei. Counts
of nuclei on both substrates showed that rat CNS myelin had on average 15.5 cells per
100x100 m and zebrafish CNS myelin had on average 19.2 cells per 100x100 m. Thus,
there are 19.4% fewer cells on rat compared to zebrafish CNS myelin. Neurite length was
also more strongly reduced by rat CNS myelin than zebrafish CNS myelin. Length of
mouse hippocampal neurons on rat CNS myelin was 45% reduced in comparison to
zebrafish CNS myelin (Fig. 5.7 C,D). RGC neurite length on rat CNS myelin was reduced
by 31 % compared to zebrafish CNS myelin (Fig. 5.7 A,B). Even though neurite length was

significantly higher on zebrafish compared to rat CNS myelin it was 41% less (hippocampal
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neurons) and 30% less (zebrafish single cell RGCs) than on Plys which is consistent with
the notion that myelin is generally not a good substrate (Bastmeyer et al., 1991). These
results confirm that CNS myelin from fish is growth permissive in comparison to rat CNS
myelin, despite the fact that zebrafish CNS myelin contains M1-4 which, when offered as
the sole substrate, proved to be inhibitory to single cell RGCs and hippocampal neurons
(Fig. 5.2). This suggests that the concentration of M1-4 in zebrafish myelin may be low,

particularly at the time when axons regenerate in the optic nerve.
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Figure 5.7: Neurite growth on CNS myelin
A) RGCs (stained by phalloidin) reside on PDL outside of myelin patches (left) and on Rat CNS
myelin or Zebrafish (ZF) CNS myelin (right), respectively. Scale bar, 40 m.
B) Neurite length of ZF RGCs was significantly reduced (24%) on rat CNS myelin compared to ZF
CNS myelin. The value are 173.8-0.5 m (mean — s.e.m.) on ZF CNS myelin and 132.4-0.33 m
(mean —s.e.m.) on Rat CNS myelin, ***p<0.001, n=1438, n=1391). Growth on ZF CNS myelin was
30% reduced compared to the PDL substrate surrounding the myelin. The values are 246.56-0.7
m (mean — s.e.m.) on PDL and 173.8-0.5 m (mean — s.e.m.) on ZF CNS myelin, ***p<0.001,
n=1041, n=1391). Growth on Rat CNS myelin was 47% reduced compared to the PDL substrate
surrounding the myelin. Specific values are 245.6—-0.7 m (mean —s.e.m.) on PDL and 132.4-0.33
m (mean — s.e.m.) on Rat CNS myelin, **p<0.001, n=1188, n=1438. Neurons (n) from 3
independent experiments. 2-tailed unpaired Student‘s T-test.
C) Hippocampal neurons (Hip neurons) are depicted which reside on PDL outside of myelin
patches (left) and on Rat CNS or ZF myelin (right), respectively. Scale bar, 40 m.D) The
guantification shows that neurite length of hippocampal neurons on rat CNS myelin was 35%
reduced compared to growth on zebrafish CNS myelin. Specific values are 436.2-1.7 m (mean —
s.e.m.) on ZF CNS myelin and 279.7-1.3 m (mean — s.e.m.) on Rat CNS myelin, ***p<0.001,
n=912, n=740). Growth on Zebrafish CNS myelin is 41% reduced compared to the PDL substrate
surrounding the myelin. Values are: 737.8-3.9 m (mean — s.e.m.) on PDL and 436.2-1.7 m
(mean — s.e.m.) on ZF CNS myelin, ***p<0.001, n=842, n=912. Growth on Rat CNS myelin is 62%
reduced compared to the PDL substrate surrounding the myelin. The specific values are 728.5-3.8
m (mean — s.e.m.) on PDL and 279.7-1.3 m (mean — s.e.m.) on Rat CNS myelin, ***p<0.001,
n=794, n=740. Neurons (n) from 3 independent experiments. 2-tailed unpaired Student‘s T-test.

Therefore, we asked whether zebrafish Rtn4b is present to any significant extent in the
path of the regenerating axons and at the time when growth cones cross the lesion site to

grow towards the brain.

To address this issue we made cryosections through the zebrafish optic nerve, normal and
at 3 d after ONS for immunostainings with the AB against the myelin protein PO (Saul et
al., 2010), and stained sections of the same nerve with the AB against Rtn4b (Fig. 5.8).
The AB against PO showed that myelin is recognized in the normal optic nerve and is still
abundant at 3 d after ONS (Fig. 5.8 D), the time when regenerating axons enter into the
brain-side nerve (Strobel and Stuermer, 1994; Welte et al., 2015). Rtn4b staining was
comparatively weak in the normal nerve and was even weaker at 3 d after ONS (Fig. 5.8
A,B). Earlier work (Welte et al., 2015) showed that Rtn4b immunostaining intensity
increases at 5 and 10 d after ONS because of the arrival of regenerating axons. Rtn4b is
upregulated in RGCs after ONS and highly expressed in regenerating axons, the first ones
of which are already seen at 3 d (Fig. 5.8). Excluding the signal of axons, the Rtn4b
staining is low in the lesioned optic nerve and myelin whereas myelin protein PO remains

unchanged.
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Figure 5.8: Immunostainings of zebrafish optic nerve cryosections show a decrease of
Rtn4b after optic nerve section (ONS).

Cross section through the zebrafish optic nerve, normal (control) and 3 d after ONS, were exposed
to pABs against Rtndb (A, B), Rtnda (E, F) and PO (C, D). A, B) Rtn4b staining is weak in the
normal nerve and further decreases in the nerve after ONS The small structures with high
immunostaining intensity (arrows) represent most likely the first regenerating axons (Welte et al.,
2015). C, D) Staining with anti-P0 shows myelin in the optic nerve which is abundant in the normal
nerve as well as at 3 d after ONS (on consecutive sections to A and B, respectively).

E, F) Staining with pAB against Rtnd4a shows a weak staining of fascicle boundaries which

increases at 3 d after ONS (consistent with Abdesselem et al., 2009). Scale bar, 100 m
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Rtn4b does not seem to represent a major impediment for the regenerating axons along
their path through the nerve/tract. This contrasts to the situation in mammals where RTN4-
A/Nogo-A is strong in optic nerve myelin, remains strong after lesion (Hunt et al., 2003;
Pernet et al., 2008) and impairs axon regeneration. Comparison of stainings by AB against
Rtn4b with AB against Rtn4a  which is growth promoting - shows that Rtn4a, in contrast to
Rtn4b, is increased after ONS (Fig. 5.8 E,F) and is mostly in fascicle boundaries and axons

as demonstrated earlier (Abdesselem et al., 2009).

To obtain a better estimate on the Rtn4b content in myelin, dot blots were performed with
fractions highly enriched in myelin from nerves at 5d after ONS and with whole nerve
homogenates at 3 d after ONS. This was compared to Rtn4b in myelin and whole nerve
homogenates of normal nerves. Dot blots were used since they allow a better estimate of
the amount of a specific protein such as Rtn4b per volume tissue (especially myelin). To
guarantee that the same amount of myelin and nerve homogenate was used in separate
dot blots, optical density of the probes was measured prior to application. In addition, whole
nerves, normal and at 3 d after ONS, were prepared for Western blots. Samples were
probed with ABs against PO and Rtn4b. The dot blots in Figure 5.9 show strong signals for
PO both in the normal nerve and at 3 d after ONS (Fig. 5.9 E). Rtn4b in optic nerve myelin
and homogenate was 62% and 42%, respectively, reduced at 5 d and 3 d after ONS
compared to myelin and homogenate of the normal nerve (Fig. 5.9 A, B). Rtn4a, however,
was present in the normal and regenerating optic nerve and was 34% increased in the
whole nerve homogenate and 9% in optic nerve myelin at 3 and 5 d after ONS (Fig. 5.9
C,D) consistent with the immunostainings (Fig. 5.8) and earlier results (Abdesselem et al.,
2009). The reduction of Rtn4b in the 3 d ONS nerve also became evident in Western blots
showing a 40.7% reduction of Rtn4b after lesion compared to the normal control (Fig. 5.9
G).

The results led to the conclusion that the concentration of Rtn4b is low in optic nerve
myelin and optic nerve total at the time when axons regenerate into the brain side optic
nerve. Thus, even if M1-4 of Rtn4b is inhibitory when offered as substrate to RGCs, it
seems not to be present to any significant extent in the path of regenerating axons after
optic nerve lesion. Moreover, consistent with earlier (Bastmeyer et al., 1991; Wanner et al.,

1995) and present results, zebrafish CNS myelin substrate properties are significantly
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better in terms of axon growth support than rat CNS myelin for fish RGCs as well as mouse

hippocampal neurons.

Figure 5.9: Content of Rtn4b is reduced in zebrafish optic nerve myelin after lesion
Lysates of whole optic nerves, normal and at 5 d after ONS (A, C, E), and myelin preparations
obtained from the normal and lesioned optic nerve 5 d after ONS (B, D, F), were probed with
specific ABs for their content of the myelin protein PO, Rtn4a and Rtn4b. The signal with the pAB
against Rtn4b was significantly reduced in whole nerve extracts (A) and myelin (B) after ONS.
Values are 8.8-1.0 (mean — s.e.m.) in control nerve and 5.2-1.1 (mean — s.e.m.) in nerves after
ONS, *p<0.05 (n=8, n=8), and 8.9-1.1 (mean — s.e.m.) in control (contr) myelin and 3.1-0.3 (mean
— s.e.m.) in myelin after ONS, ***p<0.001 (n=8, n=8). (C) Rtnda was significantly increased in
whole optic nerve after ONS compared to control nerves (8.9-1.0 [mean — s.e.m.] in control nerve
and 12.0-0.7 (mean — s.e.m.) in the optic nerve after ONS, *p<0.05, n=8, n=8).
D) Rtn4a was slightly increased in myelin fractions after ONS, with specific values of 10.4-0.5
(mean — s.e.m.) in control myelin and 11.4-0.5 (mean — s.e.m.) in myelin after ONS, p=0.19 (n=8,
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n=8). E) The signals obtained with pAB against PO were equal in whole nerve extracts with and
without ONS. Specific values are 42.3—4.8 (mean — s.e.m.) in control nerves and 42.2—4.8 (mean —
s.e.m.) in optic nerve after ONS, p=0.99 (n=8, n=8). F) PO was equal in myelin with and without
ONS. It was 30.0-1.6 (mean — s.e.m.) in myelin from control nerves and 30.6—1.9 (mean — s.e.m.)
in myelin after ONS (p=0.84, n=8, n=8). The quantification in histograms next to the dot blots show
results of 4 independent experiments. 2-tailed unpaired Student‘s T-test. G) Western blots with
lysates from normal nerves (Contr) and nerves at 3 d after ONS also demonstrate a 40.7%
decrease in Rtndb in the brain-side optic nerve/tract. Alpha-tubulin served as loading control.
Specific values (intensity of protein band compared to tubulin) are: 6.95-0.37 (mean-s.e.m.) in
control and 4.12-0.31 (mean —s.e.m.) at 3d after ONS. The quantification in the histogram next to

the blot show results of 3 independent experiments (**p<0.005).

5.4 Discussion

The identification of Rtndb as the zebrafish homolog of Nogo-A/RTN4A and the
resemblance of motifs M1-4 in zebrafish Rtn4b and rat RTN4A, has led us to re-assess the
question whether inhibitors of axon growth are present in fish CNS myelin and optic nerve
and affect axon regeneration. Zebrafish M1-4 proved to be slightly less inhibitory than rat
M1-4 (and Nogo-A delta20) when used as the sole substrate for single cell neuronal
cultures. However, zebrafish M1-4 was not or less inhibitory to RGC axons than rat M1-4 in
the stripe assay with retinal explants from goldfish, zebrafish and chick. This suggests that
zebrafish M1-4 is inhibitory or permissive in a context dependent manner. The reaction of
axons to M1-4 differs depending on whether they emerge from retinal explants or from
single cell RGCs and dissociated hippocampal neurons. Our data suggest furthermore, that
the zebrafish RGCs possess S1PR2 and S1PR5a as receptors (or members of a receptor
complex) for the inhibition by substrate-associated M1-4 proteins. Most importantly,
however, zebrafish optic nerve contains apparently very little Rtn4b, particularly after ONS.
Therefore, zebrafish Rtn4b seems to be no major obstacle for axon regeneration.

Zebrafish M1-4 and Rtn4b. In mammals, Nogo-A/RTN4-A (and thus M1-4) is rich in CNS
myelin in the path of severed axons (Pernet et al., 2008) and blocks their growth in vivo
and in vitro (Schwab, 2010). Not so in fish. Myelin fractions from the zebrafish CNS were a
significantly better substrate for neurite growth of single cell RGCs and hippocampal
neurons than rat CNS myelin. This result is in accordance with earlier data (Caroni and
Schwab, 1988; Bastmeyer et al., 1991; Wanner et al., 1995). However, zebrafish optic
nerve myelin, normal and particularly at 3 and 5 d after ONS, contains apparently very little
Rtn4b, as demonstrated by immunostainings of optic nerve sections and Western and dot

blot analysis of myelin fractions of the lesioned optic nerve. Other myelin proteins, in
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particular MBP (Welte et al., 2015) and PO, persist in myelin for at least 10 days. Thus,
myelin is abundant at the time when regenerating axons pass through the nerve (Strobel
and Stuermer, 1994; Welte et al., 2015) but potentially inhibitory Rtn4b/M1-4 is low when
regenerating axons arrive. Curiously, Rtn4a, the paralogue of Rtn4b (Shypitsyna et al.,
2011), is known to be growth supportive in fish(Abdesselem et al., 2009) and increases in

the lesioned nerve.

The present findings are in agreement with many earlier reports showing the relative
growth permissive properties of the fish optic nerve and myelin compared the
nonpermissive and inhibitory properties of mammalian CNS myelin (Caroni and Schwab,
1988; Bastmeyer et al., 1991; Wanner et al., 1995). Beyond the previous knowledge our
findings now show that potentially inhibitory M1-4 is expressed in zebrafish but at very low
levels in the lesioned optic nerve. Consistent with this finding is the earlier observation that
retinal growth cones in the regenerating optic nerve are, in fact, closely associated with
myelin debris (Strobel and Stuermer, 1994). At later stages of optic nerve regeneration,
i.e., at 10 d, Rtndb increases in the zebrafish optic nerve. This increase is, however,
associated with regenerating axons from RGCs which massively upregulate Rtn4b after
optic nerve lesion (Welte et al., 2015). Thus, the growth inhibitory activity of zebrafish M1-4
for single cell RGCs and hippocampal neurons in vitro seems to be irrelevant for
regenerating axons in vivo due to the relative low abundance of Rtn4b. And the neuron-
intrinsic properties (Stuermer et al., 1992; Fawcett, 2006) allow RGCs in vivo to grow even
if they encounter zebrafish Rtn4db M1-4. The RGCs in the fish retina upregulate a number
of transcription factors and proteins which promote growth (Vielmetter et al., 1990;
Paschke et al., 1992; Stuermer et al., 1992; Veldman et al., 2007; Saul et al., 2010;
Stuermer, 2010; Elsaeidi et al., 2014) including Rtn4b in the ER(Welte et al., 2015). This
upregulation is also found in RGCs in retinal explants (which are derived from nerve
transected retinae) so that the RGCs in explants have the same growth supportive neuron-
intrinsic properties. In explants in vitro (as well as in vivo) RGCs retain contact with
neighbouring neurons and glial cells and thus obtain trophic support which dissociated
neurons are deprived of. The different conditions of RGCs could explain the difference in
the reaction to M1-4 in the outgrowth and stripe assay. Chick RGC axons are equally well-
equipped with neuron-intrinsic growth promoting molecules since they derive from
embryonic neurons at the stage of maximal axon growth.
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That dissociated neurons in single cell neuronal cultures are more sensitive to inhibitors
than axons from retinal explants is supported by the fact, that the effective concentration of

M1-4 was 100 times less in the outgrowth compared to the stripe assay.

Rtn4 proteins are structural proteins of the ER (Shibata et al., 2008), and Rtn4b was
accordingly seen in the ER of fish oligodendrocytes in vitro (Welte et al., 2015) and in fish
RGCs. The fact that RGCs after lesioning the optic nerve upregulate Rtn4b and that
downregulation impairs axon regeneration is consistent with the notion that Rtn4 proteins in
the ER play an important role for the regrowth of lesioned axons (Merianda et al., 2009;
Manns et al., 2014; Welte et al., 2015). Axon regrowth requires a massive increase in
protein synthesis. The function of Rtn4b in oligodendrocytes and myelin may as well be ER
associated. Whether zebrafish Rtn4b is brought to the cell surface as was reported for
Nogo-A in mammals (Schwab, 2010) requires more sophisticated immunostaining methods
(Dodd et al., 2005). Still, Rtn4b could become accessible to regenerating axons in the
degenerating myelin debris that lies in their path through the nerve and tract (Strobel and
Stuermer, 1994). However, the difference in immunostainings obtained with the antibody
against mammalian RTN4A/Nogo-A in myelin of lesioned optic nerves and spinal cord of
mice and rats (Pernet et al., 2008) is striking. Zebrafish Rtn4b decreases in the brain-side
optic nerve/tract after lesion so that zebrafish Rtndb is by far less abundant and no
impediment for regenerating axons. The immunostaining intensity of RTN4A/Nogo-A in the
optic nerve and spinal cord is high proximal as well as distal to the lesion for many days
(Hunt et al., 2003; Pernet et al., 2008). This is consistent with the inability of mammalian

axons to regenerate into the myelin/Nogo-A-containing nerves.

Nogo receptors. The present and former experiments with rat myelin and Nogo-A and fish
axons implied that fish RGCs should possess the Nogo-A receptor(s) (Bastmeyer et al.,
1991). This receptor was recently identified. In mammals, the GPCR S1PR2 is the signal
transducing element of a receptor complex for Nogo-A delta20 (Kempf et al., 2014; Thiede-
Stan et al., 2015). Our in situ hybridization experiments show that zebrafish RGCs express
the homologue of S1PR2, as well as S1PR5a which is another member of the family. That
both are candidate Nogo-A and Rtn4b (M1-4) receptors is concluded from results with
S1PR2- and S1PRb5a-specific morpholinos and chemical inhibitors. The finding that
receptor subtype -specific morpholinos increase neurite length on rat and zebrafish M1-4

and counteract inhibition in a concentration dependent manner and that the same increase
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in neurite length is obtained with S1PR2 specific and S1PR1,3-5 chemical inhibitors
suggest that regenerating growth cones use these receptor(s) for Nogo-A-delta20 and M1-
4. But as in mammals, S1IPR2 and S1PR5a are not only receptors for M1-4, Nogo-A
delta20 and M1-4 in zebrafish Rtn4b, but were identified as receptors for sphingosine-1
phosphate (Lee et al., 1998; Mendelson et al., 2013) with many functions in blood vessel

and heart development.

Even though more work is needed to better characterize the zebrafish Nogo receptors,
their expression and function complies with the fact that zebrafish express Rtn4b as
homologue of Nogo-A/RTN4a, and thus one of the ligands for these receptors. It remains
to be determined at which stage these receptors are needed during axon growth in normal

development and regeneration.

Evolutionary aspects of axon regeneration and Nogo-like inhibitors. Nogo-A is widely
expressed in the mammalian and avian CNS and present not only on oligodendrocytes and
in myelin but also on the neuronal surface including dendrites and axons. Nogo-A is
thought to act as a repressor of synaptic plasticity (Schwab, 2010; Petrinovic et al., 2013;
Zemmar et al., 2014) in mammals and regulator of axon fasciculation in chick (Petrinovic et
al., 2010). Reptiles (like the lizard Gallotia gallotis) also possess Nogo-A in CNS myelin but
curiously, the lizard retinal axons do not recognize it as inhibitor probably because of
different signal transduction properties of the Nogo receptors (Lang et al., 1998; Lang et
al., 2016).

Nogo-A homologues were also discovered in amphibians like Xenopus (Klinger et al.,
2004b). In the adult animal, axons fail to regenerate in the spinal cord, where Nogo-A is
heavily expressed. Yet in the optic nerve, where Xenopus RGC axons successfully
regenerate, myelin disappears and oligodendrocytes dedifferentiate during the stage at
which cut axons regrow towards the brain. Instead, immature astrocyte-like cells form a
growth supportive scaffold that promotes RGC axon regeneration (Bohn and Reier, 1985;
Lang et al., 1995; Lang and Stuermer, 1996; Lang et al., 1997).

Our present work in zebrafish, as representative of teleosts, shows the fish strategy of
successful optic nerve regeneration. RGC axons in vitro are sensitive to Nogo-A and
possess the relevant receptors; the potentially inhibitory M1-4 of Rtn4b is present but in

comparatively small amounts in optic nerve myelin and further decreases after lesion.
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Moreover, fish optic nerve oligodendrocytes dedifferentiate after lesion (Ankerhold and
Stuermer, 1999) and glial cells express growth promoting molecules on the surface (Hirsch
et al., 1995; Ankerhold and Stuermer, 1999; Abdesselem et al., 2009). This and the unique
neuron-intrinsic properties of fish RGCs showing upregulation of so many growth-
associated molecules (Stuermer et al., 1992; Saul et al., 2010; Stuermer, 2010) which
favour axon growth seems to encourage the elongation of regenerating axons through the
nerve which is reflected by the free crossing of zebrafish M1-4 in the stripe assay. In other
words, different vertebrate classes use species-specific strategies to ensure success of
axon regeneration. The environment (CNS myelin and oligodendrocytes) which
regenerating zebrafish axons encounter is not growth permissive because Nogo-A
homologues are not expressed but because Rtn4b is less inhibitory than Nogo-A and

reduced in quantity.

Figure 5.10: Graphical abstract.

Rtn4b (red), the zebrafish homologue of rat Nogo-A/RTN4-A, exists in only very small
amounts in myelin debris of the lesioned optic nerve so that growth cones regrow and
axons regenerate. Rat CNS myelin, by contrast, has abundant Nogo-A/RTN4-A (red)

which blocks growth and causes growth cone retraction.
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5.5 Methods

5.5.1.1 Animals
Adult goldfish and zebrafish were raised in the animal facility of the University of Konstanz.
Optic nerve lesion was performed under MS222 anaesthesia in compliance with animal

welfare legislation of the state Baden-W rttemberg (No G13/98).

5.5.1.2 Explant cultures from chick

Retinae of E6-E7 chick embryos were dissected in ice-cold Hanks’ medium, placed on
nitrocellulose filters and cut into 250 m wide stripes. Explants were placed on the stripe
substrates and grown in F12 medium containing 0.4% methylcellulose, 2% chicken and 5%
fetal calf serum. After 20-24 h, the cultures were fixed and stained with Alexa-488-

phalloidin (Invitrogen/Thermo Fisher, see below).

5.5.1.3 Stripe and outgrowth assays

Zebrafish and goldfish retinae were isolated between 7 and 14 d after ONS and cut into
300 m wide strips as described (Vielmetter and Stuermer, 1989). A special silicon matrix
was used to apply peptides M1-4 and GST in stripes onto poly-L-lysine (Plys)-coated
coverslips (Vielmetter et al., 1990; Oertle et al., 2003a; Weschenfelder et al., 2013) at
concentrations of 20-30 M. Retina explants were placed perpendicular onto the striped
substrate and incubated at the species-specific optimal temperature for 2-4 d in F12
medium with 1% FCS. Axons from retinal explants were photographed live under phase
contrast optics at an inverted microscope. Cultures were fixed, permeabilised (4% PFA
[paraformaldehyde] and 0.1% Triton) and labelled with Alexa-coupled Phalloidin.
Immunostainings with mAB 11C7 ((Oertle et al., 2003a); kindly provided by Martin Schwab,
Zurich, Switzerland) and our pAB K1121 (see below) against zebrafish M1-4 (Pinzon-
Olejua et al., 2014; Welte et al., 2015) was used to visualise the substrate stripes after
fixation at a fluorescence microscope (Axioplan 2, Zeiss Jena, Germany). The evaluation of
the stripes was done by a person blinded to the origin (fish or rat) of the M1-4 proteins and
whether stripes contained GST or M1-4.

5.5.1.4 Zebrafish single cell RGC culture and transfection

Single RGCs were isolated from zebrafish retinae and maintained on Poly-D-lysine (PDL)-
coated coverslips in L15 medium (Sigma-Aldrich, St Louis, MO) supplemented with 0.5%
FCS, 1% Penicillin/Streptomycin, 0.5 mM glutamine and 5 g/ml basic fibroblast growth
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factor (bFGF, all Invitrogen/Thermo Fisher Carlsbad, CA). Cells were grown at 28 C and
5% CO.. After 3 d in culture they were transfected with (1 M) morpholinos (MO) against
S1PR2 and S1PR5a and control MO (contr MO), respectively (see below) with the Endo-
Porter transfection reagent (Gene Tools, Philomath, OR).

Cells were fixed in 4% PFA in PBS, stained with Alexa-Fluor-488-Phalloidin (Life
Technologies/Thermo Fisher, A11017; RRID: AB_10562367) or Alexa-Fluor-568
Phalloidin (A12380, Invitrogen/Thermo Fisher) and DAPI (4',6-diamidino-2-phenylindole,
100 ng/ml, Sigma-Aldrich) for 2 h at RT and mounted with Mowiol (Hoechst, Frankfurt,
Germany) on coverslips for epifluorescence analysis using a 40x objective and the
Axioplan2 microscope (Zeiss). Cells containing the Lissamine-tagged MOs (Gene Tools,
Philomath, OR) in the perinuclear cytoplasm were identified and the length of the longest
neurite (longer than the cell diameter) was measured with ImageJ (NIH ImageJ software).
Recombinant proteins were used at concentration 200 nM (with GST) or 600 nM (after
GST cleavage).

5.5.1.5 Culture of hippocampal neurons

Hippocampal neurons from 1-2 d old wt C57BL/6J mice were exposed to papain (Sigma-
Aldrich)[80 min, 37 C, centrifuged (80 x g, 5 min, 37 C), resuspended and seeded on PDL
coated coverslips (12-well plates, Neurobasal A with B-27 serum-free supplement, Life
Technologies/Thermo Fisher, and 5 g/ml bFGF). After 3 d, FGF was increased (10 g/ml).
Cells grew at 37 C and 5% CO: (Bodrikov et al., 2011). After fixation, neurons (48 h or 96
h) on glass coverslips were stained with Alexa-488-phalloidin to measure neurite length

(NIH ImageJ software).

5.5.1.6 Cloning of zebrafish rtn4b M1-4 specific region into a GST expression vector
The rtn4b-M1-M4 region (Shypitsyna et al., 2011) was amplified by PCR from a TOPO2.1
vector containing the rtndb ORF (Pinzon-Olejua et al.,, 2014). Forward (FW) 5-
GGGAATTCT-AGCCCGTCTCCAGACCTGCTCCAGGA-3 and reverse (RV) 5-
GGGTCGACCTA-CTGCAGACCCTGGAGCAGCTCTGCC-3 primers containing EcoRI
and Sall restriction sites were designed to amplify 490 base pairs including the M1 to M4
motifs. The PCR product was digested with EcoRI and Sall and cloned in frame after the
thrombin cleavage site of the pGEX-4T-3 GST expression vector (GE Healthcare,

Braunschweig, Germany). All the above-mentioned PCR reactions were performed with

93



Substrate properties of Rtn4b

the Phusion high-fidelity DNA polymerase (Finnzymes/Thermo Fisher) and positive clones
were further sequenced.

5.5.1.7 Subcloning of rat delta20 and cloning of rat M1-4

The pET28 expression vector containing the Rat-NIG 20 construct was kindly provided by
M. E. Schwab (University and ETH Z rich, Switzerland). The delta20 sequence was PCR-
amplified from this vector and inserted into the pGEX-KG plasmid.

To create the recombinant Rat M1-4 protein, the original pGEX- 20 plasmid was used as
template for elongation by PCR with FW primer 5-AAAGGATCCA-
CGCCAGATTTAGTTCAGGAAGCATGTGAAAGTGAACTGAATGAAGC-CACAGGTACA-

AAGATTGCTTATGAAACAAAAGTGG-3 and RV primer 5-GAGAGCTTTGTTTC-
TTTAATTAAATCACACGCAATGGATATATAAGGAG-3 containing BamHI and Pacl
restriction sites. PCR product was digested with the respective enzymes and cloned in
frame behind the thrombin cleavage site of the pGEX-4T-3 GST expression vector (GE

Healthcare).

5.5.1.8 Protein production and purification

To produce rat M1-4 and delta20 and zebrafish M1-4, overnight cultures with the
transformed BL21-CodonPlus (DE3)-RIPL cells were incubated at 37 C and 230 rpm on
the bacterial shaker. When cell density reached a value of 0.5, IPTG was added to the final
concentration of 1 mM. 4h later, cells were centrifuged at 7000 rpm for 20min at 4 C. The
cells were resuspended in 20 ml lysis buffer (PBS, DTT 10 mM, EDTA 2 mM)
supplemented with protease inhibitors and stored at -20 C. Cell aliquots were defrozen and

lysed by sonification. The lysates were centrifuged at 14.000 rpm.

All recombinant proteins were purified via affinity chromatography over glutathione
sepharose (GST) beads in the batch/column method according to the manufacturer s
recommendations (GST, Gene Fusion System, GE Healthcare). 1 ml of beads was
equilibrated with lysis buffer. To elute the proteins from the matrix, elution buffer
(containing reduced L-glutathion) was added to the columns and the beads were incubated
for 30 min. All flow-through fractions were collected and analyzed by SDS-PAGE. Protein

concentration of the elution fractions was measured by Bradford reaction.

For the stripe assay, the GST was cleaved from the M1-4 peptides by thrombin (20 U, 3-4

h) according to the manufacturer‘s instruction (Sigma-Aldrich). M1-4 peptides were quality-
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controlled in Commassie gels and used at concentrations between 50 M to 90 M. For
evaluation of protein expression, solubility and efficiency of purification, the samples were
analyzed on SDS-PAGE and Western blots.

5.5.1.9 Antibody characterization

11C7 is a monoclonal AB from mouse against rat Nogo-A raised against recombinantly
expressed His-tagged Nogo-A delta20 (Oertle et al., 2003a) which was kindly provided by
M.E. Schwab, University and ETH Zurich; Zurich; Switzerland (Cat# Nogo-A,
RRID:AB_10000211). It recognised the peptide against which it was raised and 210 kDa
Nogo-A in Western blots with lysates of cultured oligodendrocytes and binds to GST-
delta20 and GST-M1-4 as well as to delta20 and M1-4 after cleavage of GST in our
present study (Fig. 5.1). pAB IK964 is a polyclonal AB from a rabbit which was immunized
with the His-tagged Nogo-66 peptide of zebrafish Rtn4a (Abdesselem et al., 2009; Pinzon-
Olejua et al., 2014), Claudia Stuermer Lab Universit t Konstanz; Germany Cat# Rtn4a,
RRID:AB_2636940). The specificity was shown in lysates of zebrafish embryos after
injections of Rtn4a-specific and control morpholinos, respectively, into the yolk at early
stages of development, and by immunostainings at increasing developmental stages as
well as in the adult optic nerve after lesion (Abdesselem et al., 2009). pAB K1121 was
raised in a rabbit against zebrafish M1-4 of Rtn4b after cleavage of GST (Pinzon-Olejua et
al., 2014; Welte et al., 2015); Claudia Stuermer Lab, Universit t Konstanz; Germany Cat#
Rtn4b, RRID:AB_2636941). The serum was affinity-purified against the peptide and
recognises the antigen against which it was raised as well as 180 kDa in Western blots
with lysates of zebrafish embryos and brain (Pinzon-Olejua et al., 2014; Welte et al., 2015).
The signal in Western blots with lysates of the retina is reduced after application of Rtn4b
specific MOs to the cut optic nerve (Welte et al., 2015). The pAB against Rtn4b binds to
tissue sections through the optic nerve in a previous (Welte et al., 2015) and the present
study. pAB against zebrafish PO was kindly provided by Edward A. Burton (University of
Pittsburgh, USA: Bai 519: 1580, 2011 Cat# PO (peptide 2), RRID:AB_2315032). It was
raised against recombinantly expressed peptides from PO in rabbits and immuno-affinity
purified. It recognizes the 23 kDa PO protein in Western blots and stains myelin in tissue
sections through the zebrafish brain and optic nerve (Bai et al., 2011). The anti- -Tubulin
AB (15246) was purchased from ABCAM (Cambridge, UK). It was raised in rabbits which
were immunized with key hole limpet (KLH) conjugated synthetic peptide corresponding to
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the C terminal amino acid 426-450 of human -tubulin. It recognizes the antigen in many
species including zebrafish which was approved in our present study.

5.5.1.10 Immunostaining of cryosections

For cryosections, the optic nerves were isolated, transferred directly into TissueTec
(Sakura, Finetek Europe) at -20 C and cut on a cryostat. The 10 m thick sections were
transferred to Plys-coated slides and allowed to dry, and either stored at -20 C or
subjected directly to immunostainings with Rtn4b pAB (K1121), pAB against Rtn4a (IK 964;
(Abdesselem et al., 2009; Pinzon-Olejua et al., 2014; Welte et al., 2015), and anti-P0 pAB.
After washes in PBS, sections were coverslipped with Mowiol (Calbiochem/Merck,
Darmstadt, Germany). Images were acquired at a confocal laser-scanning microscope
(LSM700 META,; Zeiss, Jena, Germany) with a 20x lens.

55.1.11 Dot blots and Western blots

Isolated zebrafish optic nerves were lysed in RIPA-buffer. The evaluation of Rtnd4a and
Rtn4b in optic nerve/tract myelin, normal and after ONS, was done in dot blots. The signals
with the ABs against Rtnd4a (IK 964) and Rtn4b (K1121) were compared to PO pAB.
Homogenates of the optic nerve were prepared in ice-cold PBS buffer supplied with EDTA-
free inhibitors. Myelin fractions were prepared as described below. 2 | of homogenates or
myelin samples of the same optical density were loaded to the blot membrane. The
intensity of protein dots was determined by ImageJ, the Rtn4b dot was normalized to PO
control dots and statistically evaluated using the Student‘s T test. For Western blot
analysis, isolated zebrafish optic nerves were lysed in RIPA-buffer. Blots were exposed to
pAB K1121 against Rtn4b (diluted 1:3000) and anti- -Tubulin AB. The intensity of protein
bands was determined by ImageJ, the Rtn4b bands normalized to the loading control and

statistically evaluated using the Student‘s T test.

55.1.12 Myelin preparation

Myelin of zebrafish brain and optic nerves, and of rat spinal cord/hindbrain was prepared
as previously described (Caroni and Schwab, 1988; Bastmeyer et al., 1991). Briefly,
zebrafish brain and optic nerves and adult rat spinal cords/hindbrain were rapidly dissected
free in ice-cold PBS and transferred to homogenization buffer (10 mM Tris-HCI, 2 mM
CaCl, 1ImM EDTA, 1mM spermidine, 5 mM iodoacetamite, and Protease inhibitor complete
(Roche Diagnostics, Basel, Switzerland). After homogenization, fractions enriched in

myelin were obtained through centrifugation at 23,000 rpm for 12 min at 4 C in a sucrose
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step gradient (20% and 50% sucrose for zebrafish brain and optic nerve myelin and 15%,
25%, and 50% sucrose for rat spinal cord/hindbrain myelin, all in homogenization buffer;
modified after (Colman et al., 1982)). Myelin-enriched fractions were washed three times at
4 C in PBS containing protease inhibitors and frozen at -20 C. Myelin was dropped
through a pipette onto PDL-coated coverslips and let to dry (30 min at room temperature,
RT) resulting in circular areas of 300-600 m diameter. Isolated zebrafish single cell RGCs
and mouse hippocampal neurons were given onto the coverslip with myelin dots and
cultivated at species-specific temperature and culture conditions. Four to 5 d later, cells

were fixed and stained with phalloidin and DAPI to visualize cells and cell processes.

5.5.1.13 S1PR2 and S1PR5a morpholinos and application

Morpholinos (MO) against S1IPR2 and S1PR5a were used at a concentration of either 0.5
M or 1 M and applied to cultured single cell RGCs. The MOs against S1IPR2 and

S1PR5a were: 5 CCGCAAACAGACGGCAAGTAGTCAT -3 (position on mRNA 1/25

(Matsui et al., 2007)) and 5 - AGCTTCCATTTCACTTCTGCTGACC-3: (position on mRNA

-16/9). The control MO sequence was: 5 -aacgaacgaacgaacgaacgaacgc-3 (absent from

the zebrafish genome).
S1PR2 and S1PR5a; reverse transcription (RT)-PCR

Adult zebrafish retina were homogenized in TRIzol reagent, and total RNA was isolated by
Trizol RNA isolation protocol using phase separation. Total RNA (1 g) was used to
generate cDNA using Reverse transcriptase and oligodT20 or random hexamer primers
(SuperScriptfi 1l First- Strand Synthesis System, Invitrogen/Thermo Fisher). The PCR
was performed with Taq polymerase and cycle conditions were 95 C for 30 s followed by
30 cycles at 95 C for 20 s, gradient 48-68 C for 30 s, 68 C for 90s and 68 C for 5 min.
Product was analysed on Ethidium bromide containing 1% agarose gels. Primer

sequences for RT-PCR are as follows:

S1PR2: FW:ATGACTACTTGCCGTCTGTTTGCGG,
RV:TAGAATTCTCAAACACAGGTAGTGCAGTCCTGC,;

S1PR5a: FW:ATGGAAGCTTCATACGCTGCCAGTG,

RV: TACTCGAGTCAACTCTTAAGTATCATTGGGTAA;
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Rtn4b: FW: CCGTCTCCAGACCTGCTCCAGGA
RV: GGCAGAGCTGCTCCAGGGTCTGCA (Rtn4b was used as control).

5.5.1.14 Inhibitors

Inhibitors of S1IPR2 and S1PR1,3-5 were the commercially available substances JTE-013
(Tocris Bioscience, Bristol, UK) and FTY720 (Cayman/Biomol, Hamburg, Germany)
(Rosen et al., 2009) which were dissolved in DMSO and applied to single cell RGCs.

5.5.1.15 In situ hybridization (ISH)

ISH was performed with digoxigenin-labeled probes using MAXIscript T7/T3 Transcription
(Thermo Fischer). Sense and anti-sense probes were prepared from PCR products of
S1PR2 (NM_001159970) and S1PR5a (NM_001007316) ligated into pBluscriptKS

(S1PR2 FW: TATTCTAGA CTCAACACCC GATACTACATCCGG,
RV: ATAGTCGACCCAACACAGGTAGTGCAGTCCTG,
S1PR5a FW: TATTCTAGATATTCCGCATCGTCAAGTCCA,

RV: ATAGTCGACCCACTCTTAAGTATCCTTGGGT) transcribed using t7 (for sense) or
t3 (for anti-sense) RNA polymerase. Tissue preparation for ISH: whole eyes were fixed
overnight at 4 C in 4% PFA in 0.1M phosphate buffer, pH 7.4, cryoprotected in phosphate
buffered 20% sucrose overnight at 4 C and embedded with tissue-Tek O.C.T compound
(Sakura Finetek, Torrance, CA). Embedded samples were kept frozen at -20 C until
sectioned to 10 m on a cryostat. Sections were collected on Superfrost Ultra plus
adhesion slides, dried for 20 min at RT and directly taken for ISH procedure modified after
Saul et al. (2010): dried retina cross sections were post-fixed with 4% PFA in DEPC
(Sigma Aldrich) treated 1X PBS (5 min, RT) and incubated once in 0.01% DEPC activated
PBS for 10 min. Cross sections were partially digested with proteinase K (molecular
biology grade; New England Biolabs, Herts, UK) for 10-15 s and fixed briefly (2 min) with
4% PFA again. Sections were incubated in 0.01% DEPC activated PBS twice for 10 min
each and equilibrated in 5X SSC (2X, 15 min). The cross sections were prehybridised in
Hybridization buffer (50% deionised formamide [Amresco, Solon, OH], 5X SSC, 50 g/ml
tRNA) for 2 h at 61-63 C. Hybridization reaction of S1IPR2 and S1PR5a probes was
carried out at 63 C overnight. Next day, sections were washed for 20 min with heated

formamide wash buffer (hybridization buffer without tRNA and probe), 20 min with solution
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mix of half formamide wash buffer and half of 2X SSC at 60-63 C, 30 min in 2X SSC, 1 h
in 2X SSC, 1 h in 0.1X SSC and then equilibrated in Tris-buffer for 5 min. Cross-
sections were incubated in anti-DIG (digoxygenin) pAb 1:1000 (Roche Diagnostics, Basel,
Switzerland) in Tris buffer containing 0.5% non-fat dry milk overnight at 4 C. Cross
sections were washed with Tris buffer (3 times, 15 min) prior to colour development.
Staining was carried out with NBT/BCIP (Roche) for 30 min. Sections were washed

several times with Tris for 2-3 h before mounting with Mowiol.

5.5.1.16 Evaluation
Cultures were photographed at a fluorescence microscope (Zeiss Axioplan). Process

length was determined and statistically evaluated using NIH ImageJ software.
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6 Cre inducible site-specific recombination in zebrafish
oligodendrocytes

6.1 Abstract:

Background

The conditional Cre/lox system has recently emerged as a valuable tool for studies on both
embryonic and adult zebrafish. Temporal control and site-specific recombination is
achieved by using the ligand-inducible CreER™ and administration of the drug Tamoxifen
(TAM) or its active metabolite, 4-Hydroxytamoxifen (4-OHT).

Results

Here we report the generation of a transgenic zebrafish line, which expresses a mCherry-
tagged variant of CreER™ under the control of the myelin basic protein a (mbpa) promoter.
Our analysis shows that larval and adult expression of the transgene recapitulates the
endogenous mbpa expression pattern in oligodendrocytes. Furthermore, combination with
a Cre-dependent EGFP reporter results in EGFP-expressing oligodendrocytes in the spinal
cord, brain and optic nerve in TAM or 4-OHT treated larvae and 4 months old fish, but not
in untreated controls.

Conclusions

The transgenic zebrafish line Tg(mbpa:mCherry-T2A-CreERT™?) elicits CreERT2 expression
specifically in myelinating glial cells. Cre-inducible targeted recombination of genes in
oligodendrocytes will be useful to elucidate cellular and molecular mechanisms of
myelination in vivo during development (myelination) and regeneration (remyelination) after
injury to the central nervous system (CNS). It will also allow targeted expression and
overexpression of genes of interest (transgenes) in oligodendrocytes at defined

developmental and adult stages.
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6.2 Background

Myelination of axons is essential for the differentiation, function and health of the nervous
system (Nave, 2010; Funfschilling et al., 2012; Czopka, 2016). Oligodendrocytes and
Schwann cells are responsible for the formation of the myelin sheaths in the central and
peripheral nervous system (CNS and PNS), respectively. These sheaths provide electrical
insulation and enable fast saltatory propagation of action potentials (Buttermore et al.,
2013) but also provide cues that preserve the integrity of the axons (Pan et al., 2005).
Axons do in fact degenerate when losing oligodendrocyte support, which is among other
factors a crucial issue in multiple sclerosis (MS) (Franklin, 2002; Compston and Coles,
2008).

Zebrafish has emerged as a cost-efficient model to study vertebrate myelination in vivo
(Buckley et al., 2010; Preston and Macklin, 2015; Czopka, 2016) and is particularly
interesting and valuable due to its remarkable ability to regenerate injured axons in the
CNS (Stuermer et al., 1992; Bernhardt et al., 1996; Welte et al., 2015). Re-myelination is
one important aspect of axonal regeneration and repair and elucidating the underlying
mechanisms is crucial for understanding regeneration in the CNS and PNS. Expression of
genes associated with the formation of the myelin sheath, namely the myelin basic protein
a (mbpa) and myelin protein zero (mpz formerly known as PO) starts in zebrafish at 2 days
post fertilization (dpf) in the ventral hindbrain as seen by in situ hybridization (Brosamle and
Halpern, 2002). Late in embryonic development the first myelin sheaths around the
Mauthner axon define the onset of myelination by 60 hpf (Almeida et al., 2011). Myelination
spreads in the course of the following days into the spinal cord and rostrally to the midbrain
and optic nerve. By 3 dpf loose myelin wraps can also be found around lateral line axons in
the PNS and on ventral axons neighbouring the Mauthner axons (Buckley et al., 2010).
Myelination continues on more dorsally located spinal cord axons (Buckley et al., 2010;
Almeida et al., 2011). Myelinating cells were reported to differentiate over a period of one
month (Park et al., 2007) and myelination continues into adulthood (Jung et al., 2010).
Collectively, it is important to label and follow myelinating glial cells in order to better
understand the dynamics of myelin formation and re-myelination in axonal regeneration
both in the CNS and PNS.
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New technologies suited to alter gene expression in vivo are making molecular
manipulation of target genes and molecules in developing embryos relatively straight-
forward. For instance, transgenic lines expressing fluorescent proteins under the control of
the oligodendrocyte lineage transcription factor 2 (olig2), SRY (sex determining region Y)-
box 10 (sox10) or mbpa promoters have been used to study oligodendrocyte/Schwann cell
differentiation and myelination in the zebrafish larvae in vivo (Shin et al., 2003; Jung et al.,
2010; Almeida et al., 2011; Czopka et al., 2013; Gfrerer et al., 2013). Although these lines
have elucidated many aspects of the myelination process, lack of inducible transgenic
models is becoming a bottleneck for lineage tracing (or) remyelination relevant research.
Furthermore, methods to conditionally activate transgenes have been adapted to zebrafish,
such as the yeast GAL4/UAS system where the Gal4 protein is expressed under the
control of cell specific promoters, which in turn activates a UAS cassette driving expression
of a desired protein only in a specific population of cells (Halpern et al., 2008). Recently,
Cre/lox mediated systems using heat shock promoters to drive activation of transgenic
constructs permitted a more precise cell-specific and temporal control of gene expression.
Temporal control of transgene expression has been successfully achieved by using the
ligand-inducible CreER™ (Hans et al., 2009). Specific recombination only occurs upon
administration of the drug tamoxifen (TAM) or its active metabolite, 4-Hydroxytamoxifen (4-
OHT).

In this study, we generated a transgenic zebrafish line that expresses a bicistronic mRNA
coding for mCherry and CreERT separated by a viral T2A peptide sequence (Provost et
al., 2007) under the control of the myelin basic protein a promoter. The use of the viral T2A
peptide allows equimolar production of mCherry and CreER™ from a single open reading
frame in oligodendrocytes in Tg(mbpa:mCherry-T2A-CreER™2). Treatment of double
transgenic zebrafish larvae, carrying the driver Tg(mbpa:mCherry-T2A-CreER™) and
effector Tg(hsp70:loxp-DsRed-loxp-EGFP) alleles, with TAM resulted in selective

recombination in cells expressing the mCherry-T2A-CreER™2 gene cassette.

This line provides a novel powerful tool to understand mechanisms underlying myelination
or turnover of myelinating cells in vivo, to study the fate of oligodendrocytes after lesion as
well as axon-oligodendrocyte interactions and can be used for targeted transgene

expression.
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6.3 Results:

6.3.1 The mbpa promoter drives the expression of mCherry and CreER™
in myelinating cells
In order to achieve spatially controlled expression of the CreER™ recombinase, a 2kb
fragment containing the 5 -upstream region of the mbpa start codon that has previously
been shown to recapitulate the mbpa expression (Jung et al., 2010), was cloned into the
pTol:mCherry-T2a-CreERT? vector (Hans et al., 2009) (Fig. 6.1 A). The resulting plasmid
was injected into one-cell stage zebrafish embryos along with transposase mRNA (Urasaki
et al., 2006). Injected embryos were raised to adulthood, crossed with wild type fish and
the progeny were analysed for mCherry expression under a confocal microscope. In total,
7 founder fish were identified with offspring expressing mCherry in cells with an
oligodendrocyte-like morphology. Animals expressing mCherry were selected, raised to

adulthood and further analysed in the F2 generation.

Consistent with previously published data on mbpa expression in zebrafish larvae
(Brosamle and Halpern, 2002; Jung et al., 2010) mCherry* cells display an
oligodendrocyte-like morphology and were predominantly detected in the hindbrain and
spinal cord of 4 dpf (Fig. 6.1 B-D) and 6 dpf larvae (Fig. 6.1 F-H). Analysis of the spinal
cord and hindbrain at high resolution showed native mCherry fluorescence in cell bodies as
well as processes, e.g. around the hindbrain commissural axons (Fig. 6.1 E,I), as

previously described (Brosamle and Halpern, 2002).

6.3.2 Tg(mbpa:mCherry-T2A-CreER') recapitulates the endogenous

mbpa expression at larval and adult stages
To confirm that the observed mCherry expression corresponds to the endogenous mbpa

expression pattern, 6 dpf Tg(mbpa:mCherry-T2A-CreERT?) larvae were stained with anti-
MBP and anti-mCherry antibodies, showing co-existence of mCherry+ cells with an

oligodendrocyte-like morphology in MBP expressing regions of the hindbrain (Fig. 6.2 A,B).
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Figure 6.1: : mCherry expression in 4 and 6 dpf Tg(mbpa:mCherry-T2A-CreER'™) larvae

(A) Scheme of the Tg(mbpa:mCherry-T2A-CreERT'?) construct, which expresses a single open
reading frame coding for mCherry (red) and CreER™ (dark grey) separated by a viral T2A peptide
sequence (white) under the control of the zebrafish mbpa promoter (light grey). (B-l) Native
mCherry fluorescence in 4 dpf (B-E) and 6 dpf (F-I) transgenic zebrafish larvae. (B, F) Lateral view
of the larvae, showing mCherry expression in presumptive myelinating cells. Scale bar 200 m. (C,
D, G, H) Higher magnification of the areas indicated by white boxes in B, F. (C, G) mCherry
expressing oligodendrocytes in the hindbrain and (D, H) the spinal cord. (E, I) Dorsal view of the
hindbrain with mCherry fluorescence in presumptive oligodendrocyte cell bodies (arrowhead) and
processes (arrow). Asterisks mark auto fluorescence from yolk and pigmentation. Scale bar
100 m.
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To further corroborate that Tg(mbpa:mCherry-T2A-CreERT2) faithfully recapitulates mbpa
expression, we compared mCherry expression with EGFP in Tg(mbpa:egfp), an
established reporter line employing the same mbpa promoter fragment (Jung et al., 2010).
To this aim, we crossed carriers of Tg(mbpa:mCherry-T2A-CreER™2) and Tg(mbpa:EGFP)
and analysed mCherry and EGFP expression in double transgenic progeny at 6 to 9 dpf.
Though Tg(mbpa:EGFP) and Tg(mbpa:mCherry-T2a-CreER™2) lines employ the same
promoter fragment they differ in expression strength most likely due to different integration
sites within the zebrafish genome. EGFP expression is much stronger and we found that
94.4% of all EGFP-positive cells co-express mCherry. In the remaining 5.6% we suspect
that mCherry signal was too weak to be detected (n=26 larvae, 1021 oligodendrocytes
were analysed). Importantly, we never detected mCherry-positive cells which are not
EGFP-positive indicating that no ectopic mCherry expression is present. Both reporter
genes (EGFP and mCherry) were expressed in oligodendrocytes and were seen abundant
in the ventral hindbrain and the ventral spinal cord compared to the dorsal part at 7 dpf
(Fig. 6.2 C, D). Similar reporter expression could be found in the myelinated fibre tracts of

the ventromedial hindbrain bundle and hindbrain commissural axons.

In addition to the expression in the CNS Tg(mbpa:EGFP) also showed EGFP expression in
myelinating Schwann cells. However, Jung et al. observed that the signal was weaker than
in oligodendrocytes and that EGFP expressing cells could not always be found in the
peripheral nervous system (PNS) (Jung et al., 2010). Consistent with that, no native
mCherry fluorescence was found in the PNS. It is also possible that the established
Tg(mbpa:mCherry-T2a-CreERT?) lines are CNS specific because founders were selected
for mCherry expression at 4dpf without any selective bias to CNS or PNS. However, at

4dpf native mCherry expression was predominantly seen in the parts of the CNS.

In cross sections of adult transgenic fish (Fig. 6.2 E), mCherry+ cells were present in the
MBP+ regions of the optic tract and the optic tectum (Fig. 6.2 F, G) as well as in the optic
nerve leaving the retina (Fig. 6.2 H,l), consistent with myelinated areas as previously
described (Jung et al., 2010).
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Figure 6.2: The mbpa promoter recapitulates expression in mature oligodendrocytes in the
larval and adult zebrafish CNS.

(A) 6 dpf larvae from the Tg(mbpa:mCherry-T2A-CreER™) line stained with antibodies against
mCherry and MBP show co-existence of mCherry+ cells (red) in MBP+ regions (green) suggesting
mature oligodendrocytes. Scale bar 100 m (B) Higher magnification of the area depicted (white
rectangle) in A. Yellow arrowheads mark mCherry positive oligodendrocytes located in MBP
expressing regions. Scale bar 50 m. (C) Double transgenic Tg(mbpa:mCherry-T2A-CreER™);
Tg(mbpa:EGFP) at 7 dpf show co-localization of EGFP and mCherry expression in
oligodendrocytes in the spinal cord and hindbrain. (D) Higher magnification of the area encircled in
C showing EGFP/mCherry positive oligodendrocytes.

(E) Scheme of cross sections of the diencephalon with optic nerve / tract in adult zebrafish brain as
shown in F and G. (F) Expression of mCherry in oligodendrocytes of the optic nerve / tract shown
by IHC against mCherry (red) and MBP (green) in Tg(mbpa:mCherry-T2A-CreER™) adult fish.
Scale bar 100 m. (G) Higher magnification of the area depicted (white rectangle) in F showing
mCherry expressing cells (yellow arrowheads) located within the MBP expressing optic tract.
Yellow arrowheads point to oligodendrocytes. Scale bar 50 m. (H) Cross section of the retina with
the exit point of the optic nerve immunostained for mCherry (red) and MBP (green) showing
mCherry expressing cells within the MBP expressing processes in the optic nerve as shown in
individual panels. Asterisks mark unspecific auto fluorescence of the retinal pigment epithelium,
photoreceptors and extraretinal tissue. Scale bar 75 m. (I) Higher magnification of the area
depicted (white rectangle) in H showing presumptive oligodendrocytes expressing mCherry (yellow
arrowheads) and located within the MBP staining along axons of the optic nerve. DAPI stains all
nuclei. Scale bar 25 m.

Remarkably, mCherry expression was always restricted to myelinated areas, indicating that
the mbpa promoter fragment faithfully recapitulates endogenous mbp expression in the
adult fish as well. However, MBP staining was much more widespread than mCherry,
which was mostly confined to cell somata. This discrepancy is probably due to local
translation of mbpa mRNA in oligodendrocyte processes where the protein is needed, as
previously described (Colman et al., 1982; Lyons et al., 2009; Muller et al., 2013), whereas
mCherry, a cytosolic protein, is not specifically transported to the processes and therefore
predominantly accumulated in cell body. Taken together, Tg(mbpa:mCherry-T2A-CreERT?)
is selectively expressed by myelinating cells and is well suited to follow myelin expressing

cells over time.

6.3.3 Conditional recombination of mature oligodendroglia upon

Tamoxifen treatment in both larvae and adult
In order to test functionality, Tg(mbpa:mCherry-T2A-CreERT) was crossed with the Cre-

dependent reporter line Tg(hsp70l:loxP-DsRed-loxP-EGFP) which expresses DsRed2
under the control of the ubiquitous, temperature inducible hsp70l promoter, but switches

permanently to EGFP after a successful recombination event (Kroehne et al., 2011).
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Figure 6.3: Conditional CreER™-mediated recombination in Tg(mbpa:mCherry-T2A-CreER™)
in 5 dpf larvae

(A) Schematic representation of treatments applied to achieve conditional CreER™-mediated
recombination with the temperature inducible, Cre-dependent reporter line Tg(hsp70l:loxP-DsRed-
loxP-EGFP). (B) Scheme of the ligand-dependent recombination event in double transgenic
Tg(mbpa:mCherry-T2A-CreER™), Tg(hsp70:loxP-DsRed-stop-loxP-EGFP) larvae. Application of
TAM results in Tg(hsp70: loxP-EGFP) in mbpa expressing cells. (C) Lateral view of a 7 dpf larva
after 4-OHT treatment and heat shock. Recombination is indicated by a switch from red to green
fluorescence in cells in the hindbrain and spinal cord. Scale bar 200 m. (D, E) Higher
magnification of the areas indicated by white boxes in C showing EGFP expressing
oligodendrocytes. (F) Dorsal view of the hindbrain with EGFP fluorescence in presumptive
oligodendrocyte cell bodies (arrowhead) and processes (arrow). Scale bar 100 m. (G, H)
Recombination can also be observed in Schwann cells myelinating the anterior and posterior lateral
lines (arrowheads) Scale bar 200um. (1) Recombination only ever occurred in larvae treated with 4-
OHT and HS but never in control siblings treated with Ethanol and HS. Scale bar 200 m (J).

Asterisks mark auto fluorescence from yolk and pigmentation. Scale bar 200 m.

In 5 dpf larvae, recombination was induced by a single overnight treatment with 5 M 4-
OHT. Expression of DsRed and EGFP one day after heat shock showed that
recombination specifically occurred only in oligodendrocyte-like cells. EGFP expression

strongly resembled mCherry in oligodendrocyte-like cells (Fig. 6.3 C-F).

Although native mCherry fluorescence was not observed in the lateral line of the PNS,
recombined EGFP positive cells could be detected in the anterior and posterior lateral line
(Fig. 6.3 G,H). This is consistent with mbpa expression in Schwann cells of the PNS
(Brosamle and Halpern, 2002), indicating that the mbpa promoter fragment drives CreERT?
expression to some extent in Schwann cells. However, recombination in the PNS was
mosaic and only occurred sporadically. Furthermore, no non-conditional recombination was
observed in double transgenic control fish treated with ethanol and heat shock only (Fig.
6.3 1, J).

In order to measure the recombination efficiency we quantified the number of mCherry+
cells before recombination and the number of EGFP+ cells after recombination in 2
different areas of the CNS (300 m long, see materials and methods) of the ventral spinal
cord and hindbrain of untreated control fish (5 dpf, n=20) and 4-OHT treated siblings (7 dpf,
n=20) followed by a heat shock. In controls, on an average, 31.9 mCherry+ cells were
found in the regions mentioned while the corresponding areas of 4-OHT treated fish,
showed 29.6 EGFP+ cells, indicating high recombination efficiency in approximately 92.8

% of cells expressing mCherry and CreER™ at larval stages.
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To evaluate the functionality of the line for pulse chase experiments, we treated 5 dpf
double transgenic larvae with 4-OHT overnight and performed a heat shock the next day.
EGFP positive fish were selected and re-examined at 15 dpf. Without further 4-OHT
treatment, a second heat shock was applied to activate reporter expression. Using this
paradigm, EGFP expressing oligodendrocytes could be identified, indicating that cells

survived after recombination (data not shown). Cell death however was not evaluated.

Finally, we also examined the functionality of Tg(mbpa:mCherry-T2A-CreER™?) at adult
stages. In double transgenic animals, recombination was induced at the age of ~6 months
by overnight treatment with 2.5 M TAM on three consecutive nights (Fig. 6.4 A). Following
two heat shocks with 1 d interval, animals were sacrificed and analysed for EGFP
fluorescence. Co-staining with anti-MBP antibody showed that recombined cells with strong
EGFP expression can be found in myelinated areas of the telencephalon, optic tract,
diencephalon and the optic nerve exiting the retina (Fig. 6.4 B-F). The EGFP signal co-
localised with the anti-MBP, especially in cellular processes. Similar to the observations in
the larvae no non-conditional recombination was observed in double transgenic control
animals treated with DMSO and subsequent heat shock, indicating tight regulation of
CreERT™.

These findings show that the novel transgenic line is functional at larval and adult stages,

and allows conditional recombination specifically in myelin expressing cells.

6.4 Discussion

We have successfully generated a transgenic zebrafish mbpa Cre-driver line
Tg(mbpa:mCherry-T2A-CreER™2), which expresses CreER™ in myelinating cells of the
CNS. The expression pattern of mCherry as well as that of EGFP of a Cre-dependent
reporter after successful recombination faithfully recapitulates the endogenous expression
pattern of mbpa at larval and adult stages (Brosamle and Halpern, 2002; Almeida et al.,
2011), which we confirmed by co-immunostaining. The observed expression also
corresponds to the expression pattern in the earlier Tg(mbpa:egfp) line, in which EGFP is

driven by the same promoter fragment (Jung et al., 2010).

We further demonstrate that recombination in oligodendrocytes can be achieved at all

stages examined, even in adults. Finally, we also find that recombination does not impair
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oligodendrocytes and that they can survive transgene expression for extended periods of
time.

Recombination in our newly generated Tg(mbpa:mCherry-T2A-CreERT?) line was closely
linked to induction by TAM or 4-OHT treatment, and no unconditional recombination was
observed in control groups treated with the solvent only. Also, EGFP expression was only

found in myelinating cells, even after a 10-day chase.

In larvae the percentage of recombined oligodendrocytes in the CNS was very high: the
number of EGFP expressing cells reached 92.8% of mCherry positive cells in untreated
siblings. Despite absence of native mCherry fluorescence in the PNS some recombination
was also detected in Schwann cells. However, recombination was only mosaic and
sporadically, indicating that our established Tg(mbpa:mCherry-T2A-CreER™?) lines are a

non-reliable tool to recombine in myelinating cells of the PNS.

Moreover, lower or higher recombination rates can potentially be obtained by shorter (or)
longer 4-OHT / TAM treatments, respectively. Control of the recombination rate can be
advantageous for the analysis of individual oligodendrocytes which can be easily controlled
by the dose of the ligand administered (Hans et al.,, 2009). Hence, using our newly
established line Tg(mbpa:mCherry-T2A-CreER™?), the fate of single recombined
oligodendrocytes can be followed, whereas in Tg(mbpa:EGFP) transgenic zebrafish, it is

not possible to observe individual oligodendrocytes in heavily myelinated tracts.

Our line can be used to address questions focussing on oligodendrocyte differentiation. In
combination with a reporter line, like Tg(hsp70:loxp-DsRed-loxp-EGFP), our line can be
used for cell tracing or cell fate determination of myelinating cells in different contexts. It
therefore allows elucidating cellular and molecular mechanisms of myelination in vivo
during development (myelination) or after CNS injury (remyelination). In our previous study
analyzing the fate of oligodendrocytes in the goldfish visual pathway after optic nerve
lesion we have used dye injections (lucifer yellow) into individual oligodendrocytes in situ at
different time points after lesion (Ankerhold and Stuermer, 1999). Based on the
morphology of injected cells, we concluded that oligodendrocytes de-differentiate after
axonal lesions and re-differentiate to remyelinate the axons after synaptic connections

have been restored in the optic tectum. Tg(mbpa:mCherry-T2A-CreERT?) will allow us to
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substantiate the earlier findings and will help to decide if indeed old cells form new myelin

during axon regeneration (Ankerhold and Stuermer, 1999).
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Figure 6.4: Conditional CreER™-mediated recombination in Tg(mbpa:mCherry-T2A-CreER™)
in the adult zebrafish CNS.

(A) Schematic representation of treatments applied to achieve conditional CreER™-mediated
recombination with the temperature inducible, Cre-dependent reporter line Tg(hsp70l:loxP-DsRed-
loxP-EGFP). (B) Cross section of the diencephalon with optic tracts and the rostral optic tectum
immunostained for MBP (red) and EGFP (green). Scale bar 100 m. (C) Higher magnification of
the area depicted (white rectangle) in B showing presumptive oligodendrocytes (marked by
arrowheads) after recombination expressing EGFP and co-stained with MBP (red). Scale bar
50 m. (D) Cross section of the retina with the exit point of the optic nerve immunostained for EGFP
(green) and MBP (red) showing recombined cells (EGFP) within the MBP expressing optic nerve.
Scale bar 50 m. (E) Higher magnification of the area depicted (white rectangle) in C showing
EGFP expressing cells (yellow arrowheads) co-expressing MBP. Scale bar 25 m. (F) Cross
section of the dorsal telencephalon showing presumptive mature oligodendrocytes after
recombination expressing EGFP (yellow arrowheads), co-immunostained with MBP (red) and
located along the MBP positive lateral olfactory tract (yellow dotted line) and the dorsal part of the

entopeduncular nucleus. DAPI stains nuclei. Scale bar 25 m.

This novel line allows temporally controlled myelin-targeted expression of transgenes
mainly in oligodendrocytes and potentially also in some Schwann cells by crossing it to
effector lines containing loxP constructs with genes of interest. Moreover, TAM-dependent
recombination allows different recombination rates, sparse or robust, and subsequently
labelling of few or many oligodendrocytes and Schwann cells. Furthermore, the fact that
the expression of these genes can be induced at a specific time point circumvents potential
negative effects that permanent expression of non-endogenous genes during embryonic or
larval development might cause. The line could additionally be used for oligodendrocyte-

specific cell ablation.

6.5 Conclusion

Taken together, cell type specific recombination in zebrafish using inducible Cre is a novel
technical methodology. We report here for the first time functional CreERT™ expression
specifically in myelinating glia of zebrafish. Our newly established Tg(mbpa:mCherry-T2A-
CreERT™) line will be a useful tool in future studies aiming at a better understanding of
myelination during development, under homeostatic conditions as well as during axon
regeneration after injury. Furthermore, it allows targeted expression of transgenes in larvae

and adults without interfering with earlier developmental stages.
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6.6 Methods

6.6.1.1 Zebrafish husbandry

Zebrafish (Danio rerio) were maintained at 28 C under a 14-hour light, 10-hour dark cycle
(Brand et al., 2002). Developmental stages are indicated according to Kimmel et al.
(Kimmel et al., 1995) and in hours, days and months post fertilization (hpf, dpf and mpf
respectively). Some embryos were raised in fish water containing 0.003% 1-phenyl 2-
thiourea to prevent pigmentation (Karlsson et al., 2001). Tg(hsp70:loxp-DsRed-loxp-
EGFP)wdi07 and Tg(mbpa:EGFP)! have been previously described (Jung et al., 2010;
Kroehne et al., 2011). All experiments were performed in compliance with animal welfare
legislation. Procedures were approved by the ethical approval committee of the
Regierungspr sidium Dresden, Germany: AKZ: 24-9168.11-1/2013-29 and the
Regierungspr sidium Freiburg, Germany: AKZ: 35 9185.81/G-13/103. All efforts were

made to minimize animal suffering and the number of animals used.

6.6.1.2 Generation of the Tg(mbpa:mCherry-T2A-CreERT?)

To create the pTol mbpa:mCherry-T2A-CreER™ plasmid, ~2.0 kb of the mbpa
[ENSDARGO00000036186] regulatory region were amplified by PCR with restriction sites
EcoNI at the 5 end and Fsel at the 3 end. PCR products were sequentially subcloned into

the EcoNI-Fsel site of the pToI:mCherry-TZa-CreERT2 (Hans et al., 2009). For germ line
transformation, plasmid DNA and Tol2-transposase mRNA were injected into fertilized
eggs (F0), raised to adulthood and crossed to wild-type zebrafish from the AB line, which is
the primary background of all transgenic and mutant fish that come from the Zebrafish
International Resource Stock Center (ZIRC) in Oregon, USA.

F1 embryos were screened by PCR using mbp (ttgccaacgttgtaggctactacc) and Cre
(tagagcctgttttgcacgttcacc)-specific primers that result in an 867 base pair fragment.

Positive embryos were examined under a fluorescence microscope and mCherry+

embryos were raised. Out of 16 PCR-positive FO fish, 7 lines showed a distinctive CreER'"
expression pattern. Two lines, Tg(mbpa:mCherry-T2A-CreERT2)k™ and Tg(mbpa:mCherry-
T2A-CreERT2)kn5  with weak and strong mCherry expression, respectively, were

established.
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6.6.1.3 Pharmacological treatments and heat induction

Larvae: For pharmacological treatments the following stock solutions were made and
stored at -20 C:; 10 mM 4- Hydroxy-tamoxifen (4-OHT; Sigma, H7904) in ethanol. Larvae
(5 dpf onwards) were incubated overnight in 5 M 4-OHT. For control treatments, sibling
embryos were incubated in corresponding dilutions of ethanol. All incubations were
conducted in the dark. For heat shock experiments, larvae were transferred into fresh petri
dishes. After removal of excess embryo medium, pre-warmed 40 C embryo medium was
added and the petri dishes were kept for 1.5 h in a 38 C incubator. Afterwards, embryos
were returned to 28.5 C. The analysis of the fluorescent proteins occurred 1 d after heat

shock.

Adults: Adult fish of ~6 months of age were used in the study. Adult zebrafish were
subjected to three consecutive overnight treatments with 2.5 M TAM with a 12 h resting
period in between. Subsequently, fish were treated on two consecutive days with 2 h heat
shocks. This was achieved by slowly warming the water in which the fish were located from
28 C to 38 C over the course of 1 h and fish were kept at this temperature for an additional

hour.

6.6.1.4 Fluorescence expression in larvae
mCherry, DsRed and EGFP expression in larvae was analyzed by using a confocal laser-

scanning microscope (LSM700 META; Carl Zeiss).

6.6.1.5 Evaluation of recombination efficiency

20 untreated and 4-OHT and HS treated sibling larvae (treatments applied as described in
Fig. 6.3 A) were photographed at 5 and 7 dpf and the number of fluorescent cells (mCherry
in untreated control fish, EGFP in treated larvae) was counted in 300 m long segments in
the hindbrain and the ventral spinal cord anterior to the pronephric duct. Altogether, 848

cells were counted in controls and 787 EGFP positive cells in recombined fish.

6.6.1.6 Tissue Preparation

Fish heads were fixed in freshly prepared 4% PFA (Paraformaldehyde) in 0.1 M phosphate
buffer, pH 7.4 (PB) overnight followed by a decalcification treatment with 0.5 M EDTA and
20% sucrose in PB solution overnight prior to embedding in 7.5% Gelatine and 20%

Sucrose in PB. Fish heads were instantly frozen on dry ice and cryosectioned at 10 m
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thickness using Microm HM 560 cryostat. Cryopreserved heads were stored at -80 C and
the cryosectioned slides were stored at -20 C prior to immunohistochemistry (IHC).

6.6.1.7 Immunohistochemistry on larvae

Anesthetized larvae were fixed in 4% PFA in phosphate-buffered saline (PBS) for 30 min at
RT, washed in PBS-Tween 20 (PBST) and permeabilized in acetone for 7 min at 20 C.
MBP and mCherry antibodies were used for whole-mount immunostainings: polyclonal
anti-MBP, 1:50 (kindly provided by William S. Talbot & David Lyons, Stanford University
School of Medicine, USA); monoclonal anti-mCherry, 1:200 (Clontech, Cat.No: 632543).
The MBP-antibody was raised against a peptide that is only present in Mbpa
(CSRSRSPPKRWSTIF), but not in Mbpb, and therefore recognises only this isoform
(Lyons et al., 2005).

6.6.1.8 Immunohistochemistry on cryosections

For immunohistochemistry, the slides were thawed and air dried prior to the washes with
1x PBS with 0.3% Triton-X100 (PBS-TX). Primary and secondary antibodies were
incubated in PBS-TX. Primary antibodies were incubated overnight at 4 C and secondary
antibodies for 2 h at room temperature. The slides were washed in PBS-TX and mounted
with 80% Glycerol. Primary antibodies used were: polyclonal rabbit anti-MBP (1:100),
monoclonal mouse anti-mCherry (1:200, Clontech, Cat.No: 632543), polyclonal chicken
anti-GFP (1:2000, Abcam, Cat.No: ab13970). Alexa conjugated (488, 555 and 633) highly
cross-adsorbed secondary antibodies raised in an animal corresponding to the primary
antibody were used for detection (1:750, Invitrogen). Immunostained samples were imaged

at a laser scanning confocal microscope (Leica-SP5).
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7 An attempt at creating and establishing transgenic
lines to investigate the impact of mammalian
inhibitors on axon regeneration in the zebrafish

7.1 Abstract

Regeneration in the central nervous system is an ability that has been lost in birds and
mammals. Axons in the mammalian CNS fail to regenerate but successfully regrow in fish.

In mammals regeneration is blocked by myelin-associated inhibitors, i.e. Nogo-A.

In this paper, by using the Cre-loxP system we attempted to express the mammalian
inhibitor Nogo-A in oligodendrocytes and myelin of the regenerating optic nerve of

zebrafish to thus affect the growth of fish axons in vivo.

Regeneration of axons in the presence of Nogo-A is to be compared to axons regenerating
in an environment which contains enhanced levels of the inherent zebrafish Nogo-
homologues rtn4a or rtn4b. The aim of the experimental setup is to determine whether fish
axons, despite their amazing abilities to upregulate genes that support regeneration will be

inhibited by increased concentrations of inhibitors.

Furthermore, we want to examine whether the Cre-loxP system can be applied to achieve

targeted expression of genes in adult zebrafish.

The Cre-loxP system proved not to be handy in our experimental setup. While the system
worked well and reliably in embryonic stages, it was problematic in the larval stages, where

regeneration could only be achieved in a subset of the lines but not all of them.

In adults, recombination was sporadic and unreliable. We therefore conclude that the Cre-
loxP system possesses many pitfalls, like varying recombination efficiency and successive
loss of transgene expression, that make it a questionable tool to approach transgenic
modification in the adult fish.
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7.2 Introduction

During evolution, the capacity for axon regeneration has successively been lost. Whereas
fish and urodeles are capable of regenerating injured axons in the brain and spinal cord
(Chernoff, 1996; Ferretti et al., 2003), regeneration in higher vertebrates is limited to the
peripheral nervous system (PNS) and practically non-existent in CNS fiber tracts. As a
consequence, injury in the human nervous system leads to lasting damages and
permanent loss of function. There are two explanations for differences in regeneration
success between the species: the absence of inhibitors in the environment of regenerating
axons in fish and other species allows substantial regrowth of nerves; and neuron intrinsic
properties provide fish CNS neurons with the ability to regrow their axons. The inhibitory
environment in mammals is largely defined by myelin-associated inhibitors like the
oligodendrocyte myelin glycoprotein, the myelin-associated glycoprotein and the reticulon
protein Nogo-A (McKerracher et al., 1994; Chen et al., 2000; Kottis et al., 2002). Nogo-A is
known to exhibit inhibition through two distinct domains, the Nogo-66 domain in the C-
terminal reticulon homology domain (RHD) and the A20 domain in the Nogo-A specific
region (NSR) at the N-terminal portion of the gene (Schwab, 2010). Inhibition is transmitted
through receptors specific for each inhibitory region. In the case of the A20 region,
inhibition is transmitted through the G-protein coupled receptor S1PR2 (Kempf et al.,
2014). Nogo-66 inhibition is transmitted through either a receptor complex consisting of
NgR and Lingol or p75/Troy (Fournier et al., 2001; Wang et al., 2002a; Mi et al., 2004,
Shao et al., 2005) or through the receptor PirB (Atwal et al., 2008).

In vitro experiments have shown that both mammalian CNS myelin and Nogo-A have the
ability to inhibit the regeneration of both fish and rat axons, whereas fish CNS myelin does
not possess inhibitory properties for either axon type (Bastmeyer et al., 1991; Abdesselem
et al., 2009). Of the two zebrafish Nogo homologues, rtn4a has been shown to not inhibit
axon growth. The second homologue, rtn4b has a N-terminal domain which resembles the
NSR in mammals (Shypitsyna et al., 2011), but its inhibitory properties were only recently

determined.

In in vitro experiments, the effect of a defined region from the NSR from both zebrafish and
rat on axon outgrowth was determined. This region is comprised of the Nogo-A- 20

domain and an additional N-terminal stretch which contains a tripeptide motif that is
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conserved between different species. The region was called M1-4. Experiments with single
cell RGCs from zebrafish and rat hippocampal neurons showed that the M1-4 region from
both rat and zebrafish can inhibit outgrowth of neurites from single cells. At the same time,
however, zebrafish axons extending from a retinal explant do not avoid stripes of ZF M1-4,
but only those of rat M1-4. It was also determined, that concentrations of Rtn4b are very
low in the optic nerve myelin after ONS and is therefore not a hindrance to regenerating
zebrafish axons in vivo. ZF M1-4 consequentially does possess some inhibitory properties
but is not as potent as rat M1-4 and is barely present in the myelin which fish have to cross

during regeneration (submitted manuscript (Bodrikov et al.)).

Since Nogo-A indeed inhibits the growth of zebrafish axons in vitro, it would be interesting
to determine whether this same effect can be observed in vivo (Fig. 7.1). If regeneration in
the optic nerve of a living fish is blocked by the presence of the mammalian inhibitor in the
surrounding myelin, this would indicate that myelin associated inhibitors can override the
neuron-intrinsic properties that allow fish axon regeneration. If however, regeneration still
occurs in vivo, the pro-regenerative properties of fish axons are dominant and potent
regulators of regeneration with impact for the development of therapeutic approaches after

CNS injury in mammals.

Figure 7.1: Regeneration differs between species.

In the mouse spinal cord, the environment regenerating axons encounter is not conducive to
regeneration due to myelin associated inhibitors and the glial scar. Therefore, regeneration is
strongly limited and function cannot be restored after damage to the CNS. In the fish CNS, the
myelin is growth permissive and axons regrow efficiently after sectioning of the nerves. The effect
of mammalian inhibitors or an increase of the zebrafish inhibitor Rtn4b in the path of regenerating
fish axons is not known. In vitro, mammalian Nogo-A can inhibit fish axon regeneration.
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In order to achieve the targeted expression of the mammalian inhibitor in the CNS of
fishes, we developed a novel application of the Cre-loxP system. This system has so far
mostly been used for fate tracing. By using a lox switch product, expression of a gene can
be turned on through Cre-mediated recombination. All cells that originate from a
recombined cell can then be traced by expression of the gene that has been switched on,
in most cases a reporter gene like EGFP or DsRed (Dymecki and Kim, 2007). In mouse,
the Cre-loxP system is the gold standard for loss and gain of function experiments (Sauer,
1998; Bailey et al., 2009). Here, we will attempt to use the Cre-loxP system to achieve

targeted expression of different genes in adult transgenic zebrafish.

As a tool to create the transgenic lines, the Tol2 system was used. The Tol2 element
contains a gene encoding an active transposase (Tp). Transposases catalyse the excision
of DNA stretches between certain marker sequences and their integration in other areas of
the DNA. This mechanism can be applied to generate transgenic fish by co-injecting Tp
MRNA with a Tol2 donor plasmid containing the DNA that is to be integrated into the

genome directly into the cell of one-cell stage fertilized zebrafish eggs (Abe et al., 2011).

Two types of lines were established, a driver line to achieve the targeted expression of the
recombinase in oligodendrocytes and an effector line which carries the gene encoding the
inhibitor. In the driver line, Cre-ER™ is expressed under the promoter of the myelin basic
protein (mbp) (Pinzon-Olejua et al., 2017). This protein is solely expressed in myelinating
cells, meaning oligodendrocytes and Schwann cells (Brosamle and Halpern, 2002). The
activity of the recombinase is regulated by its fusion to the ligand binding domain of the
estrogen receptor, retaining the protein in the cytoplasm by interaction with hsp90 until
Tamosifen (TAM) or 4-OHT treatment removes the recombinase from hsp90 by affecting a
conformational change in the ligand binding domain thus allowing the relocation of CreERT™2
to the nucleus (Mattioni et al., 1994; Feil et al., 1997; Shi and Bassnett, 2007).

The effector line carries the following construct: hsp70:loxP-DsRed-Stop cassette-loxP-
EGFP-Gene of Interest (Gol), with the gene of interest being Nogo-A, rtnda or rtn4b. In
double transgenic fish, a heat shock without prior TAM treatment leads merely to the
expression of DsRed, since the stop cassette prevents the expression of EGFP or the
Gene of Interest. After TAM treatment, CreERT leads to the excision of the DsRed gene

along with the stop cassette in cells in which the mbp promoter is active. As a
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consequence, a red-to-green switch occurs in these cells and upon heat shock the Gene of
Interest, in this case Nogo-A or rtn4a/4b, is expressed (Fig. 7.2).

The aim of our project is to examine the effects of Nogo-A on regenerating axons in the
zebrafish when it is expressed in the myelin surrounding the axons. As a control, effector
lines expressing either rtn4a or rtn4b will be used.

Figure 7.2: Theory of recombination.

Crossing of fish from the driver Tg(mbpa:mCherry-T2A-CreER™) with the effector line
Tg(hsp70:loxP-dsRed-loxP-egfp-T2A-Gol) leads to double transgenic offspring that carry both the
effector and the driver elements. If these fish are subjected to a heat shock, the hsp70 promoter is
activated and DsRed is expressed in all cells of the fish. If the fish are previously treated with TAM,
CreERT™ leads to the excision of the stop cassette with the DsRed gene in all cells in which the mbp
promoter is active at the time of the treatment, namely the oligodendrocytes of the spinal cord and
optic nerve. As a consequence, EGFP and the Gene of Interest (Gol) are now expressed upon heat
shock.

7.3 Results

7.3.1 Using the Tol 2 system founders for the Tg(hsp70:loxP-dsRed-
loxP-egfp-T2A-rtn4b) line could be created

In order to create the transgenic (hsp70:loxP-dsRed-loxP-egfp-T2A-rtn4b) line the genetic

construct bearing the hsp70 promoter as well as the genes for DsRed, EGFP and rtn4b

(Fig. 7.3 A) were cloned into the pTol\hsp70\DsRed vector (kindly provided by Michael

Brand, CRTD Dresden) which contains the DNA sequences that are recognised by the
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transposase and that are essential for transposition, namely a 200 and 150 bp long stretch
of DNA (Urasaki et al., 2006) that frame the hsp70-loxP-DsRed-stop-loxP-EGFP-T2A-rtn4b
construct. The DNA located between these sequences is excised and incorporated into the
genome by the Tol2 Transposase to create founder fishes.

To test the functionality of the pTol\hsp70\DsRed\EGFP\rtn4b vector, it was first injected
into one cell zebrafish wild-type embryos which were at 6 hpf subjected to a heat shock.
This resulted in mosaic expression of DsRed all over the embryo (Fig. 7.3 B). In the next
step, Cre-mRNA was co-injected with the pTol\hsp70\DsRed\EGFP\rtn4b vector. Cre
MRNA should be translated in the embryos and the active Cre protein leads to the excision
of the DNA located between the two loxP sides, namely the DsRed gene and the stop
cassette (Fig. 7.3 C). Consequently, a heat shock leads to mosaic GFP expression (Fig.
7.3D).

In the next step, the pTol\hsp70\DsRed\EGFP\rtn4db vector was co-injected with
Transposase MRNA into fertilized one-cell stage wild-type zebrafish eggs in order to
achieve stable integration of our transgenes into the genome and therefore the creation of
potential founders for our transgenic lines. Transposase activity was tested by an excision
assay in which DNA is extracted from a number of injected embryos and tested in a PCR
which will only provide a result when the DNA located between the minimal required
regions has been excised from the vector (Fig. 7.3 E). The remaining embryos were

subjected to a heat shock and DsRed positive fish were selected for raising into adulthood.
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Figure 7.3: Generation of the transgenic effector line.

(A) The construct which is incorporated into the genome of founder fish consists of a heat shock
promoter (hsp70), two loxP sites, which frame a DsRed gene and a stop cassette, and an EGFP
and the rtn4b gene which are separated by the viral peptide T2A (grey). (B) Test injection of the
plasmid carrying the effector construct shows that the construct is functional since DsRed is
expressed after heat shock. (C) Cre activity leads to the excision of the DNA located between the
loxP sites, therefore enabling expression of EGFP and the rtn4b gene. (D) Co-injection of Cre
MRNA with the effector vector leads to EGFP expression upon heat shock. (E) Injection of the
rtndb-vector together with Transposase mRNA stably incorporates the effector construct into the
genome. Upon heat shock, DsRed is again expressed. Scale bars 500 m. (F) In order to test the
efficiency of the incorporation into the genome, a Transposase excision assay was performed. After
co-injection of Tp MRNA and the rtn4b vector, Transposase (Tp) activity leads to the excision of the
area located between the minimal required regions (dark grey) from the vector. The remaining
vector is then re-aligned to a circle. If a PCR is now performed with primers adjacent to the position
where the DNA was excised, a result will only be achieved if the Transposase has been active and
has excised the DNA. In this case, DNA was extracted from 11 fish and in 10 of them a PCR result

was generated, showing high Transposase efficiency.
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7.3.2 The stable Tg(hsp70:loxP-dsRed-loxP-egfp-T2A-rtn4b) line

increases Rtn4b protein levels upon recombination
When the selected fish had reached an age of three months, they were crossed to wild

type fishes and their offspring analysed for the stable insertion of the transgene by heat
shock and fluorescence analysis. Approximately 60% of the analysed fish produced
fluorescent offspring. From the offspring, three fish with different expression levels (weak,
middle and strong) were selected as founders. They were crossed to wild type fish and

their transgenic offspring raised to establish three different lines.

When the offspring was old enough for breeding, siblings from each of the strains were
incrossed and the resulting embryos injected with Cre-mRNA to test the recombination
abilities of the lines. Without heat shock, no fluorescence could be observed in either
controls or the injected embryos. Heat shock of uninjected embryos led to red
fluorescence. When injected embryos were treated with a heat shock, however, they

expressed the EGFP gene and showed green fluorescence (Fig. 7.4 A).

To show that these fish also express the introduced rtn4b gene upon Cre recombination
and heat shock, EGFP-injected embryos from two of the lines (termed 5 (strong) and 16
(middle)) were selected and protein extracted from them and their uninjected siblings.
Analysis of these lysates by Western Blot showed that the protein levels of Rtn4b were
indeed highly increased in injected embryos from strain 5 and slightly increased in embryos
from strain 16 (Fig. 7.4 B).

The same result could be achieved when fish from the two Tg(hsp70:loxP-dsRed-loxP-
egfp-T2A-rtn4b) strains were crossed with the adults from the Tg(ubi:CreERT?) transgenic
line (Mosimann et al., 2011) which expresses Cre ubiquitously. The resulting offspring was
treated with 4-OHT and a heat shock. Green fluorescence showed the efficient excision by
the CreER™ recombinase (Fig. 7.4 D). Western Blot analysis of lysates prepared from
control embryos treated only with heat shock and their siblings treated with 4-OHT and
heat shock again showed a significant increase of Rtn4b levels after 4-OHT-initiated
recombination compared to controls (Fig. 7.4 C). Recombination did not occur in the
absence of 4-OHT.

Fish from the different strains were continuously outcrossed to wild-type fishes, until the

ratio of transgenic offspring from these crosses was 50%. This indicated, that the
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transgenic parent only carried one transgenic insertion. Higher rates of transgenic offspring

would indicte that the parent possessed more than one insertion of the transgene.
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Figure 7.4: In the generated rtn4b-loxP line rtndb overexpression can be achieved by Cre
MRNA injection and crossing with a Cre driver line.
(A) Without prior treatment, Cre-injected Tg(hsp70:loxP-dsRed-loxP-egfp-T2A-rtn4b) embryos do
not exhibit fluorescence. Uninjected embryos treated with a heat shock show red fluorescence all
over the embryo due to the expression of the DsRed gene. Heat shock treatment of Cre-mRNA
injected embryos leads to expression of the EGFP gene and green fluorescence. Scale bar 500
m. (B) The overexpression of rtndb upon Cre-injection and HS can be shown by Western Blot.
Embryos from both the 5 and the 16 strain show enhanced levels of Rtn4b when compared to
uninjected, heat-shocked siblings. (C) The same upregulation of Rtndb can be achieved by
crossing the Tg(hsp70:loxP-dsRed-loxP-egfp-T2A-rtn4b) line to the ubiquitous Tg(ubi:CreER™) line
(Mosimann et al.,, 2011) and performing the recombination treatments. (D) Double transgenic
(ubi:CreER™); (hsp70:loxP-dsRed-loxP-egfp-T2A-rtn4b) embryos show no fluorescence without
treatment, DsRed fluorescence after heat shock and green fluorescence after HS and TAM
treatment. Scale bar 200 m.

7.3.3 Oligodendrocyte / myelin-targeted rtn4b over-expression can be

achieved in double transgenic larvae
Since the transgenic (hsp70:loxP-dsRed-loxP-egfp-T2A-rtn4b) line proved to be functional

in embryonic stages, the next step was combining it with the myelin specific Cre driver line
Tg(mbpa:mCherry-T2A-CreER™2) (Pinzon-Olejua et al., 2017). Crossing of the two lines
resulted in double transgenic offspring. This offspring was raised to an age of 5 dpf, at
which stage the recombination was initiated by 4-OHT treatment over night. At 6 dpf a heat
shock was administered and the fish were analysed for EGFP expression under a confocal
microscope 24h later. As expected, larvae showed a strong ubiquitous DsRed signal as
well as a specific EGFP signal that was restricted to the oligodendrocytes of the spinal cord
(Fig. 7.5 A). In comparison to the Tg(hsp70l:loxP-DsRed-loxP-EGFP) line (Kroehne et al
2011) however, recombination was less reliable and the number of recombined
oligodendrocytes was lower. Recombination efficiency also varied between the different
rtndb strains, with strain 16 (median intensity) showing the best results, while strain 5 and

20 rarely showed recombination.

In order to visualize the expression of rtn4b in the oligodendrocytes, recombined embryos
at 7 dpf were subjected to immunostainings with Rtn4b (K1121) and EGFP antibodies. In
order to increase recombination for these stainings, larvae were repeatedly treated with 7.5

M 4-OHT starting at 3 dpf. Analysis of the stained embryos showed restricted EGFP
staining of oligodendrocytes in the brain, spinal cord and optic nerve of double transgenic
larvae (Fig. 7.5 B-E). K1121 staining was much more extensive due to the fact that the
protein is naturally expressed in the zebrafish spinal cord and eye and the antibody had a

higher background. Therefore, single oligodendrocytes could not always be distinguished
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from the background expression of rtn4b. However, closer analysis of the spinal cord
allowed the identification of EGFP-positive, oligodendrocyte-like cells in which the red

fluorescence was increased in comparison to the surroundings.
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Figure 7.5: Crossing the Tg(hsp70:loxP-dsRed-loxP-egfp-T2A-Rtn4b) line to the
Tg(mbpa:mCherry-T2A-CreER™) driver leads to myelin specific overexpression of rtn4b.

(A) Lateral view of a 7 dpf double transgenic larva after 4-OHT and heat shock treatment.
Recombination is indicated by a switch from red to green fluorescence in the spinal cord and brain.
(B) Lateral view of a seven day old larvae fixed after TAM and HS treatment and stained with EGFP
and Rtn-4b antibodies (K1121). Scale bars 300 m. (C) Enlarged view of the area indicated by the
white box in (B). EGFP staining is restricted to cell bodies of oligodendrocyte-like cells. K1121
staining is more widespread since it is expressed naturally in axons but also co-localizes with the
EGFP staining in oligodendrocytes. Scale bar 50 m. (D) Dorsal view of the zebrafish head. K1121
stains neuronal structures like the optic nerve , the retinal ganglion cell layer in the retina and the
otic vesicle. Scale bar 200 m. (E) Higher magnification of the area indicated by white boxes in (D)
shows EGFP expressing oligodendrocytes in the optic nerve. The EGFP signal overlaps with the
K1121 signal. Scale bar 100 m.

Cells which showed EGFP fluorescence always also exhibited red fluorescence. This
shows, that recombined oligodendrocytes which display EGFP fluorescence also possess

increased levels of Rtn4b.

7.3.4 Overexpression of both Nogo-A and rtn4a can be achieved in the

established effector lines
The creation of the transgenic lines for expression of zebrafish rtnda Tg((hsp70:loxP-

dsRed-loxP-egfp-T2A-rtn4a) and rat Nogo-A Tg(hsp70:loxP-dsRed-loxP-egfp-T2A-rat
Nogo-A) are described in the PhD Thesis of A. Pinzon-Olejua (Pinzon-Olejua, 2014).
Recombination and expression of Nogo-A was tested in the three different available strains
of the Nogo-A effector line by Cre mRNA-injection and crossing of the line with the
Tg(ubi:CreERT?) driver line (Fig. 7.6 B). Formation of Nogo-A was checked by fluorescence
analysis and Western Blot. Nogo-A was formed in Cre-injected fish from two strains (8 and
2) upon heat shock (Fig.7.6 C). The third strain did not show any detectable amounts of
Nogo-A. In the double transgenic embryos, Nogo-A was only formed upon a combined
treatment with heat shock and TAM (Fig. 7.6 A). Again only two of the strains showed
recombination. Recombination in the rtn4a line was also checked (Pinzon-Olejua, 2014;
Stadter, 2014).

The different effector lines carrying either the rtn4b, rtn4a or Nogo-A gene were further
crossed to a neuronal CreERT? driver line to analyse whether over-expression of the genes
in neuronal areas leads to any kind of malformation (unpublished line, kindly provided by
Stefan Hans, CRTD Dresden). This line expresses CreERT? in several neuronal structures
like the spinal cord, brain and the eyes from approx. 16 to 72 hpf. Recombination was
achieved and EGFP positive embryos analysed from 1 dpf onward. Neither the rtn4b nor
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the rtn4a overexpressing embryos showed any abnormalities in these experiments. In
contrast, EGFP-positive, recombined Nogo-A expressing embryos were severely affected
in their development. In compliance with the expression pattern of the CreER' protein,
embryos showed under- and misdeveloped eyes, a strongly bend trunk, restricted growth
and an overall delayed development (Stadter, 2014). These results showed us firstly, that
the protein is biologically active, and secondly, that it might lead to problems upon

overexpression.

7.3.5 Myelin-specific expression of the transgenes can be achieved with
the rtn4a- but not with the Nogo-A effector line
In the next step of the establishment of the transgenic lines, the Tg(hsp70:loxP-dsRed-

loxP-egfp-T2A-rtn4a) lines were crossed to the mbp-specific driver line Tg(mbpa:mCherry-
T2A-CreERT™?) to elicit restricted recombination in oligodendrocytes. In case of the rtnda-
loxP line, recombination could be achieved in all lines (6, 7 and 16). Recombination was
effective and reliable foremost in line 6 (Fig. 7.6 D). To test whether recombination had
adverse effects on the oligodendrocytes, double transgenic larvae were treated with 4-OHT
and HS at 5 and 6 days, respectively, and analysed for fluorescence at 7 dpf. EGFP-
positive larvae were selected and raised to an age of 18 dpf. At this stage, the heat shock
was repeated without prior 4-OHT treatment. The fact that a large number of EGFP
positive oligodendrocytes could be found in the spinal cord 24 h after heat shock showed,

that the cells were not severely affected by the recombination.

When testing recombination in Tg(hsp70:loxP-dsRed-loxP-egfp-T2A-rat Nogo-A);
(mbpa:mCherry-T2A-CreERT2) double transgenic larvae, however, no recombination could
be observed. This was true for both available strains. Experiments were repeated several
times and all different strains of the effector line were crossed with all available strains of
the driver, but without success. Two possible explanations for the lack of recombination are
conceivable to us. Either no recombination occurred or the expression of Nogo-A after the

recombination proved to be fatal to the oligodendrocytes.

To analyse the events upon recombination, we examined larvae in short temporal intervals.
Every hour after heat shock on 4-OHT treated Tg(hsp70:loxP-dsRed-loxP-egfp-T2A-rat
Nogo-A); (mbpa:mCherry-T2A-CreERT?) double transgenic larvae, 20 larvae were selected

and analysed under the confocal microscope.
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Figure 7.6: Establishing the Nogo-A and rtn4a effector lines.

(A) Double transgenic Tg(hsp70:loxP-dsRed-loxP-egfp-T2A-rat Nogo-A); (ubi:CreER™) embryos
only express Nogo-A after Cre activation by TAM and heat shock. Scale bar 500 m. Nogo-A
expression could be seen both in Tg(hsp70:loxP-dsRed-loxP-egfp-T2A-rat Nogo-A) transgenic
embryos after heat shock that were injected with CremRNA in the one-cell stage (B) and in
Tg(hsp70:loxP-dsRed-loxP-egfp-T2A-rat Nogo-A); (ubi:CreER'™) double transgenic embryos that
were treated with both TAM and HS (C). Nogo-A expression was only seen if both treatments were
carried out. As a positive control, mouse brain lysate (M) was used. (D) Lateral view of a 7 dpf
Tg((hsp70:loxP-dsRed-loxP-egfp-T2A-rtn4a);(mbpa:mCherry-T2A-CreER™) larva treated with 4-
OHT and HS shows specific recombination in the oligodendrocytes of the brain and spinal cord.
Scale bar 500 m.

This was performed from 1 h until 10 h post heat shock. Since the EGFP protein is formed
faster than Nogo-A, green fluorescence should be visible in the cells at some point,

regardless of whether or not Nogo-A is harmful. Nogo-A double transgenics showed no
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fluorescence at any time during the observation, although Tg(hsp70l:loxP-DsRed-loxP-
EGFP); (mbpa:mCherry-T2A-CreER™2) double transgenic control larvae showed strong
EGFP fluorescence in their oligodendrocytes within 5 hours after heat shock. One day after
heat shock, there was still no EGFP fluorescence whereas the DsRed signal had fully

developed by this time.

To receive further information about possible events in the genomes of the effector fish, the
genome of the effector lines was directly analysed by PCR. A forward primer located in the
hsp70 promoter and a reverse primer that binds in the EGFP gene were used. These
primers would produce a 1500 bp band if the DNA stretch that is amplified was not
recombined. After excision of the DsRed gene and the stop cassette, the PCR would
produce a band of 300 bp in length. Recombination could therefore be visualised by a shift
in the length of the PCR product from 1500 to 300 bp. The 300 bp band can be enhanced
by choosing an elongation time that is insufficient to form the longer 1500 bp band (Fig. 7.7
A).

This could be applied in Tg(ubi:CreERT?);(hsp70:loxP-dsRed-loxP-egfp-T2A-rtn4b) double
transgenic embryos as well as Tg(mbpa:mCherry-T2A-CreER™2);(hsp70:loxP-dsRed-loxP-
egfp-T2A-rtn4b) double transgenic larvae. As expected, 4-OHT/TAM treatment alone is
sufficient to cause the shift in the length of the PCR product, since this is the treatment
which leads to recombination (Fig. 7.7 B). Heat shock treatment alone does not lead to

recombination.

While the PCR could show that the genome of the transgenic lines carrying either of the
two zebrafish paralogues ((hsp70:loxP-dsRed-loxP-egfp-T2A-rtn4b) and (hsp70:loxP-
dsRed-loxP-egfp-T2A-rtn4a)) is recombined both when crossed with the Tg(ubi:CreERT?)
and the Tg(mbpa:mCherry-T2A-CreERT?) line, the Nogo-A effector construct was only
recombined when crossed with the ubiquitous driver. No recombination was observed with
the mbpa specific driver line, in accordance with the previous results.

In a third approach we tried to determine whether the number of oligodendrocytes is
reduced in the spinal cord after recombination treatments, which would indicate that
recombination took place and led to death of the cells. To this end, Tg(hsp70:loxP-dsRed-
loxP-egfp-T2A-rat Nogo-A); (mbpa:mCherry-T2A-CreERT™) adult fish were crossed to
Tg(mbpa:EGFP) fish and the offspring screened for triple transgenic fish. As control fish,
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double transgenic fish missing either the driver or the effector transgenes were used. All
groups were submitted to recombination treatments and at 7 dpf, their spinal cord was
analysed under the confocal microscope. Photos were taken and the number of
oligodendrocytes in the spinal cord counted. This revealed no difference between triple
transgenic fish and fish in which no recombination could have occurred due to lack of the
driver or the effector element. In triple transgenic fish, 19.54 oligodendrocytes were found

on average in a 300 m long area of the spinal cord, compared to 19.57 in controls.

Figure 7.7: Genomic analysis by PCR visualizes recombination

(A) Theory of the recombination test by PCR. Primers that bind in the hsp70 promoter and the
EGFP gene were used. In the unrecombined state the PCR produces a band of 1524 bp (a) or no
band (b), if the elongation time is reduced. After recombination, the DsRed gene is absent from the
DNA and a band of 305 bp is formed (c). If recombination occurs only in specific tissues and the
elongation time long enough, the 1524 bp band can also still be present (d). (B) Recombination can
be seen in all effector lines when crossed with the Tg(ubi:CreER™) driver line and treated with TAM
(T) or TAM and HS (HS+T) (upper panel). No recombination is seen when embryos are DMSO
treated or treated only with HS. When crossed with the Tg(mbpa:mCherry-T2A-CreER™) line, only
the rtndb and rtnda effector lines show recombination after respective treatments. No
recombination, however, can be seen in the Nogo-A effector line (lower panel).

Taken together, these results strongly indicate that recombination does not occur in
Tg(hsp70:loxP-dsRed-loxP-egfp-T2A-rat Nogo-A); (mbpa:mCherry-T2A-CreERT™?) fish.
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However, we will attempt to achieve recombination also in adult double transgenic fish
since there might be a difference between developing and mature oligodendrocytes.

7.3.6 Establishing experimental conditions in adult fish

Double transgenic larvae were selected and raised to an age of approx. 4 months before
recombination experiments were started. Since adults were far more sensitive to TAM, the
concentration had to be reduced to 2.5 M. This concentration led to sufficiently high
survival rates. The direct heat shock that was applied on larvae and embryos was also not
tolerated by the adults. Instead, the water containing the fish was gradually heated from
28 C to 38 C over the course of an hour. The water was kept at this temperature for one
hour and then allowed to cool down at room temperature to 28 C. The standard protocol
consisted of three overnight treatments with TAM followed by two heat shocks. Fish were
then sacrificed and their optic nerve dissected for fluorescence analysis under the

microscope, PCR or Western Blot.

Once the treatment conditions were established, we were able to elicit recombination in
double transgenic Tg(hsp70l:loxP-DsRed-loxP-EGFP); (mbpa:mCherry-T2A-CreERT?)
adult zebrafish as described (Pinzon-Olejua et al., 2017). The next step consisted of testing
the conditions under which the regeneration experiments would be performed; this included
testing whether recombined oligodendrocytes survive the transection of the optic nerve,
how long after the end of the TAM treatment recombined oligodendrocytes can be found in
the nerve and whether ending or continuing TAM treatment after ONS influences the

results.

Our regeneration experiments require the recombined oligodendrocytes to be present in
the regenerating optic nerve during the entire regeneration experiment (approx. 9 days
after ONS). Therefore the recombined oligodendrocytes should survive for this long. Thus,
TAM treated double transgenic fish were submitted to heat shocks at different time points
after the end of the treatment. The longest time that passed between TAM treatment and
the first HS was 20 days. Analysis of the fish revealed, that even 20 days after end of the
TAM treatment, recombined EGFP-expressing oligodendrocytes could be found in the optic
nerve (Fig. 7.8 B).
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Figure 7.8: Recombination can be achieved in adult zebrafish optic nerves and can be
influenced by different treatments.

(A) Optic nerves dissected from Tg(hsp70l:loxP-DsRed-loxP-EGFP); (mbpa:mCherry-T2A-
CreER™) treated only with heat shock 7d after ONS. (B) Optic nerves dissected from
Tg(hsp70l:loxP-DsRed-loxP-EGFP); (mbpa:mCherry-T2A-CreER™) fish treated with two heat
shocks 20 days after the end of the TAM treatment show that recombined oligodendrocytes are still
present in the optic nerve. On the right enlarged pictures from the white boxes are shown. Scale
bar 300 m, 100 m. (C) The right nerve was transected after four consecutive nights of TAM
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treatment. The left side served as a positive control. Fish were then allowed to rest for 15 d before
the heat shock was carried out. Presence of EGFP positive oligodendrocytes on both sides proved
that oligodendrocytes recombined before the ONS survive the nerve transection. To the right
enlarged single oligodendrocytes from the respective sides. Scale bar 200 m, 30 m. (D)
Continued treatment of fishes with TAM after a one-sided ONS indicates that oligodendrocytes
cease mbpa expression after transection, since the number of recombined oligodendrocytes is
higher on the control side as compared to the ONS side. Scale bar 200 m, 30 m.

To see if recombined oligodendrocytes could also be found in ONS nerves, double
transgenic fish were treated with TAM for four consecutive nights and then submitted to a
one-sided nerve transection. Fish were then separated into four groups. Group 1 was
subjected to a heat shock on the consecutive two days. In group 2, the heat shocks were
performed at 4 and 5 d after ONS. Group 3 was heat shocked 10 d and Group 4 15 d after
ONS. In all groups, EGFP positive oligodendrocytes could be found both in the control
nerve and on the transected side. The number of oligodendrocytes was approximately
equal on both sides (19.7 on the control side and 19.4 on the NDT side per 0.36 mm?2, n=8)
(Fig. 7.8 C).

In the final experiment, fish were treated with TAM for two nights before ONS.
Subsequently, TAM treatment was continued during regeneration of the optic nerve until
the heat shocks were performed (Fig. 7.8 D). The number of recombined oligodendrocytes
differed significantly between the transected and the control nerve (8 versus 21.2
recombined oligodendrocytes per 0.36 mmZ2, n=8). These results fit to previous findings in
goldfish that oligodendrocytes de-differentiate after ONS and cease the expression of
certain genes, among them mbp, for some time during regeneration (Ankerhold and
Stuermer, 1999). In sum, these preliminary experiments indicate that the execution of our

planned experiments is possible.

7.3.7 Recombination in adult double transgenic fish carrying the rtn4a or

rtn4b effector can be achieved
Adult fish from the Tg((hsp70:loxP-dsRed-loxP-egfp-T2A-rat Nogo-A), Tg((hsp70:loxP-

dsRed-loxP-egfp-T2A-rtn4a) or Tg((hsp70:loxP-dsRed-loxP-egfp-T2A-rtn4b) line were
crossed with Tg(mbpa:mCherry-T2A-CreERT?) fish, double transgenic offspring identified
and raised to the age of four months. At this stage, recombination was attempted by using
the treatments established in the Tg(hsp70l:loxP-DsRed-loxP-EGFP); (mbpa:mCherry-
T2A-CreERT™?) fish. Recombination could be achieved in both zebrafish rtn4 lines, but only

in a far smaller percentage of fish and also in a smaller number of oligodendrocytes than in
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the Tg(hsp70l:loxP-DsRed-loxP-EGFP) test line: in our test line recombination occurred in
81% of the treated fish, whereas recombination could only be found in 15.5 % of
Tg(hsp70:loxP-dsRed-loxP-egfp-T2A-rtn4a); Tg(mbpa:mCherry-T2A-CreER™) and 12% of
Tg(hsp70:loxP-dsRed-loxP-egfp-T2A-rtn4b); Tg(mbpa:mCherry-T2A-CreER™?) fish
submitted to the treatment (n (Tg(hsp70l:loxP-DsRed-loxP-EGFP)) = 114, n (rtn4a) = 94, n
(rtndb) = 75). Whereas double transgenic fish carrying the test construct showed on
average 20 oligodendrocytes per 0.36mm?2, the other two lines showed only roughly 4

oligodendrocytes on average in the entire nerve tissue.

Unsurprisingly, no recombination could be observed in the optic nerves of Tg((hsp70:loxP-
dsRed-loxP-egfp-T2A- rat Nogo-A); Tg(mbpa:mCherry-T2A-CreER™?) (n=70).

Attempts to increase recombination by varying the length or repeats of the treatments were
not successful. Contrary, recombination efficiency even decreased with time. A repetition of
the recombination analysis with the Tg(ubi:CreERT?) line in embryonic stages revealed that
the recombination capacity of all of our effector lines had decreased significantly. While in
the early generations recombination efficiency in double transgenic embryos was above
90%, it had now decreased in most batches to below 10%. Some batches did not show any
recombination even though PCR analysis showed that the embryos were double
transgenic. Hoping to improve regeneration in adults, fish whose offspring showed the
highest recombination rates were selected and crossed to the Tg(mbpa:mCherry-T2A-
CreERT?) line. However, recombination was still not increased in the double transgenic
offspring at adult stages. The rtn4b line ceased recombining altogether while the rtn4a line
still showed some recombination. However, the number of recombined oligodendrocytes
was far too low to expect any effect on regenerating axons nor could an increased
expression of rtn4b or rtn4a be seen in adults. Staining on cryosections was not successful
due to the fact that recombined oligodendrocytes were too sparse and not seen on

sections.

7.3.8 Transgenic oligodendrocytes in culture can be induced to express
DsRed upon heatshock but do not recombine

In order to see if recombination in the transgenic oligodendrocytes can be improved and to

more easily analyse expression and distribution of the artificially overexpressed genes,

primary oligodendrocyte cultures were established. For this, optic chiasms were isolated

from double transgenic fish of the different lines and kept in culture to encourage outgrowth
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of oligodendrocytes. Once the culture was established, a protocol for the recombination

treatments was established.
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Figure 7.9: Recombination in oligodendrocytes cannot be triggered in vitro.

Oligodendrocytes from Tg(hsp70l:loxP-DsRed-loxP-EGFP); (mbpa:mCherry-T2A-CreER™) were
used for all experiments. (A) Without heat shock induction, cells showed only weak
autofluorescence. (B) Heat shock treatment lead to massive DsRed expression in the cultured
oligodendrocytes. (C) Coupling HS with 4-OHT treatment did not result in recombination as
indicated by a lack of EGFP expression. (D) To increase the expression of genes important for
myelination, oligodendrocytes were raised in co-culture with retinal explants. Despite direct contact
between the outgrowing axons and the oligodendrocytes, no recombination could be achieved.
Scale bars 200 m.

Cells reacted sensitively to a direct heat shock. For the heat shock, cover slips with cells
covered in medium were therefore transferred from a 28 C to a 40 C incubator. The cells
were heated until the heat shock temperature (38 C) was reached after approx. 1 h.
Temperature was maintained for one additional hour and cells were then transferred back
to 28 C. Cell survival increased by this protocol. Heat shock was successful leading to
DsRed expression in the cells (Fig. 7.9 A,B). 4-OHT was dissolved in the growth medium
and treatment carried out over night. Concentration was gradually increased with each

treatment. Treatment was repeated 3 times.

Analysis, however, revealed no recombination in any of the cultures, not even in cultures
from R2G; mbp:cre fish which always recombined reliably in vivo (Fig. 7.9 C). Since we
assumed that the lack of recombination might be caused by insufficient CreERT2
expression due to low activation of the mbp promoter, we tried to increase mbp expression
by co-culturing the oligodendrocytes with axons from retinal explants and single cells from
the retina (Bastmeyer et al., 1991). In addition, cholesterol was added to the growth
medium since it has been reported to increase myelination of axons and expression of
myelin genes in vivo (Saher et al., 2011; Mathews and Appel, 2016). Oligodendrocytes and
axons were co-cultured over a period of at least 5 and up to 8 days during which cultures
were repeatedly treated with 4-OHT. Even though axons were contacting oligodendrocytes
during this time (Fig. 7.9 D), recombination was not improved. More cues would probably

be necessary to stimulate the mbp formation in oligodendrocytes.

7.4 Discussion

The project to apply the Cre-loxP System revealed several problems even though the first
results looked promising. The transgenic lines carrying the transgenes as well as the driver
line were successfully generated with high efficiency. Up to 60% of injected fish that

reached adulthood produced transgenic offspring and had therefore incorporated the
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transgene into their germ cells. All lines proved to be functional. The driver line could elicit
recombination in the Tg(hsp70l:loxP-DsRed-loxP-EGFP) effector line. The effector lines
upregulated the expression of the respective genes they carried after Cre-mediated
recombination in embryonic stages, either by Cre mRNA injection or crossing with different
CreERT2 driver lines, and heat shock. However, the combination of the mbp-specific driver
line with the effector lines was only effective in two out of three cases. Recombination in
Tg(hsp70l:loxP-DsRed-loxP-egfp-T2A-rtn4a); (mbpa:mCherry-T2A-CreERT?) larvae
occurred with high reliability and efficiency. Tg(hsp70l:loxP-DsRed-loxP-egfp-T2A-rtn4b);
(mbpa:mCherry-T2A-CreER™2) larvae recombined less efficiently, but recombination still
occurred. In contrast, no recombination could be observed in larvae from the two different
strains of Tg(hsp70l:loxP-DsRed-loxPegfp-T2A-NogoA); (mbpa:mCherry-T2A-CreERT?)
larvae. Further analysis of the number of oligodendrocytes in the spinal cord of
Tg(hsp70l:loxP-DsRed-loxPegfp-T2A-NogoA); (mbpa:mCherry-T2A-CreER™?) fish, that
were submitted to a recombination treatment, and control fish revealed that the cell number
was not reduced in recombined fish, indicating that cells are not killed by Nogo-A. PCR
analysis of the genome similarly indicated that no recombination took place. Lastly,
analysis at different time points after HS treatment showed no EGFP expression at any
time after the recombination. Taken together, these experiments suggest that the problem
is not a loss of recombined oligodendrocytes due to transgene expression but rather

absence of recombination in these double transgenic fish.

Curiously, recombination occurs successfully in the Nogo-A line at earlier developmental
stages and the Tg(mbpa:mCherry-T2A-CreERT?) driver line elicits recombination faithfully
in all other effector lines. Recombination efficiency might therefore correlate with the
developmental stage of the treated larvae. The site of the integration of the effector-
construct is crucial for the effectiveness of the recombination. It is therefore possible, that
the Nogo-A effector-construct was integrated at a site in the genome that is easily
accessible during early developmental stages but is less accessible at later stages. With
increasing age, cell division occurs less frequently and the DNA becomes more tightly
packed and as a result the DNA is less accessible. To determine if time of recombination is
crucial a different driver line to test recombination at a later time point might help.
Unfortunately, all driver lines available do not trigger recombination this late in development

and therefore were useless. We could also see qualitative differences in the reliability of
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recombination in the different stages of the Tg(hsp70l:loxP-DsRed-loxP-egfp-T2A-rtn4a)
and especially the Tg(hsp70l:loxP-DsRed-loxP-egfp-T2A-rtn4b) line.

The different integration sites might also be a reason for the qualitative differences in the
two other effector lines. One approach to solve this problem might the use of the well-
recombining Tg(hsp70l:loxP-DsRed-loxP-EGFP) line as a template and use of the
CRISPR/Cas9 system to exchange the egfp-gene with a Nogo-A-egfp, rtnda-egfp or rtn4b-

egfp construct, thus ensuring that all genes are equally accessible.

The loss of recombination abilities in all effector lines with increasing time can be explained
by three factors: either they lost or silenced the artificially introduced genes, lost their ability
to recombine or the expression of genes is no longer activated by the heat shock.
Interestingly, the intensity of the DsRed fluorescence seemed also to be reduced
compared to earlier generations. PCR analysis showed that the fish still carry the
transgenic constructs. Whether they are silenced cannot be determined by PCR. To test if
fish still recombine but simply do not express EGFP, DNA was extracted from different
batches of double transgenic embryos that either showed EGFP fluorescence after the
recombination treatment or not and subjected to a recombination PCR (Fig. 7.7). Out of 4
batches that did not express EGFP, 3 showed the 305 bp band indicating recombination.
EGFP positive embryos from batch one also showed the 305 bp band while EGFP
negative embryos from the same batch did not (supplementary file 7.1). This indicates that
at least in some batches, the fish do not fail to recombine but rather fail to express the
genes controlled by the hsp70 promoter after the recombination. For the tropical butterfly
Bicyclus anynan it has been reported that excessive inbreeding can interfere with the heat
shock response. Inbred individuals showed only a very weak upregulation of hsp70 upon
heat shock (Franke and Fischer, 2015). If this is a general occurrence in inbred lines, it
would explain the problems with our lines. The effector lines were partially inbred to
increase the portion of transgenics in their offspring. Inbreeding defects that interfere with
the heat shock response, leading to reduced expression of hsp70 would also decrease the
levels of DsRed, EGFP and our Genes of Interest which are under the control of the hsp70

promoter.

It was apparently problematic, that the transgenic driver and effector lines were chosen
independently of each other. The effector lines were selected by the strength of their

DsRed expression rather than by their compatibility with the mbpa driver line, which was
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not yet established. In future, establishment of the driver line should precede the creation
of the effector line so that many possible effector-line founders can be tested and the ones
that show the best recombination be selected. This might prevent problems like the one we
had with the Nogo-A effector line and improve the recombination efficiency in the other

lines.

Beyond these problems we could successfully elicit recombination in adult double
transgenic zebrafish. Recombination was achieved in oligodendrocytes and these cells
survived transection of the optic nerve and were present during the regeneration of retinal
ganglion cell axons. At the same time, however, another weakness of our experimental
setup was discovered, since it was not possible to tell in living fish whether recombination
had occurred or not. Depending on the line, this was a minor problem or a major one. It
might have been helpful to collect driver lines that showed stronger CreERT™2 expression in
Schwann cells allowing to judge by visual inspection of peripheral nerves whether
recombination had occurred. However, mbpa expression in Schwann cells must not
necessarily coincide temporally with mbpa expression in oligodendrocytes. The same
problem would occur if we introduced an additional CreERT gene under the regulation of a
different promoter that would drive recombination in a different, more readily accessible

tissue like the fin.

Again, recombination was less wide-spread in double transgenic fish carrying the rtn4a or
rtndb effector constructs than in Tg(hsp70l:loxP-DsRed-loxP-EGFP); (mbpa:mCherry-T2A-
CreERT™?) fish. This might result from a suboptimal integration site of the constructs.
Another problem in adult fish might be the initiation of CreER™ mediated recombination
through TAM treatment. Zebrafish embryos are very small and rapidly take up 4-OHT from
the embryo medium. In adults, fish were treated with TAM. This is metabolized into the
unstable 4-OHT compound, whose distribution in the zebrafish body is metabolism- and
tissue-dependant and therefore unforeseeable. Recombination efficiency can therefore
vary strongly dependent on how efficiently and quickly 4-OHT reaches CreERT? expressing

tissues.

Summarising, we can say that the Cre-loxP System is a very practical and efficient tool for
many approaches in zebrafish embryos. However, at the same time it possesses many
weaknesses that become particularly pronounced when trying to apply the system to
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research in adult zebrafish. In the future, the CRISPR/Cas9 system might be a more

promising tool in studying these kinds of questions, since it is more versatile.

7.5 Methods

7.5.1.1 Zebrafish husbandry

Zebrafish (Danio rerio) were maintained at 28 C under a 14-hour light, 10-hour dark cycle
(Brand et al., 2002). Developmental stages are indicated according to Kimmel et al.
(Kimmel et al., 1995) and in hours, days and months post fertilization (hpf, dpf and mpf
respectively). Some embryos were raised in fish water containing 0.003% 1-phenyl 2-

thiourea to prevent pigmentation (Karlsson et al., 2001).

7.5.1.2 Cloning

Zebrafish rtn4db was PCR-amplified from Topo 4.0 kB Vector using Phusion High Fidelity
DNA Polymerase (NEB) with primers 5--TAAGCACTCGAGATGGAGGACACAGAACG-3-
(forward) and 5--TGCTTATCTAGATCAGTCGGACTTCTTCTTCCCTC-3: containing Xhol
and Xbal restriction sites (underlined). The PCR product was digested and cloned into the
Xhol-Xbal digested pCR4BLUNT-TOPO-egfp-T2A-ntr vector. The vector was sent for
sequencing to search for mutations and to confirm the correct orientation of the rtn4b gene.
The vector was subsequently digested using Smal and Ascl and the fragment containing
the EGFP-T2A-rnt-4b construct was cloned into the pTol\hsp70\DsRed vector (both vectors
were kindly provided by Michael Brand, CRTD Dresden). Functionality of the vector was
tested by injection of 50 ng of vector-DNA into early stage zebrafish (one-four cells) and

checking for DsRed fluorescence in embryos after heat shock.

7.5.1.3 Generating the transgenic Tg(hsp70l:loxP-DsRed-loxP-egfp-T2A-rtn4b) line

5 nl of a Ringer solution containing 5 ng/nl of the pTol\hsp70\DsRed\EGFP\rtn-4b plasmid
and 2 ng\nl of transposase-mRNA was injected into fertilized one cell stage eggs of
Konstanz wild type zebrafish crosses. In order to confirm the occurrence of transposition,
DNA was extracted at 1 dpf (days post fertilization) from a number of injected embryos and
used for an excision assay using the following primers: 5--
GCTACTACATGGTGCCATTCCT-3: (fw) and 5--GTCGGGAAACCTGTCGTGCC-3- (rv).

Injected embryos were subjected to a heat shock and sorted for fluorescence 12 h later.

DsRed positive larvae were raised to adulthood and their offspring screened for
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transmission of the introduced DsRed gene. Three fish with differing DsRed intensity were
selected as founders to establish stable lines.

7.5.1.4 Recombination treatment

Embryos and Larvae: For pharmacological treatments stock solutions were made (10 mM
4-Hydroxy-tamoxifen (4-OHT; Sigma, H7904) in ethanol and 50 mM Tamoxifen in DMSO)
and stored at -20 C. Embryos (up to 3 dpf of age) were incubated overnight in 5 M of
either 4-OHT or TAM diluted in E3 medium, larvae were treated with 5 M 4-OHT for the
same duration. For control treatments, sibling embryos were incubated in corresponding
dilutions of DMSO/ethanol. All incubations were conducted in the dark. For heat shock
experiments, embryos were transferred into fresh petri dishes. After removal of excess
embryo medium, pre-warmed 40 C embryo medium was added and the petri dishes were
kept for 1.5 h in a 38 C incubator. Afterwards, embryos were returned to 28 C. The

analysis of the fluorescent proteins occurred 1 d after heat shock.

Adults: Adult zebrafish were subjected to three to six overnight treatments with 2.5 M
TAM with at least 12 h resting period in between. Subsequently, fish were treated on two
consecutive days with 2 h heat shocks. This was achieved by slowly warming the water in
which the fish were located from 28 C to 38 C over the course of 1 h and fish were kept at

this temperature for an additional hour.

7.5.1.5 DNA extraction

Embryos were decoryonated and their yolk removed. Adult fish were anaesthetized and a
piece of fin cut from the tail fin. Tissue was then transferred into Lysis buffer (100 mM Tris-
HCL pH 8,0; 200 mM NaCL; 0,2% SDS; 5 mM EDTA,; 100 g/ml Proteinase K (NEB)) and
incubated at 55 C for 4 h to overnight. After centrifugation supernatant was mixed with
isopropanol and centrifuged. The pellet was washed with 70%Et-OH and after drying

resuspended in MilliQ.

7.5.1.6 Identifying double transgenic fish

Primer for testing for the driver construct: Fw 5--TACTGTTTGCTCCTAACTTGCTCTT-3;;
Rv 5-ATATGGTCCTTCTCTTCCAGAGACT-3: (Bind in the mCherry gene). Primer for
testing for the effector construct: Fw 5.-GCCACAAGTTCAGCGTGTCC -3:; Rv 5--
GCTTCTCGTTGGGGTCTTTGC-3: (Bind in the egfp gene).
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7.5.1.7 Recombination PCR

For verifying the that recombination occurred in the genome, the following primers were
used: Fw: 5--GAATTTGTGTTAATGTTGTCTACAAAAGAAA-3:(binds in the hsp70
promoter) ; RV: 5--AGATGAACTTCAGGGTCAGCTTG-3: (binds the egfp gene). These
primers encompass the DsRed gene and the stop cassette. Before recombination the PCR
with these primers results in a band of 1500bp. After recombination, these primers produce
a band of 300bp in length.

7.5.1.8 Immunohistochemistry on larvae

For staining with the Rtn4b antibody K1121, larvae were fixed in 4% PFA in phosphate-
buffered saline (PBS) for 30 min at RT, washed in PBS-Triton X-100 (PBSTx) and
permeabilised in acetone for 7 min at 20 C. Fish were then washed 3x5 min in MilliQ.
Antibodies were added in a 1% goat serum in PBTx in a dilution of 1:1000 (K1121) and
1:500 (IK 964). For increasing the GFP signal a polyclonal chicken anti-GFP antibody
(2:2000, Abcam, Cat.No: ab13970) was used.

7.5.1.9 Western Blots
Embryos were selected at different stages, decoryonated and prepared as described in
(Arrington and Yost, 2009). K1121 was used in a dilution of 1:3000, 11C7 at 1:500.

7.5.1.10 Oligodendrocyte culture

Optic nerves from fish nerve transected 5 days earlier were dissected and the optic
chiasma prepared in L15 medium. The chiasm was then separated into small pieces and
spread onto a polylysine (PLL) and laminin covered coverslip. 100 | of L15 medium
substituted with 0,4% methyl cellulose, 25 mM Hepes, 2 mM I-glutamine, penicillin (10
U/ml), streptomycin (10 g/ml), 1% FCS and 1 ¢/l bFGF was added and a second
coverslip placed on top. In some assays, 25 g/ml Cholesterol (Cholesterol-water soluble,
Sigma) was added. Tissue was incubated at 28 C for 3 days until oligodendrocytes
migrated out, then the upper cover slip was removed. Cells could then be treated. For Co-
culture experiments, explants were placed on top of the outgrown cells. For recombination
4-OHT stock solution was dissolved in the growth medium to a final concentration of 200-
500 nM.
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Supplementary Figure

Supplementary Figure 7.1: Recombination occurs in double transgenic embryos even
though no GFP signal can be seen.

Recombination PCR was performed on five different batches of lox-P-rtn4b, neural-Cre double
transgenic embryo batches. Only in one batch (1) egfp-positive embryos could be found. EGFP
negative embryos from this batch served as negative control. In three out of the four batches that
do not show EGFP fluorescence, recombination still occurred as seen by the band at 300 bp. All

batches carried the reporter gene, as shown by the lower panel. As positive control served DNA
from EGFP-positive embryos extracted at an earlier time point.
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8 Concluding remarks and outlook

For detailed characterization of Rtn proteins, we first determined their role during
embryonic development of zebrafish. Rtn4a and rtn4b are crucial for correct patterning of
the nervous system and for the correct formation of the retinotectal projections and, in the
case of rtn4b, for the development of motor neurons and of motor axon projections. The
effects in rtndb morphants were consistently more severe than in rtn4a morphants and

finally lead to the death of the morphants.

With CRISPR/Cas9 system adopted for zebrafish, the creation of targeted mutations has
been greatly facilitated (Ota et al., 2014). It would be interesting to see, whether rtn4a and
rtndb knockout fish show the same defects as the morphants or, if not, which

compensatory mechanisms are activated.

The defects in rtn4b morphants in different types of neurons, like motor neurons and retinal
ganglion cells, in rtndb morphants, suggested that rtn4db might also be important in
regrowth of retinal ganglion cell axons after transection of the optic nerve in adult fish.
Indeed the regeneration efficiency in the optic nerve was reduced after downregulation of
rtndb. We attributed this decline in regenerative success to the role of Rtn4b as a structural
protein in the ER membrane. The ER is important in intracellular transport as well as in the
synthesis of membrane lipids and secretory proteins (Baumann and Walz, 2001). Since
zebrafish strongly upregulate protein production upon injury (Veldman et al., 2007), the
integrity of the ER is an important factor in the effectiveness of axon regrowth after
transection.

More detailed analysis of events in the ER after rtn4b downregulation should be performed.
Nogo-A in mammals is known to be involved in the redistribution of certain proteins like the
protein disulfide isomerase (PDI) (Yang et al., 2009). If Rtn4b carries out similar functions,

it might be a further reason for the decreased regeneration.

Analysis of rtn4a in the regenerating nerve showed no axon-specific upregulation of the

protein. The two paralogues of the rtn4 gene therefore play very distinct roles.

Zebrafish has recently been established as a model organism for neurodegenerative
diseases (Xi et al., 2011; Martin-Jimenez et al., 2015). RTNs have been reported to play a

role in different neurodegenerative diseases, so that further analysis of the intracellular
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functions of RTNs and effects of their up- und downregulation might be of interest for
further research (Chiurchiu et al., 2014).

In a separate project, the inhibitory properties of a stretch of the NSR of Rtn4b in
comparison to its mammalian counterpart was analysed. Surprisingly, Rtn4b, unlike its
paralogue Rtn4da, did possess inhibitory properties when tested in single cell assays.
However, axons from zebrafish, goldfish and chick retinal explants were able to ignore
these properties and freely crossed Rtn4b M1-4 in stripe assay experiments. This might
indicate, that axons from retinal ganglion cell axons which retain contact with neighbouring
cells and receive trophic support, are able to reactivate their growth program to re-extend
axons despite inhibitory cues from their substrate. In vivo, regeneration in fish is facilitated

by low inhibitor concentration in the myelin and tissue of the optic nerve.

These findings indicate, that the highest increase in regeneration in mammals could be
achieved by simultaneously decreasing inhibitors in the environment of the axons and
increasing the activation of the neuron-intrinsic growth program. The inhibitory effects of
myelin associated inhibitors could also be decreased by blocking downstream effectors of
the signalling pathways, e.g. RhoA, a convergence point for multiple inhibitory signals (Hu
etal., 2017).

Downregulation of inhibitors such as RTN4A/Nogo-A should be controlled and restricted to
oligodendrocytes. General ablation of the protein from the entire area of injury, particularly
the neurons, could lead to unwanted side effects, since rtn4b or Nogo-A simultaneously
fulfill other important roles in regeneration. Untargeted downregulation affecting both rtn4b
or Nogo-A in the myelin and the intracellular rtn4b / Nogo-A in the ER membrane would
hinder regeneration rather than support it due to it role in the structuring of the ER

membrane.

Previous experiments aiming to increase regeneration by ablation of Nogo-A mostly did so
by unspecific Nogo-A blockage by antibodies or through downregulation with SiRNAs.
Functioin blocking antibodies thereby increased regenerative sprouting (Zorner and
Schwab, 2010).

The inhibitory effect of Nogo-A is transmitted through a receptor complex. S1IPR2 was
recently identified as one of the receptors for the Nogo-A-A20 region in mammals.

Blockage or downregulation of either zebrafish S1IPR2 or S1PR5a prevented inhibition by
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both zebrafish and rat M1-4. This indicates that these proteins are either Nogo-A receptors
or at least part of a receptor complex that transduces Nogo-A signalling. Direct interaction
of M1-4 with the respective zebrafish receptor has not yet been shown. This would require
co-immunoprecipitations or pull-down experiments. Also unknown is up to date the
intracellular effect of zebrafish or rat M1-4 binding to the cells. In the case of mammalian
Nogo-A and Nogo-66-mediated inhibition, binding to the respective receptors (S1PR2,
NgR1) ultimately leads to the phosphorylation of cofilin and the destabilization of the
cytoskeleton (Schmandke et al., 2014; Schwab and Strittmatter, 2014). ZF Nogo-66 in
contrast fails to induce cofilin phosphorylation (Abdesselem et al., 2009). Whether binding
of zebrafish M1-4 activates signalling cascades that lead to cofilin phosphorylation as rat
M1-4 does could be determined by Western blots with antibodies specific for the
unphosphorylated and phosphorylated forms of cofilin and blockage of potential members

of the signalling pathway.

Another open question is, whether binding of zebrafish M1-4 leads to the internalization of
S1PR2 or S1PR5a and influences gene expression in the cell body as has been shown for
mammalian Nogo-A and S1PR2 (Joset et al., 2010; Kempf et al., 2014). Antibodies against
zebrafish S1IPR2 and S1PR5a would have to be created which would allow monitoring cell
surface presence of the proteins. A decrease in surface S1PR levels upon ligand (Nogo-A-

20) binding would be a first indication that the receptor is internalized and resident of
intracellular compartments. So far, attempts at creating an antibody against either protein
have been unsuccessful, probably because the peptide chosen for immunization was

insufficient to induce a sufficient immune response.

The main project focussed on the creation of transgenic zebrafish lines, that would allow us
to evaluate the effect of the mammalian inhibitor Nogo-A on axon regeneration in zebrafish.

In this project, we made positive as well as negative experience with the Cre-loxP system.

Transgenesis with the Tol2 system was very efficient. 60% of the injected embryos
produced transgenic offspring. After promising results in embryos, however, efficiency of
recombination in adults was for the most part insufficient and far too variable. This might be
due to the high variability within the different strains. The number and position of Tol2-
mediated integration into the genome of injected fish is random. The transmission into the
next generation is also random and can result in highly different numbers of insertions in

the F1 offspring. It is possible that more outcrosses might have been required to establish
148



Concluding remarks and outlook

stable lines and that more lines should have been established in the beginning since often
the properties and stability of transgenic lines can only be determined after several

generations.

The different recombination rates furthermore made it impossible to achieve comparable

amounts of overexpression of the different genes.

The reason for absent recombination in larval and adult stages of the Nogo-A line has not
been clarified with certainty. To avoid problems like this, it would be helpful if transgenic
lines that possess identical integration sites could have been created. With the Tol2
system, insertions occur randomly in all 50 chromosomes of the zebrafish genome. Since
the integration site influences the efficiency of recombination, it is important to create
different comparable transgenic lines. A The replacement of the EGFP gene in the well-
established Tg(hsp70l:loxP-DsRed-loxP-EGFP) line with our rtn4- or Nogo-constructs

would be a solution. Then recombination efficiency should be comparable in all lines.

We created a novel CreERT? driver line which causes recombination specifically in
myelinating cells. This line can now be applied to a variety of projects aimed at
understanding myelination in development and regeneration. It also allows targeted

expression of transgenes, at least in embryos and young larvae.
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9 Note on Contributions

* means equal contributions
Cornelia Fischbach, geb. Welte

Alejandro Pinzon-Olejua, Cornelia Welte, Houari Abdesselem, Ed Malaga-Trillo,
Claudia A.O. Stuermer (2014): Essential roles of zebrafish rtn4/Nogo paralogues in

embryonic development. Neural Dev. 9:8

| performed, analysed and quantified the experiments with rtn4b MO2 (see Fig. 3.4, 3.5,
3.6 and additional file 3.1). | designed, performed, analysed and quantified the Western
Blots and immunostainings with the Rtn4b antibody on normal and MO-treated embryos
(see Fig. 3.3 and additional file 3.3). | also contributed to the writing and finalization of the

manuscript.

Cornelia Welte, Sarah Engel, Claudia A.O. Stuermer (2015): Upregulation of the
zebrafish Nogo-A homologue, Rtn4b, in retinal ganglion cells is functionally involved

in axon regeneration. Neural Dev. 10:6.

| designed and performed all experiments, in detail: The outgrowth assay (except for the
first experiment which was performed by S. Engel); the in vivo regeneration assay,
immunostainings on the sections and the oligodendrocytes. | also performed analysis and
the statistical tests for these experiments. In addition, | performed the Western Blots and

their analysis. | also contributed to the writing of the paper and designed all figures.

Vsevolod Bodrikov*, Cornelia Welte*, Marianne Wiechers*, Markus Weschenfelder,
Gurjot Kaur, Alejandro Pinzon-Olejua, Martin Bastmeyer, Claudia A.O. Stuermer
(2017) : Substrate properties of zebrafish Rtn4b/Nogo and axon regeneration in the

zebrafish optic nerve. Under revision J. Comp. Neurol.

| performed the immunostainings on cryosections. | performed preliminary experiments

with the Morpholinos. | contributed to the in situ hybridizations and the stripe assays and
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performed analysis and quantification of the stripe assays. | participated in the grafting of

the manuscript and critically revised it. | contributed to the writing of the manuscript.

Alejandro Pinzon-Olejua*, Cornelia Welte*, Avinash Chekuru, Viktoria Bosak, Michael
Brand, Stefan Hans, Claudia A. O. Stuermer (2017): Cre-inducible site-specific

recombination in zebrafish oligodendrocytes. Developmental dynamics. 246:41-49.

| established the stable Tg(mbpa:mCherry-T2A-CreER™) line after it was created by A.
Pinzon-Olejua and designed and performed all experiments on the larval fish, namely the
analysis of the mCherry expression, immunostainings, co-localisation analysis with the
Tg(mbpa:EGFP) line and recombination experiments including the specificity tests. | also
analysed and quantified these results. | wrote the paper with assistance from CAOS and
SH.

An attempt at creating and establishing transgenic lines to investigate the impact of

mammalian inhibitors on regeneration in the zebrafish

| created the rtn4b-loxP transgenic line. | designed and performed all experiments
described in the paper and evaluated the results. | wrote the manuscript and designed the

figures.
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10 Abbreviations

4-OHT 4-Hydroxytamoxifen

aa amino acids

AAV adeno-associated virus

Ab antibody

bfgf basic fibroblast growth factor
bp base pairs

CNS central nervous system

Co control

CSPG chondroitin sulfate proteglycans

ctfa connective tissue growth factor a
DAPI 4',6-diamidino-2-phenylindole
DMSO dimethyl-sulfoxide

dpf days post fertilization

dpi days post injury

EGFP enhanced green fluorescent protein
ER endoplasmic reticulon

ER estrogen receptor

FGF fibroblast growth factor

GAG glycosaminoglycan

GFP green fluorescent protein

Gol Gene of Interest

GPCR G-protein coupled receptor

GPI glycophosphatidylinositol
GST Glutathion-S-Transferase
h hour

hpf hours post fertilization

hsp70 heat shock protein

IK964 Rtn4a pAB

K1121 Rtn4b pAB

LBD ligand-binding domain

LTP long-term-potentiation
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M1-4 motif 1-4

mAB monoclonal antibody

MAI myelin associated inhibitor
mbp myelin basic protein

MeOH methanol

min minutes

MO Morpholino

NgR Nogo-Receptor

NSR Nogo-A specific region

Omgp oligodendrocyte myelin glycoprotein
ONS optic nerve section

pAB polyclonal antibody

PBS phosphate-buffered saline
PCR Polymerase Chain Reaction
PDL poly-D-lysine

PFA paraformaldehyde

PirB immunoglobulin-like receptor B
PLL polylysine

PNS peripheral nervous system
RGC retinal ganglion cell

RHD reticulon homology domain
ROCK Rho-activated Kinase

RTN reticulon

s.e.m. standard error of the mean
S1PR sphingosine 1-phosphate receptor
SiIRNA small interfering RNA

T2A viral peptide Thoseaasigna virus 2A
TAM Tamoxifen

™ transmembrane

WT wild type

ZF zebrafish
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