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1 1. Introduction

1. Introduction

1.1 Neural cell adhesion molecules

Neurons, the basic information processing units of the nervous system, are characterized by a
complex polar morphology that is essential for their function. To attain their precise
morphology, neurons extend cytoplasmatic processes (axons and dendrites), which establish
synaptic connections in a highly regulated way (Tessier-Lavigne and Goodman, 1996). Every
step of neuronal development is genetically governed by endogenous determinants, as well as
by environmental signalsincluding diffusible signals or contacts with neighboring cells or the
extracellular matrix (ECM). Cell-cell and cell-matrix interactions are particularly critical for
the orderly development of the nervous system. Many of these are mediated by neural
recognition/cell adhesion molecules (CAMs) and by ECM components (Fields and Itoh, 1996;
Tessier-Lavigne and Goodman, 1996). (modified after M. Evers, Dissertation, Universitat

Bochum)

1.2 Myelin protein zero

Myelin protein zero (PO) is a member of the Ig superfamily of recognition molecules
(Brimmendorf and Rathjen, 1993). PO is constitutively expressed in glia cells in the fish
CNS and PNS (Stratmann and Jeserich, 1995; Y oshida and Colman, 1996), while in mammals
its expression is restricted to Schwann cells in the PNS (reviewed in Martini and Schachner,
1997; Sommer and Suter, 1998; Spiryda, 1998). PO contains a single Ig-like domain and
accounts for over half the total protein in compact PNS myelin in amniotes (Lemke and Axel,
1985). The molecule mediates the compaction of myelin sheaths in the mammalian PNS by
homophilic binding mechanisms (D'Urso et al., 1990; Filbin et a., 1990; Schneider-Schaulies
et a., 1990; Shapiro et al., 1996). Mice homozygous for a null mutation in the PO gene show
severely hypomyelinated nerves during development (Giese et al., 1992). The molecule may
not only play arole in myelination, but also in regeneration of axons, since it promotes neurite
outgrowth in vitro (Schneider-Schaulies et al., 1990) and promotes regeneration of axons,
when PO expressing cells are transplanted into the adult mammalian CNS (Y azaki et al.,
1994). After alesion of the PNS in amniotes, PO is initially downregulated by myelinating
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Schwann cells. A subsequent upregulation depends on the presence of regrowing axons
(Gillen et al., 1995; Gupta et al., 1988; Gupta et al., 1993; LeBlanc and Poduslo, 1990;
Mitchell et al., 1990), but not necessarily on direct contact of axonal and glial cell membranes
(Bolin and Shooter, 1993). Expression of PO mRNA has recently been analyzed during early
development of zebrafish (Brosamle and Halpern, 2002). In this work, expression of PO
MRNA in the zebrafish is detected at 2 days postfertilization (dpf), first in the ventral
hindbrain, close to the midline. During the next 8 days, expression spreads rostrally to the
midbrain and optic nerve, and caudally to the spinal cord. Unlike its closest homologue, trout
IP1, zebrafish PO transcripts were found to be restricted to the CNS in this study.
Ultrastructurally, the expression of PO correlated well with myelination. Myelinated axons
were first detected at 4 dpf in the ventral hindbrain, where they were loosely wrapped by
processes of glia cells. By 7 dpf, bundles of heavily myelinated axons were observed in the

same region.

1.3 The tenascin family

Members of the tenascin family belong to the extracellular matrix (ECM) which is a complex
network of macromolecules. Tenascins are large multimeric proteins and contain common
structural modules. Each member has an amino-terminal cysteine-rich domain, followed by
arrays of epidermal growth factor-like (EGF) domains and fibronectin type Il11-like (FN I11)
domains. At the carboxy-terminus, a single fibrinogen-like (FBG) domain is located. In
contrast to the other family members, TN-X and TN-Y contain serine and proline rich parts,
which are inserted in the array of FN Il domains. So far, six members of the tenascin family
have been described, named tenascin-C (TN-C) (Chiquet and Fambrough, 1984; Erickson and
Bourdon, 1989; Erickson and Inglesias, 1984; Grumet et al., 1985; Kruse et al., 1985);
tenascin-R (TN-R) (Nérenberg et al., 1992; Pesheva et al., 1989; Rathjen et al., 1991),
tenacin-W (TN-W) (Weber et al., 1998) tenascin-X (TN-X) (Bristow et al., 1993), tenascin-Y
(TN-Y) (Hagios et a., 1996; Tucker et al., 1999) and the recently cloned tenascin-N (TN-N)
(J. Neidhardt, Dissertation, Universitét Hannover). An overview of the tenascin family

members and their multimeric structureisgiven in Fig.1.
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Fig.1. Tenascin family membersand their structural motifs.

Tenascin family members consists of a cysteine-rich domain at their 5 end (triangle),
followed by EGF-like repeats (ovals), FN 111 repeats (rectangles) and a fibrinogen knob (large
circle). A rhombus designates a serine-proline rich domain. Tenascin-X consists of at least 33
FN 111 repeats (modified after Jones and Jones, 2000). Tenascin-N in the mouse is a recent

addition to the tenascin family (J. Neidhardt, Dissertation, Universitét Hannover).

TN-C, the most well known member of the tenascin family, is mainly expressed by immature
and reactive astrocytes. (Bartsch, 1996; Crossin et al., 1986; Kawano et al., 1995). In the
developing murine CNS, expression of TN-C has been consistently observed in regions of
active axonal growth. For instance, retinal ganglion cell axons elongate in a TN-C-rich
environment (Bartsch, 1996). In the chick visual system, TN-C is associated with the cell
surface of glial fibers and growing axons (Bartsch et al., 1995), suggesting that TN-C may not
only support axonal growth but in addition may guide axons to their appropriate targets in
vivo. In the PNS, TN-C immunoreactivity is detectable in developing peripheral nerves,
whereas the protein is restricted to the perineurium and to nodes of Ranvier in adult nerves
(Bartsch, 1996; Martini, 1994). Expression of TN-C has been reported to be upregulated in a
variety of lesion paradigms. For instance, stab wounds induce an upregulation of TN-C by
Golgi epithelial cells in the cerebellar cortex (Bartsch, 1996) or the re-expression of the
protein by reactive astrocytes in the cerebral cortex. In both paradigms, elevated levels of TN-
C mRNA and protein are restricted to the immediate vicinity of the lesion sites. In the early
developing zebrafish Danio rerio, TN-C mRNA is expressed in specific domains of the brain
(Tongiorgi et al., 1995b). In the trunk, TN-C mRNA is expressed by somites, neural crest
cells, roof plate, notochord, hypochord and tail fin bud. TN-C immunoreactivity in the trunk
is present in the migratory pathway of neural crest cells during their period of migration and
also in the intersomitic furrows (Tongiorgi, 1999). TN-C immunoreactivity is further confined
to the posterior half of each body segment at very early developmental stages (Bernhardt et
al., 1998). In the retina of a 3 day-old juvenile zebrafish, TN-C mRNA can be detected in the
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ganglion cell layer, the inner nuclear layer and the outer nuclear layer. Expression levels of
TN-C mRNA at |later developmental stages are decreased. For example, there is no detectable
expression of TN-C mRNA in the adult retina which remains unchanged after a lesion of the
optic nerve (Bernhardt et al., 1996). TN-C has been demonstrated in numerous in vitro studies
to be adhesive or anti-adhesive (Dorries et a., 1996; Faissner and Kruse, 1990; Grumet et al.,
1985; Kruse et a., 1985; Tan et a., 1987), to support or restrict cell migration of certain cell
types (Chuong et al., 1987; Husmann et al., 1992; Tan et al., 1987) and to promote or inhibit
neurite outgrowth (Bartsch, 1996; Dorries et a., 1996; Faissner and Kruse, 1990; Lochter and
Schachner, 1993a; Lochter et al., 1991). TN-C deficient mice (Saga et al., 1992) revealed
functions for TN-C in the formation, maturation, and stabilization of the neuromuscular
junction (Cifuentes-Diaz et a., 2002; Cifuentes-Diaz et a., 1998).

TN-R is expressed predominantly in the CNS by oligodendrocytes with highest expression
during the period of active myelination (Bartsch et al., 1993; Fuss et al., 1993). TN-R is
detectable at contact sites between unmyelinated axons, at the interface between axons and
myelinating processes of oligodendrocytes and in myelin sheaths (Bartsch et a., 1993). TN-R
is also expressed by subpopulations of neurons in the retina, hippocampus and spinal cord and
highly accumulates at the nodes of Ranvier in the adult (Bartsch et al., 1993; Ffrench-
Constant et al., 1986). TN-R is also a component of the perineuronal nets surrounding
neuronal cell bodies of inhibitory interneurons (Weber et al., 1999). After a crush of the optic
nerve in mice, the strong expression of TN-R mRNA in the optic nerve is slightly increased
and severed axons do not regenerate. In contrast, TN-R immunoreactivity disappears from the
lesioned optic nerve of salamanders, which is concomitant with the regeneration of optic
axons (Becker et al., 1999; Becker et a., 2000b). These observations suggest that TN-R might
be involved in interactions between oligodendrocytes and neurons during myelin formation
and axonal regeneration (Schachner et al., 1994). TN-R influences axon growth in a complex
manner, depending decisively on the way in which it is presented to growing axons and on the
neuronal cell type analyzed (reviewed in Schachner et a., 1994). For example, the growth of
dorsal root ganglion neurites is promoted on a homogeneous substrate of TN-R, while a
substrate border repels these neuritesin vitro (Taylor et al., 1993). Growth of neurites of other
cell types is inhibited (Pesheva et al., 1993; Taylor et al., 1993) or promoted on a
homogeneous substrate (L ochter and Schachner, 1993a; Lochter et al., 1994; Norenberg et al.,
1995). The morphological analysis of the optic nerves of TN-R deficient mice on the
ultrastructural level revealed no difference in myelination and structure of nodes of Ranvier
(Weber et d., 1999).
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TN-W has been only identified in the zebrafish so far (Weber et al., 1998) and its mRNA is
expressed during ontogenetic development in embryos and juvenile animals. TN-W is present
in the lateral plate mesoderm and in the presumptive sclerotome. Migrating cells of
sclerotomal and neural crest origin aso show high levels of expression. Furthermore, non-
neuronal cells in the dorsal root ganglia express detectable levels of TN-W. The expression
partially overlaps with that of TN-C mRNA, suggesting an involvement of both moleculesin
neural crest and sclerotome migration and in the formation of the skeleton.

Asthe largest member of the tenascin family, TN-X is predominantly expressed in connective
tissue, in heart and sceletal muscle, tumor tissues, skin and in the vicinity of blood vessels
(Hasegawa et al., 1997; Ikuta et al., 2000; Lethias et al., 2001; Sakai et a., 1996). TN-X has
been associated to a disease, called the Ehler-Danlos syndrome (Burch et al., 1997).

TN-Y was identified in the chicken and is expressed by different types of muscles, but also in
lung, kidney, skin and in the nervous system. In the CNS it shows a partially overlapping, but
also complementary expression pattern with TN-C (Fluck et al., 2000; Hagios et al., 1999;
Tucker et al., 1999)

The newest member of the tenascin family, TN-N, is mainly expressed in kidney and spleen.
Low level expression, however, has also been detected in the murine CNS (J. Neidhardt,
Dissertation, Universitét Hannover).

In comparison to TN-C, TN-R and TN-X only little is known about TN-Y, TN-W and TN-N,
and their in-vivo function still remains to be elucidated.

1.4 The zebrafish (Danio rerio)

The zebrafish (Danio rerio) belongs to the family of Cyprinidae in the order of Cypriniformes
and the category of Osteichthyes. Zebrafish are tropical sweet water fish and can be found in
India, Pakistan, Nepal and South-Asia.

For several reasons, the zebrafish has become a model system in biology to study genetics and
development. Zebrafish embryos develop outside of the mother making them accessible to
perturbation by injecting reagents directly into the egg. Furthermore, the embryos are
transparent, allowing the direct observation of developing tissues and organs in the living
embryo. The early development of the zebrafish is very fast and the nervous system is
patterned at 16 hours post fertilization (hpf). Single neurons can be easily identified, therefore
making the zebrafish an excellent tool to study neurobiological processes like axon guidance
(Baier et al., 1996). At 24 hpf, nearly all organs of the zebrafish are formed. The juvenile



6 1. Introduction

zebrafish hatch at 3 days after fertilization and reach sexual maturation at an age of 3 to 4
months. The zebrafish is easy to breed and produces high numbers of descendants (up to 300
eggs in aweek) over the whole year. The size of the zebrafish genome is approximately 1.7 x
10° bp and is distributed over 25 chromosomes. A first unfinished version of the complete
sequenced genome was available in 2002 the complete finished sequence is projected to be
available in 2005. Large parts of the zebrafish genome underwent duplications during telost
evolution (Taylor et al., 2001). About 30 % of the genes in the zebrafish are present in
duplicates compared to their homologues in other vertebrates (Van de Peer et a., 2002). An
example are the genesfor L1.1 and L1.2 (Tongiorgi et a., 1995a) in zebrafish which are the
homol ogues of the mouse L1 gene.

1.5 Outgrowth of motor axons in the developing zebrafish

Dueto its relative simplicity, the stereotypic motor axon outgrowth in the trunk of embryonic
zebrafish is an attractive system to study mechanisms of axon guidance (Westerfield and
Eisen, 1988). The motor nerves in the segmentally arranged trunk are pioneered by the axons
of the so-called rostral (RoP), medial (MiP) and primary motor neurons (CaP) in each
hemisegment. The CaP axon is the first to exit the spinal cord in a midsegmental position
from where it grows ventrally between the notochord and somite. The other primary axons
join the CaP axon in the midsegmental pathway, but only up to the horizontal myoseptum,
where the MiP axon retracts from the common pathway to pioneer the dorsal motor nerve and
the RoP axon diverges laterally. The CaP axon is the only one to continue ventral growth
beyond the horizontal myoseptum to establish the ventral motor nerve. Primary axons are
later followed by secondary axons, which grow along the same pathways (Eisen et al., 1986;
Ott et a., 2001; Pike et al., 1992; Westerfield et a., 1986).
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33 hpf

Fig.2. The CaP axon defines the midsegmental ventral motor axon pathway. Schematic
representations of trunk muscle segments are shown. Axon outgrowth by the CaP axon (red)
isinitiated at approximately 17-19 hpf. At 24 hpf it has extended into the ventral somite.
Other primary motor axons grow towarde the dorsal (MiP axon; blue) or lateral musculature
(RoP axon; black). These neurons are present also at 18 and 33 hpf, but for clarity are only
depicted for 24 hpf. At 33 hpf, secondary motor axons (green) have entered the ventral motor
axon pathway and are fascicul ated with the CaP axon.

1.6 Regeneration in the central nervous system of the zebrafish

The central nervous system (CNS) of fish is growing throughout its lifetime, it retains the
capacity to regrow severed axons and restore functionally appropriate connections with target
areas into adulthood (Gaze, 1970). In this capacity, the fish CNS differs from the adult
mammalian CNS, which generally does not support axon regeneration, but resembles the
adult mammalian peripheral nervous system (PNS) in which axon regeneration occurs.
Success and failure of axon regeneration apparently depends on intrinsic factors of the
neurons as well as on the extrinsic glial cell environment (reviewed in Fawcett and Geller,
1998).

The non-permissive properties of reactive astrocytes and oligodendrocytes in lesioned axon
pathways are in part responsible for the failure of axon regeneration in the mammalian CNS
(for review, see Fawcett and Asher, 1999; Schnell and Schwab, 1993). Similar to mammals,
the major glial cell types in fish CNS are astrocytes and oligodendrocytes (Maggs and
Scholes, 1990; Wolburg and Bouzehouane, 1986). The response of these cells to fiber tract
lesions in the fish CNS has been studied extensively in the visual pathway (reviewed in
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Bernhardt, 1999; Stuermer et al., 1992). There is evidence that a non-permissive glial scar
with its growth-inhibitory proteoglycans, which prevents regrowth of lesioned CNS axonsin
mammals (Bradbury et al., 2002; Davies et al., 1997), may not form after alesion of the fish
optic nerve (Becker and Becker, 2002; Hirsch et al., 1995). In addition, fish CNS myelin and
oligodendrocytes may contain no or low amounts of neurite outgrowth inhibitors (Sivron et
a., 1994; Wanner et al., 1995) that interfere with axon growth in the CNS of mammals
(Bregman et al., 1995; Chen et al., 2000; GrandPre et a., 2000).

Glia cellsin the lesioned CNS of mammals also lack growth-promoting molecules that are
upregulated after a lesion of the regenerating PNS (reviewed in Fu and Gordon, 1997;
Martini, 1994). In the regenerating CNS of fish, glial expression of growth-promoting
molecules increased after a lesion. For example, the expression of members of the
immunoglobulin (I1g) superfamily of recognition molecules, such as L 1-related molecules and
the neural cell adhesion molecule (NCAM) isincreased in glial cells after optic nerve lesion
(Ankerhold et al., 1998; Bernhardt et al., 1996). Molecules of the Ig superfamily are
membrane proteins involved in homo- and heterophilic adhesion, as well as in signal
transduction (for review see Crossin and Krushel, 2000; Schachner et al., 1990; Walsh and
Doherty, 1997). L 1-related molecules and NCAM promote neurite outgrowth (see for instance
Appel et al., 1995; Frei et al., 1992; Haspel et al., 2000; Saffell et al., 1995) and may thus
support axon regeneration in fish (reviewed in Bernhardt, 1999; Stuermer et al., 1992).
However, in mammals these molecules are not detectably upregulated by glial cells after a
lesion (Becker et al., 2001a). In agreement with the differences in the expression of growth-
promoting and inhibiting molecul es between fish and mammalian glial cells, oligodendrocyte-
like cells of goldfish support regeneration of optic axons in vitro, while mammalian
oligodendrocytes inhibit it (Ankerhold et al., 1998; Bastmeyer et al., 1991).
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1.7 Aim of this work

Members of the I1g-like superfamily have been shown to be upregulated during regeneration of
axons in the CNS of adult fish and therefore might contribute to successful axonal
regeneration. The aim of the first part one of this work was to find additional molecular
aspects of successful axonal regeneration in the environment of lesioned axons in the CNS of
fish. Therefore the cDNA for myelin protein zero, another member of the 1g-like superfamily
was cloned and the expression of its MRNA during development and regeneration of the adult
CNS of the zebrafish was described.

In the past decade, six members of the tenascin family have been identified and characterized.
TN-R and TN-C are expressed in the central nervous system and show diverse functions on
outgrowing neurites and migrating neural cells. In contrast to this striking in vitro functions,
gene deficient mice of TN-C or TN-R have rather disappointing phenotypes in the central
nervous system. To gather more data on the in vitro and in vivo functions of these molecules,
TN-C and TN-R were analysed in more detail in the zebrafish.

In the second part of the study, the TN-R homologue of the zebrafish was cloned and
expression patterns of its MRNA and the corresponding protein described during development
and regeneration of retina ganglion cell axonsin the adult CNS.

The expression of TN-C in the developing zebrafish was described in earlier studies but
nothing is known about the in vivo functions of this molecule in the zebrafish. In the third part
of the study a potential role of TN-C as a guidance factor for motor axons in the trunk of the
developing zebrafish was analyzed in vivo.
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2. Materials

2.1. Enzymes and reaction Kkits

DNA polymerases

Advantage™-2 BD Biosciences Clontech Heidelberg, D
Advantage™-HF2
Advantage™-GC2

HotStar Tag Qiagen Hilden, D
Klenow enzyme Roche Mannheim, D
PfuTurbo® Stratagene Amsterdam, NL
PfuTurbo® Hotstart

Tag DNA Polymerase Invitrogen Karlsruhe, D

Restriction endonucleases

Various AGS Hybaid Heidelberg, D
Various MBI Fermentas St. Leon-Rot, D
Various NEB Frankfurta M., D

(DNA-dependent) RNA polymerases

T3/T7/SP6 pal. Roche Mannheim, D
Megascript™ kit Ambion Cambridge, UK
mMessage mMachine™ kit SP6

Reverse transcriptases (RT), (RNA-dependent) DNA polymerases
Omniscript™ RT Qiagen Hilden, D
Sensiscript™ RT

Superscript™ R Invitrogen Karlsruhe, D

Miscellaneous

DNAsel Roche Mannheim, D
Shrimps akaline phosphatase (SAP)

T4 DNA Ligase

Rapid Ligation™ kit
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Megaprime™ System APB Freiburg, D
Probequant G50-columns

pGEM-T vector system Promega Mannheim, D
rRNasin

First choice™ RLM-RACE kit Ambion Cambridge, UK
Topo TA cloning Invitrogen Karlsruhe, D

5 RACE kit

2.2 Reagents, disposables, etc

If not itemized in this paragraph, origin of enzymes and reaction kits is referenced in the
corresponding sections. All chemicals were obtained from the following companies in pro
analysis quality: Amersham Pharmacia Biotech (APB, Freiburg), Bio-Rad (Munich, D),
Invitrogen (Karlsruhe, D), Carl Roth (Karlsruhe,D), Merck (Darmstadt, D), Serva
(Heidelberg, D) and Sigma-Aldrich (Deisenhofen, D). Molecular cloning reagents were
obtained from Ambion (Cambrigde, UK), APB (Freiburg, D), BD Biosciences Clontech
(Heidelberg, D), Promega (Mannheim, D), Qiagen (Hilden, D) and Statagene (Amsterdam,
NL). DNA and RNA purification kits were purchased from APB (Freiburg, Germany) and
Qiagen (Hilden, D). Nucleic acid molecular weight markers were purchased from Roche and
NEB (Frankfurt a M., D).

2.3 Instruments

Equipmentsnot listed in the table below were of common laboratory standard. Particular
devices are referenced throughout the respective protocols.

Centrifuges

Sorvall Kendro, Hanau, D RC50plus with SLA3000, SLA 1500, SA600
and HB-6 rotors

Eppendorf Hamburg, D Microcentrifuge 5415D

Bench-top centrifuges 5417R and 5403
Jouan, Inc Winchester, VA, USA Bench-top centrifuge CR422
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Liquid scintillation counting

Wallac Freiburg, D Ligiud scintillation counter 1409
Miscellaneous

APB Freiburg, D UV crosslinker

Fujifilm Raytest, Straubenhardt, D Phosphimager BAS-1000

Herolab Wiesloh, D E.A.S.Y. UV-light documentation
Leica Bensheim, D Cryostat CM 3050

Zeiss Goettingen, D Axiophot

Laser scanning microscope Zeiss LSM510

Power supplies

Bio-Rad Munich, D Power Pac series
Spectrophotometer
APB Freiburg, D Ultrospec 3000/DPV-411 printer

Thermal cyclers

Eppendorf Hamburg, D Mastercycler gradient
MJ Research Waltham, MA, USA PTC-200 DNA Engine™ classic

2.4 Oligonucleotides

Oligonucleotides/primers were synthesized by MWG biotech AG (Ebersberg, D) or Metabion
(Planegg, Martinsried, D).

2.5 Morpholinos

Morpholine-based antisense oligonucleotides were synthesized by Gene Tools LLC

(Philomath, OR, USA). Morpholino sequences are listed in the appendix.
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2.6 Antibodies

The polyclonal antibodies Sus-ten (Bartsch et al., 1995) and anti TN-C (Tongiorgi, 1999) to
TN-C, monoclonal antibodies 596, 597 (Pesheva et al., 1989) and polyclona antibodies
termed EGF-L and FN-2 (Xiao et al., 1998) to TN-R and monclonal antibodies O1 and O4,
which label myelin (Sommer and Schachner, 1981) have been described. Monoclonal
antibodies G-A-5 to glia fibrillary acidic protein, CS-56 to chondroitin sulfate proteoglycans
and B-5-1-2 to acetylated tubulin were purchased from Sigma-Aldrich (Deisenhofen, D).
Monoclonal antibody Linc to label retinal axons was original developed by (Steen et al.,
1989) and obtained from the developmental studies hybridoma bank (DSHB). Monoclonal
antibody 9E10, recognizing the myc-epitope was purchased from Covance (Princton, USA).
Monoclonal antibody 4C4, recognizing microglia/macrophages was a kind gift from Drs A.
Dowding and J. Scholes. Monoclonal antibody F59 recognizing adaxial cells in the zebrafish
(Devoto et al., 1996) was akind gift from Dr. Stockdale.

Secondary antibodies

For indirect immunfluorescence, Cy™ 2-, 3- and 5- conjugated antibodies (diluted 1:200) and
horseradish peroxidase-conjugated antibodies (diluted 1-200) to rabbit, rat or mouse were
used, respectively (all from Dianova, Hamburg, D)

2.7 Bacterial strains

E. Coli DH5a. Invitrogen
E. Coli Top 10 Invitrogen
E. Coli NR 3704 (dam) Institut Prof. Schachner
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2.8 Bacterial media

All mediawere autoclaved prior to use.

Luriabroth (LB per liter)

LB agar (per liter)

10 g NaCl

10 g tryptone or peptone

5 g yeast extract

— pH 7.0 with 5 N NaOH (optional)

10 g NaCl
10 g tryptone or peptone
5 g yeast extract

20 g  agar
— pH 7.0 with 5 N NaOH (optional)

The following antibiotics were added when needed (1000 fold stock solutions): 100 mg/
ampicillin (LB-amp), 25 mg/l kanamycin (L B-kan).

2.9 Vectors

pBluescript® Il SK/KS
pCR®2.1 Topo

pCR®Il Topo

pCR®I1 Blunt Topo
pGEM®-T easy
pCS2MT

Stratagene Cloning vector
Invitrogen Topo cloning host vector
Invitrogen Topo cloning host vector
Invitrogen Topo cloning host vector
Promega TA cloning vector

Rupp et a., 1994 Cloning vector to generate mMRNA

overexpression constructs
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2.10 Zebrafish

Adult (body length > 2 cm, age > 4 months) and developing zebrafish, Danio rerio, were
taken from our breeding colony or bought at a fish breeder and raised according to standard
protocols (Westerfield, 1989). Prior to surgery, adult fish were kept in groups of 10 animals at
a 14 hour light and 10 hour dark cycle and a temperature of 27°C. After surgery, fish were
kept individually in two liter tanks. Fish were fed dried fish food and live brine shrimp. All
animal experiments were approved by the University and State of Hamburg animal care

committees and conformed to NIH guidelines.

2.11 Buffers and stock solutions

Buffers and stock solutions are listed below. All more method-specific solutions are specified

in the accompanying sections.

Blocking buffer (whole mount immunohistochemistry)

1 % (VIV) DMSO

1 % (VIV) normal goat serum

1 % (w/v) BSA

0.7 % (viv) Triton-X 100
DAB-stock solution 1 % (W/v) Diaminobenzidine
Danieau solution 58 mM NaCl

0.7 mM KCl

04 mM MgSO,

06 mM Ca(NO,),

5 mM HEPES

pH 7.6

DIG blocking stock 10 g Blocking reagent (Roche)

100 ml DIG buffer 1

DIG buffer 1 (2 X) 02 M maleic acid
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03 M NaCl

— pH 7.5 (solid NaOH)
DEPC-H,0O 01 % (wlv) diethylpyrocarbonate

— autoclave after stirring overnight
DNA-sample buffer (5x) 20 % (W/v) glycerol in TAE buffer
(DNA-gels) 0,025 % (w/v) orange G
dNTP-stock solutions 25 mM each dATP, dCTP, dGTP, dTTP
(PCR)
EDTA stock solution 05 M EDTA

— pH 8.0
Ethidiumbromide- 10 po/ml ethidiumbromide in IXTAE
staining solution
(DNA-gels)
Formal dehyde gel 01 M MOPS pH7.0
running buffer 40 mM sodium acetate
RNA-gel (5X) 5 mM EDTA
Formaldehyde gel 50 % (VIV) glycerol
loading buffer 1 mM EDTA
RNA-gel 5x 0.25 % (w/v) bromphenol blue

025 % (w/v) cylene cyanol

4 % Paraformaldehyde 4 % (W/v) paraformaldehyde

Phosphate buffered saline

dissolved at 60 °C under stirring in 1 x PBS

1.36

M

NaCl
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(PBS 10 x, Morphology)

PBST

Saline sodium

citrate buffer (SSC, 20 x)

TAE (50x)

(DNA-gels)

TE (10x)

0.1 M

27 mM

18 mM
—pH 7.4

01 % (viv)

M
0.3 M
—pH7.4
2 M
100 mM
0,1 M

10 mM

Na,HPO,
KCl
KH,PO,

Tween 20in 1 x PBS

NaCl

tri-sodium citrate

Tris-Acetat, pH 8,0

EDTA

Tris-HCl, pH 7,5
EDTA
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3. Experimental procedures

3.1 Various molecular biological methods

If not otherwise indicated, standard biological techniques were carried out as described
(Sambrook et al., 1989). Methods for cDNA cloning, probes for in situ hybridization and
northern blotting and generation of MRNA overexpression constructs, are described in more
detail.

3.1.1 Photometric quantification of nucleic acids

DNA, RNA and oligonucleotides were measured directly in aequous solutions. The
concentration was determined by measuring adsorption at A=260 nm against blank and then
evaluated via factor. Tha absorption of 1 OD (A) is equivalent to approximately 50g/ml
dsDNA, 40 g/ml RNA and 30 g/ml for oligonucleotides. Interference by contaminants was
recognized by the calculation of ratio. The ratio A260 / 280 is used to estimate the purity of
nucleic acid, since proteins absorb at 280 nm. Pure DNA should have aratio of 1.8, whereas
pure RNA should give a value of approximately 2.0. Absorption at A=230 nm reflects
contamination of the sample by substances such as carbohydrates, peptides, phenols or
aromatic compounds. In the case of pure samples, the ratio A260 / 230 should be

approximately 2.2.

3.1.2 DNA agarose gel electrophoresis

To analyze restriction digests, quality of nucleic acid preparations, etc. horizontal agarose gel
electrophoresesis was performed. Gels were prepared by heating 0.8-2.5 % (w/v) agarose
(Invitrogen, electrophoresis grade) in Tris-acetate buffer (TAE), depending on the size of
fragments to be separated. DNA samples were adjusted to 1 x DNA sample buffer and were
subjected to electrophoresis at 10 V/cm in BIO-Rad gel chambersin 1 x TAE running buffer.
Afterwards, gels were stained in 0.5 pg/ml ethidium bromide in 1 x TAE solution for

approximately 20 min. Thermo-photographs of transilluminated gels were taken, or bands
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were made visible on an UV-screen (A=360 nm) and desired fragments were cut out with a

scalpel. Extraction of DNA fragments from agarose plugs is described under 3.4.3.

3.1.3 Restriction of DNA

Restriction enzyme digestions were performed by incubating dSDNA molecules with an
appropriate amount of restriction enzyme(s), the respective buffer as recommended by the
supplier(s), and at the optimal temperature for the specific enzyme(s), usually at 37°C. In
general, 20 pl digests were planned. For preparative restriction digests the reaction volume
was scaled up to 100 ul. Digest were composed of DNA, 1 x restriction buffer, the
appropriate number of units of the respective enzyme(s) (due to glycerol content the volume
of the enzyme(s) added should not exceed 1/10 of the digest volume), and the sufficient
nuclease-free H,O to bring the mix to the calculated volume. After incubation at the optimal
temperature for a reasonable time period (mostly 2-3 hrs or overnight), digests were stopped
by incubation for 20 min at 65°C. If reaction conditions of enzymes were incompatible to
each other, DNA was digested successively with the individual enzymes. Between individual
reactions, DNA was purified, see (3.4.2).

3.1.4 Sequencing of DNA

Sequence determination of dSDNA was performed by the sequencing facility of the ZMNH
(Dr. W. Kullmann, M. Daeumigen). Fluorescent-dye labelled chain- termination products
(ABI Prism Dye Terminator Cycle Sequencing Ready Reaction Kit, Perkin Elmer, Welledly,
MA, USA) were analyzed with an ABI Prism 377 DNA Sequencer (Perkin Elmer). For
preparation, 0.8-1 pug of DNA was diluted in 7 pl ddH,0 and 1 pl of the appropriate
sequencing primer (10 pM) was added.

3.1.5 Maintenance of bacterial strains

Strains were stored as glycerol stocks (LB-medium, 25% (v/v) glycerol) at -80°C. To regrow

particular strains, an aliquot of the stock was streaked on an LB-plate containing the



20 3. Experimental procedures

appropriate antibiotics and incubated overnight at 37°C. Plates were stored up to 6 weeks at
4°C.

3.1.6 Precipitation of DNA

The salt concentration of an agqueous DNA solution was adjusted by adding 1/10 volume of
sodium acetate, pH 5.2. 2.5 volumes of cold ethanol, -20°C were added and the samples
mixed well. Following incubation on ice for 30 min, samples were centrifuged for 15 min
(16000 x g, RT). For optimal purity, the pellet was loosened from the tube during inverting
and was broken up in ethanol. After removal of the supernatant, a quick 1-2s centrifugation
step was performed and residual ethanol was aspirated. Supernatants were removed and DNA
pellets air dried (approximately 5 min at RT). DNA was resuspended in an appropriate

volume of prewarmed water.

3.1.7 Production of competent bacteria

DH5a bacteria were streaked on LB-agar dishes and grown overnight at 37°C with constant
shaking. 50 ml of LB broth were inoculated with 5 colonies and grown at 37 °C under
constant shaking (>200 rpm) until the culture had reached an optical density (ODy,,) of .035-
0.45. Growth of bacteria was stopped by a5 min incubation step on ice. Cells were pelleted at
1000 x g for 15 min (4°C) and — after removal of the supernatant — resuspended in 17 ml
prechilled RF1 (4°C). Following a 15 min incubation on ice, the centrifugation was repeated.
The cell pellet was resuspended in 4 ml prechilled RF2 (4°C) and incubated again for 15 min
on ice. Bacteria as 50 — 100 ul aliquots were frozen in liquid nitrogen and stored at —-80°C.
Transformation capacity/efficacy of cells was tested by a transformation with a distinct
quantity (pg-ng) of purified supercoiled plasmid DNA.

RF1 RF2

100mM RbCl 10 mM MOPS (pH 6.8)
50 mM MnCl, 10 mM RDbCI

30 mM KOAC 75 mM CaCl,

10 mM CaCl, 150 g/l glycerol

— pH 5.8 (with 0.2 M acetic acid)
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3.2 Cloning in plasmid vectors

3.2.1 Preparation / enzymatic manipulation of insert DNA

Four different kinds of insert DNA fragments were cloned (see item list below). If the insert
DNA did not contain ends compatible with the pre-cleaved vector, several strategies were
followed to overcome this problem; methods performed are briefly described below the item
list.

Plasmid DNA fragments. For cloning of distinct regions of plasmid DNA, donor molecules
were digested with appropriate restriction enzyme(s). Even though direct ligation using DNA
from inactivated restriction digest was possible, mostly complete digests were applied to
agarose gel electrophoresis, appropriate bands were cut out and DNA was eluted from agarose
plugs, thus avoiding unwanted by-products during subsequent ligation reactions. Non
complementary overhanging ends were converted to blunt ends prior to ligation using the

Klenow enzyme.

Pfu DNA polymerase-derived products. Due to the 3'— 5 exonuclease activity, a major
fraction of DNA species amplified with PfuTurbo® DNA polymerase does not contain an
additional adenosine at the 3"-end. These products were directly cloned with vector DNA that
was cut with enzymes generating blunt ends or subjected to Topo cloning. Before ligating

DNA from PCR reactions, DNA was cleaned up or DNA fragments were purified.

Taq DNA polymerase-derived products. PCR products amplified with Tag DNA
Polymerase, HotStarTaq™, or enzymes of the Advantage™ product family DNA polymerases
were directly subjected to TA cloning. The latter two products are actually mixtures that

contain minor amounts of a proofreading polymerase, but TA cloning was still possible.

PCR productswith introduced restriction sites. Frequently, the ends of insert DNA did not
contain suitable restriction enzyme sites, i.e. when a donor cDNA was designated for cloning
into a certain reading frame of an expression vector. Restriction enzyme sites were generated

by PCR at the desired location. For this technique, restriction sites were designed into the 5'-
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end of the PCR primers. Because certain restriction enzymes inefficiently cleave recognition
sites located at the end of a DNA fragment, usually four additional bases were introduced 5
to the restriction site. PCR products were gel-purified, digested with the appropriate
restriction enzymes, and purified with spin columns.

Converting a 5"-overhang to a blunt end terminus

Non compatible 5 -overhanging ends were blunted for ligation using Klenow enzyme (DNA
polymerase | Large Fragment, Roche). 2U were directly added to a 20 pl heat-inactivated
restriction digest complemented to a final concentration of 40 uM of each dNTP and
incubated for 30 min at 37°C. The reaction was terminated by incubation at 70°C for 10 min

and fragments were directly used for ligation reactions.

3.2.2 Enzymatic manipulation of vector DNA prior to cloning

When used as vectors, plasmids were digested at one locus either by a single restrcition
enzyme or by two at a multi-cloning site to achieve insertion of target DNA in a defined
orientation. Digestion reactions were carried out as described under 3.1.2 using 5-10 pg of
plasmid DNA as starting material. When digestions were verified as complete and correct by
agarose gel electrophoresis, complete restriction digests were subjected to preparative agarose
gel electrophoresis and appropriate bands representing digested vectors were cut out and
vector DNA was extracted from agarose plugs. To prevent self-circularization by DNA ligase,
SAP buffer (Boehringer Ingelheim) and 1 U SAP (shrimp akaline phosphatase) per 100 ng
plasmid DNA were added to remove 5 -phosphates. The reaction was incubated at 37°C for 2
h and terminated by incubation at 70°C for 10 min. The plasmid DNA was used for ligation

without further purification.

3.2.3 Ligation of plasmid vector and insert DNA

Ligation of DNA fragments was performed by mixing 50 ng vector DNA with the fivefold
molar excess of insert DNA. 1 pl of T4-Ligase and 2 ul of ligation buffer (Roche) were added
and the reaction mix was brought to a final volume of 20 ul. The reaction was incubated
either for 2 h at room temperature (sticky ends) or overnight at 16°C (blunt ends). The
reaction mixture was used directly for transformation without any further purification.
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3.2.4 TA cloning

Two different systems were employed for TA cloning of PCR products containing an
additional adenosine at their 3"-ends. If the amount of product after a RACE-PCR, was only
in the range of 50 ng or below, the highly efficient vaccinia topoisomerase-1 based TOPO®
cloning system (Invitrogen) was applied. PCR fragments were inserted into the vectors
pCR®2.1-TOPO or pCR®I1-TOPO following the manufactures instructions. Blunt-end derived
PCR fragments were cloned in pCR®II-Blunt TOPO (Invitrogen). If availability of DNA
fragments was not restricted, TA cloning of PCR products was performed with the pGEM®-T

vector followed the manufacturer”s instructions.

3.2.5 (Re-) Transformation of DNA into bacteria

10 ng of plasmid DNA or 20 pl of aligation mixture were added to 100 pl of competent
DH5a and incubated for 30 min on ice. After a heat shock (2 min, 42°C) and successive
incubation on ice (3 min), 800 ul of LB-medium were added to the bacteria and incubated at
37°C for 30 min. Cells were then centrifuged (10000 x g, 1 min, RT) and the supernatant
removed. Cells were resuspended 100 pl LB medium and plated on LB plates containing the
appropriate antibiotics. Colonies formed after incubation at 37°C for 12-16 h.

3.3 Purification of nucleic acids
3.3.1 Plasmid DNA purification from bacterial cultures

Mini-scale plasmid isolation

3 ml LB/Amp-Medium (100 pg/ml ampicillin) were inoculated with a single colony and
incubated over night at 37°C with constant agitation. Cultures were transferred into 2 ml
Eppendorf tubes and cells were pelleted by centrifugation (12,000 rpm, 1min, RT). Plasmids
were isolated from the bacteria using the GFX micro plasmid prep system (APB), according
to the manufacturer”s protocol. The DNA was eluted from the columns by addition of 50 pl
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Tris-HCI (10 mM, pH 8.0) with subsequent centrifugation (12,000 rpm, 2 min, RT). Plasmid
DNA was stored at 20°C.

Plasmid DNA isolation from 15-ml cultures

To rapidly obtain higher amounts of DNA, the Macherey-Nagel Nucleospin kit was used. 15
ml LB/Amp-Medium (100 pg/ml ampicillin) were inoculated with a single colony and
incubated over night at 37°C with constant agitation. Cultures were transferred into 15 ml
Falcon tubes and cells were pelleted by centrifugation (12,000 rpm, 1min, RT) in an
Eppendorf centrifuge. Plasmids were isolated from the bacteria according to the
manufacturer’s protocol with the exception that twice the suggested amount of buffers were
used. DNA was eluted from the columns by adding 50 ul of prewarmed (70°C) Tris/Cl (10
mM, pH 8.0) with subsequent centrifugation (12,000 rpm, 2 min, RT) twice. Finally, the

DNA concentration was determined as described in 3.1..

Plasmid DNA isolation fromm 500 ml-cultures (M axipreps)

For preparation of large quantities of DNA, the Qiagen Maxiprep kit was utilized. A single
colony was inoculated in 2 ml LB/amp (100 pg/ml ampicillin) medium and grown at 37°C for
8 h with constant agitation. Afterwards, this culture was added to 500ml LB/amp medium
(100 pg/ml ampicillin) and the culture was incubated at 37°C with constant agitation
overnight. Cells were pelleted in a Beckmann centrifuge (6,000g, 15 min, 4°C) and DNA was
isolated as described in the manufacture’s protocol. Finaly, the DNA pellet was resuspended
in 600 pl of prewarmed (70°C) Tris-HCl (10 mM, pH 8.0) and the DNA concentration was
determined.
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3.3.2 PCR/DNA fragment purification

For purification of DNA fragments the silica matrix-based High Pure PCR-Purification kit
(Roche) was used according to the manufacturer’s protocol. The DNA was eluted from the
column by addition of 50 pl prewarmed (70°C) Tris-HCI (10 mM, pH 8.0). The DNA-
concentration was determined using the undiluted eluate.

3.3.3 DNA fragment extraction from agarose gels

For isolation and purification of DNA fragments from agarose gels, ethidiumbromide-stained
gels were illuminated with UV-light and the appropriate DNA band was excised from the gel
with a clean scalpel and transferred into an Eppendorf tube. The fragment was isolated
utilizing the silica matrix-based QIAquick Gel Extraction kit (Qiagen) following the
manufacturer’s protocol. The fragment was eluted from the column by addition of 50 pl
prewarmed (70°C) Tris-HCI (10 mM, pH 8.0). The DNA-concentration was determined using
the undiluted eluate.

3.3.4 Total RNA isolation from zebrafish brain tissue

Total RNA was purified using the silica-gel-membrane technology as adopted in Qiagen’s
RNeasy® system. All buffers used were provided by the manufacturer. Adult zebrafish brains
were quickly isolated and frozen in liquid nitrogen. 250 mg brain tissue was homogenized in
4 ml buffer RLT with arotor-stator homogenizer for 60 s at maximum speed. The total RNA
was isolated following the manufacturer’s protocol. Finally, total RNA was eluted in 200
DEPC-treated water. Integrity of the purified total RNA was assessed by spectrophotometry
(scan from A=200-350nm) and agarose electrophoresis (even under non denaturating
conditions, identical to the procedure described in section 3.1.1. for DNA). Total RNA
samples were stored at —80°C.
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3.3.5 Purification of mRNA

Poly A* mRNAwas isolated from total RNA samples with Qiagens Oligotex® system (Midi).
30ul vortexed and preheated (37°C) Oligotex-dT,, suspension were added to 500ug total
RNA in a volume up to 500 pl DEPC-H,O. Purification was performed as described in the
manufacturers protocol. Poly A* mRNA was eluted from spin columns with 25 pl provided
elution buffer. Purified mRNA was stored at —80°C.

3.4 Nucleic acid amplification

The in-vitro amplification of DNA fragments using the polymerase chain reaction (PCR) was
usually performed in a MJ PTC-200 DNA ENGINE" classic thermal cycler. Routinely, PCR
reactions were set up by adding the following ingredients to a 0.2 ml thin-walled tube
(Biozym Diagnostik GmbH, Hessisch-Oldendorf, D): the template DNA (typically plasmid or
first strand cDNA), the primers flanking the region(s) to be amplified, dNTPs, buffer and
DNA polymerase. Primer sequences were selected manually or e ectronically determined with
the PrimerSelect software from the Lasergene software suite (DNASTAR inc. WI, USA).
Selected primer sequences were evaluated with the Oligo Calculator
(http://www.basi c.nwu.edu/biotool s/oligocalc.html) which employs the nearest neighbor
algorithm to determine annealing temperatures. Routinely, 20-50 ul reactions were
performed. The enzymes, that were used during these experiments are as follows (in brackets
typical PCR reactions are cited): (a) Tag DNA polymerase (“general” PCR reactions), (b)
PfuTurbo® DNA polymerase (PCR to amplify DNA for further cloning steps), (c)
HotStarTag™ DNA polymerase (RACE-PCR, RT-PCR, general amplification from first
strand cDNA, cloning of difficult amplicons), (d) Advantage™-DNA polymerase (RACE-
PCR), (e) Advantage™-GC 2 DNA polymerase (GC-rich templates, RACE-PCR). Table 3.1
shows cycling parameters for the DNA polymerases (a) — (€). Number of cycles (25-35 up to
40) required for optimum amplification varied depending on the amount of starting material
and the efficiency of each amplification step. In certain experiments (e.g., RACE-PCR), a
touchdown strategy (Don et al., 1991) was adopted. A final incubation step at the extension
temperature ensured fully double stranded molecules from all nascent products. Following
cycling, typically 5-10 ul aliquots up to complete reactions were analyzed by agarose gel

electrophoresis to detect amplified products. In instances where the yield from a single PCR
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was insufficient (e.g., RACE-PCR), the reaction was purified and an aliquot was used as
template for a second PCR with the same or a nested primer set (nested PCR).

(@ “Taq” (b) " Pfu” (c) “HotStar” | (d)” Adv-2" (e) “Adv-GC”

(01) |1:00,94°Cto 1:00, 94°Cto 15:00, 95°C 1:00, 95°C 3:00, 94°C
5:00, 95°C 1:00, 98°C

(02) [0:30,94°Cto 1:00, 94°Cto 0:30, 94°Cto 0:30, 95°Cto 0:30, 94°Cto
1:00, 96°C 1:00, 98°C 1:00, 94°C

(03) |[0.30-1:00 1:00 0.30-1:00 3:00 (1-5kb) 3:00 (1-5kb)
Tas Tae Tae 68°C 68°C

(04) |72°C 72°C 72°C Goto2, Goto2,
1 min per kb 1 min per kb 1 min per kb 25-35X 25-35X

(05) | Goto2, Gotoz, Gotoz, >05:00, 72°C | > 05:00, 72°C
25-40 x 25-40 x 25-40 x

(06) |>05:00,72°C |>05:00,72°C |>05:00,72°C |4°C, forever 4°C, for ever

(07) | 4°C, for ever 4°C, for ever 4°C, for ever End End

(08) |End End End

Table 3.1.: PCR cycling parameters. PCR programs shown were general starting points,
when using the above mentioned DNA polymerases. T,g, primer melting temperature
calculated with the nearest neighbor algorithm.

3.4.1 Generating RNA by In-vitro transcription

To generate in-vitro transcribed RNAS, 5-10 pg of plasmid DNA containing the desired insert
and a T3, T7 or SP6 polymerase promotor were digested with restriction endonucleases
overnight, at positions that were located 3" of the designated RNA polymerase promoter and
3’of the to be transcribed strand of DNA. By doing this, the DNA polymerase transcribed
only the strand of interest and no vector-specific sequences. Linearized DNA was purified
using the MiniElute PCR purification kit according to manufacturers instructions (Qiagen). In
order to obtain Digoxigenin (DIG) labeled RNA probes for in-situ hybridization, transcription
of the desired templates was performed with Ambion’s Megascript system. For the generation
of DIG-labeled RNAS, the DIG-UTP mix shown below was used instead of NTPs provided by

the manufacturer.
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DIG-UTP mix (10x)

10 mM ATP
10 mM CTP
10 mM GTP
6.5 MM uUTP
35mM DIG-11-dUTP (Roche)

In case of mMRNA to be used for overexpression studies, the mMessage mMachine kit
(Ambion) was employed. 20 pl in-vitro transcriptions were in both cases essentially
performed as recommended by the manufacturer. Generated mRNAs were purified by LiCl

precipitation, analysed on a denaturating agarose gel and stored at —80 °C.

3.5 cDNA cloning
3.5.1 First strand synthesis, RT-PCR

For reverse transcription in-vitro, an RNA-dependent DNA polymerase activity and a hybrid-
dependent exoribonuclease (RNase H) activity of the reverse transcriptase enzyme (RT) were
utilized to produce single-stranded cDNA from RNA. Routinely, Omniscript™ RT was used
to produce first strand cDNA from 50 —500 ng of total RNA as starting material. Sensiscript™
RT has been used for starting amounts below 50 ng of total RNA. After denaturating total
RNA samples for 5 min at 65°C, the following reactions were set up by adding all further
components by a master mix. First strand synthesis occurred during a 60 min incubation at
42°C.

1x Omniscript™ RT buffer

0,5mM each dNTP (5mM dNTPs supplied)
0.5 uM primer (mostly oligo-dT ,; 5)

0.2 U/pl Omniscript™ RT (40 U/pl)
0.5U/ul rRNasin® (40 U/ul)

ad 20 pul DEPC-trated H,O

First strand cDNA was stored at —20°C or directly subjected to PCR reactions (RT-PCR) as

described in section 3.5.
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3.5.2 Rapid amplification of cDNA ends

To clone the 5'- and 3 -ends of cDNA sequences, two slightly different technologies of Rapid
amplification of cDNA ends (RACE) were employed. RACE facilitates the cloning of full-
length cDNA sequences when only a partial clone is available. Two different systems for the
apmlification of cDNA ends were utilized, the RNA Ligase mediated Rapid Amplification of
cDNA ends (RLM-RACE, Ambion) and the classic RACE (Invitrogen). RACE reactions
were performed following the manufacturer’s instructions. Zebrafish brain poly A* mRNA
was used as template for gene-specific RT-PCR in both cases. As a DNA polymerase,
Qiagen’s HotStarTag™ or products of the Advantage™ product family (BD Biosciences
Clontech) were utilized. Gene specific primers (GSP1, GSP2 and GSP3) were designed to
fulfil the requirements of cycling parameters as recommended by the manufacturer. Amplified

products were purified in agel, directly sequenced or subjected to TA cloning.

3.5.3 Cloning of cDNAs for myelin protein zero, tenascin-r and tenascin-c
|solation of a zebrafish PO cDNA

Clone fj35f03 (UCDMp611K0617), which exhibits sequence homology to known PO
molecules from other species was obtained from the Resource Center and Primary Database
(RZPD; Berlin, Germany), and the sequence confirmed. To verify that the clone contains the
complete open reading frame (ORF) we performed 5'- and 3"- RACE (Rapid Amplification of
cDNA Ends) procedures. Total RNA from adult zebrafish brains was isolated using the
RNeasy® system (Qiagen, Hilden, Germany) and reversely transcribed using either random
hexamers or an oligo-dT anchor primer, followed by PCR. The 5" end of PO was verified by
5" RACE using the RNA Ligase Mediated Rapid Amplification of cDNA Ends (RLM-
RACE®; Ambion, Austin, Texas) system according to the manufacturer’s instructions.
Primers RLM1 and RLM2 and nested gene specific primers POR1 5'-
GGTGGCCGCCGATGTCAGGT-3" and POR2 5-ATTGCGTCCTTAGCCCCATCTG-3
were used. To verify the 3’end, a3" RACE was carried out using a combination of nested 3"-
oligo-dT coupled adapter primers and two nested gene-specific primers (P031: 5-
GGTTCTATCCTGATCAAG -3, P032: 5-CTTCAATATGTATTCAGTCC -3).
Furthermore the entire ORF was amplified from cDNA preparations from adult zebrafish
brain using primers outside the ORF (POup: 5-ACGTATACTGACCTGCGGGGAGAT-3’,
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POlow: 5-TGAAAGTAGAAAAATGACCAGAAA-3). All amplified PCR products were
cloned into the pCR2.1TOPO vector (Invitrogen, Groningen, Netherlands), analyzed by
digestion with restriction enzymes and sequenced.

| solation of a zebrafish tenascin-r cDNA

To isolate the zebrafish tenascin-R cDNA, we performed degenerate RT-PCR with
oligonucleotide primer sequences based on the conserved FNIII-like domains of human, rat
and chicken tenascin-R using the Consensus-Degenerate Hybrid Oligonucleotide Primer
(CODEHOP) program (Rose et al., 1998). Total RNA from adult zebrafish brains was
prepared and reverse transcribed using either random hexamers or an oligo dT primer,
followed by PCR [P1l: 5-CGTGGAGGTGCAGTGGGA(R)CC(N)TT)-3", P2: 5'-
GGCGGAGATTCCGACTCC(R)TA(Y)TC(N)GT-3")], yielding a partial tenascin-R
fragment. A degenerate 5 oligonucleotide primer based on the EGF-like repeats of tenascin-R
[P3: 5-GCCTTTCGAGTGCCGG(Y)T(N)GA(R)GT(N)AC-3] and a gene specific 3" primer
(PS3: 5"-CCACTCCACAAACGCAACCGTGT-3) located in the most 5° end of the cloned
tenascin-R fragment were used to clone a second tenascin-R fragment which contained a more
5 part of the molecule. Based on this sequence, a 5° RACE was performed according to
manufacturer’ s instructions. Nested anchor primers AAP and AUAP and gene-specific nested
primers (PSN3: 5 -TGCCATTGCGGACTCCACTGACT-3", PSN4: 5'-
GGCTCCACTCCACAAACGCAACC-3) located in the most 5° end of the newly cloned
tenascin-R fragment were used. To obtain the 3"end of tenascin-R, a 3" RACE was carried out
with a combination of nested 3"-oligo-dT coupled adapter primers and two nested 5° gene-
specific primers (PSN1: 5-CGCCTTCAGCCTACTCTGAGCCA-3, PSN2: 5-
GCAATGGCACTGAGAGTGGA-3") located in the most 3" end of the cloned tenascin-R
fragment. All amplified PCR products were cloned into the pCR2.1TOPO vector (Invitrogen),
analyzed with restriction enzymes and sequenced.

To detect possible paralogs of tenascin-R in zebrafish three additional degenerate primer pairs
derived from consensus sequences of also the newly cloned zebrafish tenascin-R were used.
Primer pairs were: [S1: 5-GGCGAGGACGAGATGCT(N)(R)C(N)GA(R)TA(Y)A-3"; LS1:
5 -TGATGGTGATGTTGGTCCAGT(Y)(N)CC(N)GG(N)AC-3"], [S2: 5'-
GGAGTCTGCGTCGAGGG(N)(S)A(N)TG(Y)(R)T-3"; LS2: 5 -
GGGACAGGGGAGGCTG(N)A(R)(N)C(K)(R)AA-3], [S3: 5 -
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CACGTACACCCTGACCGAC(Y)T(N)(S)A(R)CC(N)GG-3"; LS3: 5'-
CTCGATGTCGGCGATAGG(N)GG(N)(R)(S)CCA-31.

Molecular cloning of afull-length cDNA for zebrafish tenascin-c

Two partia clones containing three FN-111 domains and the fibrinogen knob belonging to the
3’- end of tenascin-c have been described (Qiao et a., 1995; Tongiorgi et a., 1995b). During
alow stringency screen of a 20-28 hpf zebrafish library with the 444bp long cDNA insert of
pGEX-EGF/S (Xiao et al., 1996) a partial clone containing the 14.5 EGF like domains of
tenascin-c but not the complete 5 -end (unpublished, but see Weber et al., 1998) was
obtained. To isolate the complete zebrafish tenascin-c cDNA, total RNA from adult zebrafish
brains was prepared and reverse transcribed using an oligodT primer and RT-PCR was
performed with primers (TNCoverl: 5-CTGGGCTTTACTGGCGATGAC-3" and
TNCover2: 5'- CTCTTGGCTGTGTCTCGGAATG-3") derived from the most 5"-and 3"-ends
of both partial sequences. To obtain the 5"-end of zebrafish tenascin-c rapid amplification of
cDNA ends using the 5RACE system (Invitrogen) was performed according to
manufacturer’s instructions. Total brain RNA was reverse transcribed using gene-specific
primer TNCracel (5-GCCATTGACGCACCTTCC-3") and RT-PCR was performed using
nested anchor primers AAP and AUAP and gene-specific primers (TNCrace2: 5 -
CTGTCCAAGGCTCGTCGCATAC-37; TNCrace3: 5 -
GCCTCCAGCATTTCCAGCCTATT-3"). All amplified PCR fragments were cloned into the
pCR2.1TOPO vector (Invitrogen), restriction analyzed and sequenced.

Alignments of the deduced amino acid sequences of all three cloned genes were done using
the ClustaW method implemented in the BioEdit suite available through
http://www.mbio.ncsu.edu/BioEdit/bioedit.ntml. The modular architecture of the proteins was
predicted by searching the Protein Families Database of Alignments and Hidden Markow
Models (Bateman et al., 2000) and the transmembrane domain was predicted using the
TransMembrane Hidden Markow Model (TMHMM) algorithm (Sonnhammer et al., 1998).
The signal peptide was identified using the PSORT program (Nakai and Horton, 1999).
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3.6 Purification and labeling of nucleic acid probes

cDNA probes used for northern blot analysis were **P-dCTP labeled with the Megaprime™
system (APB). 25 ng of the designated cDNA probe were filled up with DEPC-H,O to 31 pl.
As recommended by the manufacturer, 5 pl random primer solution were added. Mixtures
were denatured by boiling for 3 min and cooled to RT for 10 min. 10 pl labeling buffer, “ 2 U
Klenow enzyme (1U/pl) and 30 uCi **P-dCTP were added. Labeling occurred during
incubation at 37°C. The labeled probes were separated from unincorporated radioactivity with
ProbeQuant™ G-50 micro column (APB), which contain pre-equilibrated Sephadex™ G-50
grade F. The overall process was monitored by scintillation counting. Prior to use in
hybridisation experiments, labeled probes were stored at —20°C. Directly before applying

probes to prehybridized blots, molecules were denatured by boiling for 5 min.

3.7 Analysis of nucleic acids by hybridization
3.7.1 Northern blot analysis

A tenascin-R cRNA probe, 500 bp in length, was generated by PCR using adult brain cDNA
as template (N1: 5 -GGTGATTGACAGCGACATTA-3", N2: 5'-
GTCCTTGGTAGAGAAAGG-3'). A probe specific for myelin protein zero was generated by
PCR using gene-specific primers POU1: 5-ATGCTGTCCGTACTGGCACTGA-3" and
POL1: 5-GATACGCTGTTTTTGCTGTGATC-3". All probes a-*P labeled using the
Megaprime™ DNA labeling kit (Amersham Pharmacia Biotech). The tenascin-C probe has
been described (Tongiorgi et a., 1995b). Denaturating electrophoresis of total RNA samples
and capillary blotting using a Hybond™ N® membrane were performed according to standard
procedures (Sambrook et al., 1989). Briefly, total RNA 30 pg in a volume of 7 pl was
complemented with 3 ul 210xMOPS and 20 pl F/FA mix. RNA was denaturated by incubating
samples for 10 min at 65°C. 3 pul 10 x RNA loading buffer were added. A thin, low
percentage gel (0.7 % agarose, length 15 cm) containing 0.7 M formaldehyde in 1 x MOPS
buffer was cast and pre-run for 30 min at 100 mV. Samples were loaded and the gel was run
until bromphenol blue had moved 3-4 cm into the gel. Buffer was circulated from anode to
cathode every 30min. After the run, the gel was washed in deionized water for 15 min
followed by two washes with 2 x SSC for 15min each. A capillary blot was set up and the

RNA transferred overnight using 10 x SSC as transfer buffer. The membrane was rinsed in 2
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x SSC to remove residual agarose and the RNA was crosslinked to the membrane by UV-
irradiation (0.07 Jcm?). Air-dried membranes were prehybridized in ULTRAhyb™
hybridization solution (Ambion) at 68°C. A radioactively labeled cDNA probe was denatured
(5 min, 100°C) and added to an equal volume ULTRAhyb™ as used for prehybridization
(approx. 5 x 10° cpm/ml). The hybridization mix was added to the blots covered by
ULTRAhyb™ . Hybridization was carried out at 68°C overnight. Membranes were washed 3 x
15 min with 2 x SSC, 0.5 g/l SDS at RT and 2 x 40 min with 0.1 x SSC, 1 g/l SDS at 50°C.
Blots were wrapped in plastic wrap and exposed to X-ray films (BioMax Light-1 film, Kodak
St. Louis) at —80°C with the help of intensifying screens. Exposure lasted from 12 h to several

days.

M ops (10 x) RNA loading buffer (10 x)

500 mM MOPS 400 g/l sucrose

10 mM EDTA 2 g/l bromophenol blue
—pH to 7.5 (with 5 N NaoH) 2 g/l xylene cyanol

F/FA mix

75 % formamide, deionized
25 % formal dehyde (37 % solution)

3.7.2 RNA in situ hybridization (ISH) on cryosections

Digoxigenin (DIG)-labeled RNA sense and anti-sense probes for tenascin-R mRNA were
generated from a 3.2 kb C-terminal fragment containing also the 3 UTR. To obtain a probe
specific for myelin protein zero, the complete ORF of zebrafish PO was amplified by PCR
using primers POU and POL (see cDNA cloning) and cloned into the pPGEM-T EASY vector
(Promega, Madison, WI). Digoxigenin (DIG)- labeled RNA sense and antisense probes were
generated using the Megascript™ system (Ambion) according to the manufacturer’s
instructions (see 3.5.1.). The tenascin-C probe has been described (Tongiorgi et al., 1995h).
To perform non-radioactive detection of mRNAS, 14 um sections were cut from fresh-frozen
tissue on a cryostat and mounted on glas slides. The sections were fixed in 4%
paraformaldehyde in phosphate-buffered saline (pH 7.3) overnight. The next day, sections
were washed three timesin 1 x PBS, treated with 0.1 M HCI for 20 min, acetylated in 0.1 M
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triethanolamine containing 0.25 % acetic anhydride and dehydrated in an ascending ethanol
series. Finally, sections were air dried and prehybridized for 3 hours at 370C with

hybridization mix. Hybridization with the DIG-labeled probes occurred at 550C overnight in
humid chambers. DIG-labeled probes were diluted 1:250-1:1000 in hybridization buffer.
After hybridization, sections were washed twice in 0.2 x SSC at 55°C, followed by three

washing steps in 0.2 x SSC containing 50 % formamide (for each 90 minutes at 559C). To
prevent unspecific binding, sections were incubated in blocking buffer for 30 min before anti-
DIG AP-conjugated antibodies (Roche Diagnostics, Mannheim, Germany), diluted 1:2000 in
blocking buffer, were applied overnight at 4°C. To remove unbound antibody, sections were
washed twice in DIG-buffer 1 for 15 min. The washing solution was poured off and the
sections were equilibrated for 5 min with DIG-buffer 3. Signal was developed in the dark with
DIG-buffer 3 containing 0.35 g/l 4-nitroblue tetrazolium chloride (NBT, Roche Diagnostics),
0.175 g/l 5-bromo-4-chloro-3-indolyl phosphate (BCIP, Roche Diagnostics) and 0.25 g/l
levamisole (Sigma-Aldrich) until signals became visible under a stereomicroscope. Sense
probes, developed in parallel under the same conditions as the anti-sense probes, did not show
any labeling. Finaly, sections were washed in 1 x PBS and coverslipped.

Hybridisation buffer 10 x “ Grundmix”
25 ml deion. formamide 2ml 1M Trisph 7.5

5 ml 10x “Grundmix” 200 ul 0.5M EDTA
3.3 ml 5M NaCl 2 ml 50 x Denhardt’s solution
25ml 2M DTT 2 ml tRNA (25 mg/ml)
4.7 ml DEPC-H,0 1 ml poly A*-RNA (10 mg/ml)
10 ml dextransulfate 2.8 ml DEPC- H,O
DIG-buffer 1 Blocking buffer
100 mM Tris 1 % (w/v) Blocking reagent (Roche Diagnostics)
150 mM NaCl 0.5 % (w/v) BSA

—pH 7.5 in DIG-buffer 1
DI G-buffer 3

10 mM MgCl,
100 mM Tris

100 mM NaCl —pH 9.5
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3.7.3 Whole mount RNA in situ hybridization

To detect the expression patterns of MRNAS in 16-24 hpf zebrafish embryos, non-radioactive
whole mount in situ hybridization was performed. Embryos at the desired developmental
stages were deeply anesthetized in 0.1% aninobenzoic acid ethyl methyl ester (MS222,
Sigma-Aldrich), dechorionated and fixed overnight in 4% PFA at 4°C. The following day, the
embryos were washed with PBST and incubated in 100% methanol for 30 min at —20°C.
Methanol was removed by subjecting the embryos to a descending methanol series (75, 50
and 25 % methanol in PBST). Afterwards embryos were washed in PBST. To achieve
penetration of the riboprobes, embryos were digested with 1.4 pglml Protinase K (Roche
Diagnostics) in PBST for 10 min at RT, followed by two washesin 2 mg/ml glycinein PBST.
Embryos were post-fixed in 4% PFA for 20 min at RT. PFA was removed by PBST washes
and embryos were prehybridized with hybridization buffer at 55°C for 3 hours. Hybridization

with the DIG-labeled probes occurred at 55°C overnight. DIG-labeled probes were diluted
1:250-1:1000 in hybridization buffer. After hybridization, sections were washed twice in with
2 x SSCT containing 50% formamide for 30 min, followed by awashing step in 2 x SSCT for
15 min and two washing steps with 0.2 x SSCT for 30 min. All washing steps were made at
55°C. To prevent unspecific binding of the anti-DIG AP-conjugated antibodies, embryos were
incubated for 30 min in blocking buffer. Anti-DIG AP-conjugated antibodies (Roche
Diagnostics, Mannheim, Germany) were diluted 1:2000 in blocking buffer and applied
overnight at 4°C. To remove unbound antibody, sections were washed six timesin 1 x PBST
for 20 min. The washing solution was poured off and signal was developed in the dark with
BCIP/NBT tablets (Sigma-Aldrich) until signals became visible under a stereomicroscope.
Sense probes, developed in parallel under the same conditions as the anti-sense probes, did
not show any labeling. Finally, embryos were washed in 1 x PBS. Embryos were cleared in an
ascending glycerol series (30, 50 and 70 % glycerol in 1 x PBS). The yolk sack was removed

and embryos were mounted in 70 % glycerol.

whole mount hybridisation buffer
5 ml deion. formamide
2.5ml 20 x SSC
10 pl Tween®
100 pl 100 mg/ml yeast RNA (Sigma Aldrich)
2.38 ml DEPC-H,O
10 pl 50 mg/ml Heparin
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3.7.4 Screening of a zebrafish cDNA library

The 444bp cDNA insert of clone pGEX-EGF/S (Xiao et a., 1996), which encodes the 4.5
EGF repeats of rat TN-R (Fuss et al., 1993), was labeled with digoxigenin (PCR DIG Probe
Synthesis Kit, Roche Diagnostics, Mannheim, Germany) and used to screen an adult zebrafish
brain library (a gift from Dr. J. Ngai, UCSF, San Francisco), as previously described
(Sambrook et al., 1989). Replica filters were hybridized under low stringency conditions in
30% formamide, 6X SSC, 5X Denhardt’s solution, 0.5% SDS and 100 pg/ml sonicated
herring sperm DNA (Roche Diagnostics) at 42°C. Filters were washed twice for 5 min in 2X
SSC, 0.1% SDS at 42°C, followed by two washes for 15 min in 1X SSC, 0.1% SDS at 42°C.
The corresponding signals were developed on BioMax Light-1 (Kodak, St. Louis, MI)

according to the manufacturer’ s instructions (Roche Diagnostics).

3.8 Immunohistochemistry
3.8.1 Indirect immunfluorescence on sections

To perform indirect immunfluorescence 14 um sections were cut from the designated fresh-
frozen tissue on a cryostat and mounted on glas slides. Sections were air-dried and surrounded
with a Pap-Pen (Kisker, Steinfurt, D) to minimize the amount of the used antibodies. Sections
were fixed in methanol for 10 min at —20°C and rehydrated in 1 x PBS for 10 min. To prevent
unspecific binding of the primary antibodies, sections were incubated in the appropriate
preimmune-serum for 30 min at RT. Sections were incubated with the primary antibodiesin a
humid chamber containing 1 x PBS at 4°C overnight. Sections were washed four times with 1
x PBS to remove unbound antibodies. To visualize the primary antibodies, fluorescence-
labeled secondary antibodies (Dianova, Hamburg, D) were diluted 1:200 in 1 x PBS and
applied to the sections for 45 min at RT in the dark. Sections were washed four times with 1 x
PBS to remove unbound secondary antibodies and coverslipped with elvanol. Sections that
had previously been reacted for in situ hybridization were processed in the same way except

for the methanol step.
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3.8.2 Whole mount immunohistochemistry

To detect the expression patterns of proteins in 16-24 hpf zebrafish embryos, whole mount
immunohistochemistry was performed. The chorions of animals at the desired developmental
stages were removed using two fine forceps and embryos were fixed in 4% PFA containing
1% (v/v) DM SO for 45 min at RT. The embryos were washed in 1 x PBS and incubated with
blocking buffer to prevent unspecific binding of the primary antibody for 30 min at RT. Older
animals (33 hpf) were digested with 1 mg/ml collagenase for 5 min at RT and washed in 1 x
PBS before adding the blocking buffer. Primary antibodies were diluted in blocking buffer
and applied to the embryos overnight at 4°C. Unbound primary antibody was removed by
three washing steps with 1 x PBS for 15 min each. To visualize the primary antibodies
fluorescence or HRP labeled secondary antibodies were diluted 1:200 in blocking buffer and
applied to the embryos overnight at 4°C. Unbound secondary antibody was removed by three
washing steps with 1 x PBS for 15 min each. To visualize the HRP signals, embryos were
incubated in 0.5 mg/ml diaminobenzidine in 1 x PBS for 20 min at 4°C. The brownish
precipitate was developed in 5-10 min by adding 0.035% H,0, in 1 x PBS. Finaly, the
staining solution was removed, embryos were washed in 1 x PBS. Embryos were cleared in an
ascending glycerol series (30, 50 and 70 % glycerol in 1 x PBS), and embryos were mounted
in 70 % glycerol.

3.8.3 Tracing of optic axons

For simultaneous visualization of the optic projection and tenascin-R protein distribution,
optic nerves were labeled with biocytin, as described (Becker et al., 2000a). Animals were
perfused with 4% paraformaldehyde, their brains were embedded in 4% agar and sectioned at
40 um with a vibratome (Leica, Hamburg, Germany). Biocytin was detected with Cy2-
coupled streptavidin (Dianova), tenascin-R was detected using different primary antibodies
and Cy3-coupled secondary antibodies (Dianova). The sections were mounted in Mowiol and
viewed under a laser scanning microscope (Zeiss, Oberkochen, Germany) using Argon and
Krypton lasers, with appropriate emission and detection wavelengths.
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3.9 Zebrafish surgery
3.9.1 Optic nerve crush and enucleation

For lesions of the optic nerves of adult zebrafish, individuals were anesthetized by immersion
in 0.033% aminobenzoic acid ethylmethylester (MS222, Sigma-Aldrich) for 5 minutes. The
left eye was gently lifted from its socket and the exposed intraorbital nerve was crushed
behind the eyeball under visual control using watchmaker’s forceps as previously described
(Becker et al., 2000). A translucent stripe across the otherwise opague optic nerve at the site
where the forceps had been applied indicated a successful crush of the nerve. For the
enucleation experiments, individuals were anesthetized as described above and the left eye
was removed using fine scissors. After surgery, gills were flushed with tank water by gently
pulling the fish through the water. Fish resumed breathing within afew seconds.

3.9.2 Spinal cord transection

Spinal cord transections were performed as described previously (Becker et al., 1997).
Briefly, fish were anaesthetized, scales were removed from the flanks of the fish at the level
of the spinal cord, alongitudinal incision was made and the vertebral column was exposed by
pushing the muscle tissue aside. Then the vertebral column was cut with micro-scissors at a
level halfway between the dorsal fin and the operculum, corresponding to the eighth vertebra.
The wound was sealed with a drop of histoacryl (B. Braun Melsungen, Germany). After
surgery, fish were revived as described above for optic nerve lesions and were allowed to
survive the spinal cord transection for 14 days.

3.10 Pertubation of gene expression by injection of mRNAs, proteins or
morpholinos into freshly fertilized zebrafish eggs

The zebrafish offers the possibility to analyze the functions of genes during early
development in vivo by injecting reagents directly into the freshly fertilized egg. Three
different methods to perturb gene functions were used.
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RNA overexpression:

RNA overexpression leads to an ectopic expression of the desired protein in aimost every cell
of the developing embryo. Cells, for example neurons, which normally do not express the
designated gene e.g. areceptor for repulsive guidance cues are forced to express this gene and
their axons may respond to their environment in a way that differs from wildtype embryos
thereby giving insights into the protein’s function, for example see (Shoji et al., 1998).
Furthermore, cells which normally express the designated gene are forced to synthesize higher

amounts of the protein which also can give information about the protein”s function.

Plasmid construction for RNA injection:

An overexpression vector containing the secretion signal and the 14.5 EGF-like repeats of
zebrafish tenascin-c was generated in the following manner. Total brain poly A* mRNA was
isolated and reverse transcribed with an oligodT primer. RT-PCR was performed using
primers TNCEGFBamHI (5 -CGGGATCCATGGGGATGCGAGGCCTGCTGCT-3") and
TNCEGFClal (5-CCATCGATCGCAGTCATCGCCAGTAAAGCCCA-3). The obtained
product was inserted into the BamHI and Clal sites of pCS2MT (Rupp et a., 1994) to
generate pPCS2TNCEGFmyc. To exclude non-specific effects which could be generated by the
myc-tag himself, we generated vector pCS2TNCL Smyc which contains the secretion signal of
tenascin-c in front of the myc-tag in the following manner. pCS2MT was cut with BamHI and
Xhol to remove the myc-tagq. The myc-tag was reamplified using pCS2MT as template and
primers TNCLSI1 (5" -
CTGTCTAGTGCTGGCCTGGTGAAACATCGATTTAAAGCTATGGAG-3") and
pCS2MTlow 363-384 (5-CTATAGTTCTAGAGGCTCGAGA-3'). Primers TNCLS2 (5'-
CTGCTGGCCTCTATGGCAGTGGCTGTTTTAGTTCATCTGTCTAGTGCTGGCCTG-3")
and T NCL S 3 (5 -
CGCGGATCCATGGGGATGCGAGGCCTGCTGCTGGCCTCTATGGCAGTG-3') each in
combination with pCS2MTlow 363-384 (see above) were successively used to add the
localization signal of tenascin-c in front of the myc-tag. The resulting fragment was digested
with BamHI and Xhol and inserted into the corresponding sites of pSC2MT.

In vitro synthesis of capped mMRNA from the linearized pCS2TNCEGFmyc and
pPCS2TNCL Smyc was carried out as described in chapter 3.5.1 and mRNA was used without

further purification. The RNA concentration was determined spectrophotometrically.
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Concentrations between 1 and 2 pug/ul were used for injections.

RNA Injection:

Freshly fertilized eggs were harvested and desinfected with 1 x HBSS containing 0.5 % PFA.
Eggs were washed three times with 1 x HBSS and arranged in aline in a petri dish containing
2 % agarose. Usually 0.5 pl 5% rhodamine dextran (M,, = 10000) were added to a 3 pl
aliguot of mRNA solution to visualize the amount of injected liquid. A glass micropipette (3
pm, GB 150F-8P, Sciences Products GmbH, Hofheim, D) was filled with the RNA solution
by capillary forces and subjected to a micromanipulator. RNA was injected with a
Picospritzer (PL1-100, Medical systems Corp., Greenvale, USA) at 6 psi and 90 msec directly
into the yolk of 1-4 cell staged eggs. Finally, injected eggs were incubated in 1 x HBSS at
28.5°C until the desired developmental stage was reached and embryos were subjected to
phenotypic analysis.

Morpholino technology:

Antisense oligonucleotides are widely used to inhibit the translation of proteinsin avariety of
modell systems. The first antisense oligonucleotides like RNA and single-stranded DNA were
derived from natural origins. Later developed oligonucleotides were chemically synthesized
and several modifications were added to improve stability and specifity (Summerton et al.,
1997). Morpholino phosphorodiamidates, a new generation of antisense oligonucleotides
which were originally developed for therapeutical approaches (Arora et al., 2000) are the first
viable sequence specific gene inactivation method in the zebrafish. Morpholinos are synthetic
DNA analogues which contain a morpholine ring in lieu of the standard ribose sugar moiety
and contain a neutral backbone. Morpholinos are very resistant to a variety of nucleases, they
show a low toxicity and have a high affinity to RNA (Summerton et al., 1997). Morpholino
phosphorodiamidates function in a RNAse H independent manner, which makes them
different from other antisense oligonucleotides. A morpholino selected against the leader
sequence or nearby bases of an mRNA can bind to it and sterically inhibit scanning of the
MRNA by the 40S ribosomal subunit (Ekker and Larson, 2001). Since protein synthesis of
specific genes is not completely inhibited by morpholino application, the effect will be
referred to as a knockdown. The efficacy of morpholinosis restricted to target sites within the
leader and sequences surrounding the start codon (Summerton, 1999), a bound morpholino

does not appear capable of altering activity of the ribosomal complex once translation is
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initiated. Thus, only asmall fraction of the transcribed RNA sequences bound by morpholinos
within a cell will result in a deleterious effect on gene function.

To establish morpholinos in the zebrafish, phenotypes of known mutants such as no-tail
(Schultemerker et a., 1994) were copied. The morpholinos were injected into fresh fertilized
eggs and shown to phenocopy the mutations (Nasevicius and Ekker, 2000). Morpholinos were
used with great success in many studies to gain information of gene function (Erter et al.,
2001; Solomon and Fritz, 2002). They are also useful to analyze gene function in the fruitfly
Drosophila melanogaster, the frog Xenopus laevis and in cell culture systems. Unspecific
effects of morpholinos were also described (Nasevicius and Ekker, 2000), these effects are
due to hybridization of the morpholino to sequences similar to the target or are dose
dependent (Ekker and Larson, 2001).

300 nmol lyophilized morpholinos specific for Tenascin-c or a randomized control
morpholino (see appendix for sequences) were delivered and resuspended in 37,5 pl Danieau
solution to obtain a stock solution of 65 ng/nl (8 mMM). The stock solutions were split in 3 pl
aliquots and stored at —20°C. Morpholinos were adjusted with Danieau solution to obtain
concentrations between 8 and 16 ng/nl and were injected into 1-4 cell staged eggs as

described above for the mRNA overexpression studies.

Injection of protein fragments:

Embryos (14-16 hpf) were dechorionated and embedded in low melting agarose (Sigma-
Aldrich). Embryos were injected at the interface between notochord and somite at the level of
the 10th trunk segment using a glass micropipette (3 um opening) attached to a Picospritzer.
Recombinant protein fragments containing the EGF-like repeats or the FN-111 like domains 6-
8 (Species und reference) of TN-C were dissolved in vehicle solution (10 x PBS, containing 5
% rhodamine dextran) and embryos were injected with approximately 10 nl solution. This
procedure has been estimated to result in an 100-fold dilution of injected substances within
the embryo (Bernhardt and Schachner, 2000). Finally, injected embryos were incubated in 1 x
HBSS at 28.5°C until the desired developmental stage was reached and embryos were
subjected to phenotypic analysis.
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3.11 Quantitative analysis
3.11.1 Quantitative analysis of trunk ventral motor growth

Thefirst 16 (24 hpf) or 18 (33 hpf embryos) pairs of trunk ventral motor axons were analyzed
in whole mounted embryos under a 40x objective. Ventral motor nerves were scored as
truncated when they were missing completely or did not grow beyond the horizontal
myoseptum. Abnormal branching of the nerves was only scored at the level of the horizontal
myoseptum and dorsal to it. This is because naturally occurring small branches were
occasionally observed in the ventral third of the nerve at the latest time point analyzed.
Nerves that had rostral and caudal branches or appeared bifurcated were scored as
bifurcations. Embryos from at least two independent experiments were scored for each

treatment and time point, anounting to 14-50 embryos for most treatments.

3.11.2 Quantification of cells expressing PO mRNA

Numbers of cell profiles labeled by in situ hybridization in the lesioned, unlesioned, and
enucleated optic tracts and in the lesioned and unlesioned spinal cords of adult zebrafish, were
quantified using the Neurolucida imaging software (MicroBrightfield Europe, Magdeburg,
Germany) installed on an Axioskop (Zeiss, Oberkochen, Germany). The area of the optic tract
at the level of the parvocellular superficial pretectal nucleus or the complete spinal cord was
outlined and the number of PO MRNA expressing cells within this area was determined in
control and lesioned tissues in one section for three animals each at different time points after
the lesion. To facilitate comparison, numbers of labeled cells were expressed as cells per

mm>.

3.11.3 Quantification of neurite outgrowth

The effect of substrate borders on axon outgrowth from retinal explants was quantified as
described (Becker et al., 1999; Becker et al., 2000b). Since fascicles accumulated at the
border at the end of the incubation period, interactions of individual fascicles with the
substrate border could not be counted. Therefore, border interactions were scored by counting
explants for which the vast majority of axon fascicles were prevented from crossing the
substrate border at the end of the incubation period. Values were expressed as percentage of
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all explants extending axon fascicles that had contacted the substrate border. Neurite
outgrowth on homogeneous substrates was quantified by determining the mean number of
axon fascicles exceeding 400 pum in length (one explant diameter) per explant after two days
invitro, as described (Becker et al., 1999; Becker et al., 2000b).

3.12 Organotypic retinal cell culture

3.12.1 Preparation of in vitro substrate

Substrates were essentially prepared as has been described elsewhere (Becker et al., 1999).
All solutions were prepared in PBS, al incubations were performed at room temperature and
all washes were done three times in PBS, unless indicated differently. Tissue culture wells
with a glass bottom (MatTek, Ashland, MA) were coated with poly-D-lysine (0.5 mg/ml) in
borate buffer (120 mM H3BO3, 20 mM NapB407, pH 8.3) for 2 hours, washed and air-dried.

Wells were then incubated with nitrocellulose dissolved in methanol according to Lagenaur
and Lemmon (1987). Wells were again coated with poly-D-lysine for 2 hours, washed and
air-dried. For the preparation of homogeneous substrates, proteins (BSA, tenascin-R) were
coated at a concentration of 100 ug/ml as 25 pl droplets overnight. For the preparation of
substrate borders, two different methods were used to demarcate the border. In most
experiments, a 10 pl India ink spot was precoated that was immediately aspirated, as
described previously (Becker et al., 1999). The solution with test protein (8ul) was then
applied on this spot, and incubated overnight. The test protein border exactly matched the ink
border, as shown by immunofluorescence detection of test protein (Becker et al., 1999). In
some experiments an 8 pl droplet of protein solution mixed with 100 pg/ml BSA-rhodamine
(Molecular Probes, Eugene, OR) was coated directly to visualize the substrate border under
fluorescent light and yielded identical results (Becker et al., 2000b). After washing, laminin
(Sigma, St. Louis, MO) was coated on the surface of the entire well for both homogeneous
substrates and substrate borders at a concentration of 1.7 pg/ml overnight. Wells were washed
and immediately used for explant culture. Test proteins and laminin were never allowed to dry
out throughout the coating procedure.
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3.12.2 Retinal explant culture

Adult zebrafish or goldfish received a bilateral conditioning optic nerve crush 7 days prior to
retinal explant preparation, as previously published for serum-free amphibian retinal explant
culture (Becker et al., 1999). Animals were deeply anesthetized, decapitated and the eyes
were collected in Hank”s balanced salt solution (HBSS). Eyes were quickly rinsed in 70%
ethanol, the retinae were dissected and chopped into 400x400 pum squares on a tissue chopper
(Mcllwain, Gomshall, Great Britain). Squares were washed in HBSS and L-15 tissue culture
medium (Gibco, Karlsruhe, Germany) containing N2 supplements (Sigma) and transferred to
amedium-filled tissue culture well. Explants were oriented with fine forceps to attach them to
the culture substratum with the vitreous side down at a distance of approximately 200 pum
from the substrate border. Culture wells were placed in a humidified chamber and neurites

were allowed to grow out at 26°C for 2-4 days.

3.13 Western blot analysis

Cross-reactivity of the rabbit polyclonal anti-EGF-L and the mouse monoclonal 597
antibodies with zebrafish tenascin-R was determined by Western blot analysis as described
earlier (Becker et al., 1999). Protein extracts of adult zebrafish brains were separated by SDS-
PAGE, blotted on nitrocellulose and probed with antibodies. Antibody binding was detected
with an HRP-coupled anti-rabbit secondary antibody (Dianova, Hamburg, Germany) and
visualized with a chemiluminescent substrate (Super Signal, Pierce, Rockford, IL), according
to the supplier's instructions. Blots were exposed on Kodak X-O-MAT film for 5 to 40 sec.
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4. Results

In the first section of the results, the cloning of myelin protein zero (PO) and its
characterization during development and regeneration of the CNS in the zebrafish Danio rerio
will be described.

4.1 Expression of protein zero is increased in lesioned axon pathways in the
central nervous system of adult zebrafish

4.1.1 Molecular cloning of protein zero (PO) cDNA in zebrafish

To identify homologs of PO in zebrafish, we screened the zebrafish EST database using
BLAST (Altschul et al., 1990) and obtained clone fj35f03 which showed a high degree of
homology to PO molecules of other species. Nucleotide sequencing of this clone revealed a
single ORF of 612 bp which was independently confirmed by 5°- and 3"-RACE procedures on
cDNA preparations form adult zebrafish brain. The sequence was additionally confirmed by
PCR using primers that bracket the ORF (see Experimental procedures). The start codon was
predicted based on preceding stop codons near the N-terminal end of the deduced protein. The
full length gene encodes a deduced protein of 204 amino acids and consists of a large N-
terminal extracellular region containing an Ig-like domain (residues 1-147), a transmembrane
domain (residues 148-170) and a short cytoplasmic region (residues 171-204). Alignment of
the zebrafish amino acid sequence with those of human (Hayasaka et al., 1991), mouse (Y ou
et al., 1991), chicken (Barbu, 1990), and shark PO (Saavedra et al., 1989), as with a trout PO
homolog designated I1P1 (Stratmann and Jeserich, 1995), indicated significant structural
homology among the six molecules (Fig. 3). The highest overall identity of amino acid
sequences is 76% between the zebrafish gene and trout IP1 (Table 1). The degree of amino
acid identity between the zebrafish molecule and the other PO molecules is between 35-40%.
Sequence conservation is highest (50%) in the extracellular 1g-like domain. Based on
structural and amino acid similarities with PO of other species and following the established
nomenclature for zebrafish (Mullins, 1995), we tentatively named the gene PO (Genebank
Accession No.: AJ489219).
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Fig. 3. Zebrafish PO shares structural homologies with PO molecules of other vertebrate species.

The deduced amino acid sequence of zebrafish PO is aligned with trout 1P1, as well as shark, human, mouse and

chicken P0. The overall structure includes one immunoglobulin (Ig) domain and a single transmembrane domain

(TM) followed by a short intracellular part. Black and gray boxes represent identical and similar amino acids,

respectively.

Table 1. Zebrafish POisrelated to other known PO molecules. Number sindicate per centage of

amino acid identity.

Zebrafish Trout (IP1) | Shark Human Mouse Chicken
Zebrafish 100 77 36 38 38 41
Trout (1IP1) 100 40 40 41 41
Shark 100 43 49 48
Human 100 84 65
Mouse 100 73
Chicken 100
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Northern Blot analysis on RNA isolated from adult zebrafish brains demonstrated expression
of a2.6 kb transcript of PO in the adult zebrafish brain (Fig. 4).

1 2
7kb - -

-28s RNA

26 kb -

-18s RNA

Fig. 4. POisexpressed in the adult zebrafish brain.

A total RNA sample, isolated from adult brain tissue was hybridized with a **P-labeled cDNA probe specific for
zebrafish PO, yielding aband at 2.6 kb (lane 1). A probe specific for tenascin-C labels aband at 7 kb after
stripping of the blot (lane 2). The positions of the 28 and 18 SRNAs, which migrate at 4 and 1.6 kb, respectively,
are indicated on the right.

4.1.2 Expression of zebrafish PO mRNA during development in the hindbrain
and spinal cord is associated with myelination

We analyzed early embryos at 16-24 hours post-fertilization (hpf) by whole mount in situ
hybridization to investigate whether PO is expressed before myelination, as suggested by
studies in amniotes (Bhattacharyya et al., 1991). We found alternating stripes of cells
expressing PO mRNA in the hindbrain of whole mounted embryos with sharp boundaries of
expression between these stripes at 16-18 hpf (Fig. 5A). These expression domains apparently
correspond to rhombomers. Rhombomer 5 (identified by its location adjacent to the otic
vesicle; Kimmel, 1993) expressed particularly high levels of PO mRNA. At 24 hpf, the
domains of PO mRNA expression were enlarged and less defined (data not shown). Clearly,
the expression in rhombomeres at these early stages cannot be related to myelination, since
axons are only beginning to grow out at 16-18 hpf (Metcalfe et al., 1990; Ross et al., 1992;
Wilson et a., 1990).

To determine the time course of PO mRNA expression during later development, we analyzed
expression of PO mRNA in cross-sections of whole animals at 2, 3, 5 and 28 days post-
fertilization. At 2 days, PO mRNA expression could not be detected in any tissue (data not
shown). At 3 days, single intensely PO mRNA expressing cells were located close to the
midline of the hindbrain, where myelination begins in the trout (Jeserich et al., 1990). PO

expressing cells had increased in number and the domain of PO mRNA expressing cells had
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expanded rostrally, caudally and laterally by 5-6 days (Fig. 5B). Comparison with
immunolabeling of myelin sheaths using O1 and O4 antibodies at 6 days confirmed co-
localization of the PO mRNA signal with the first labeled myelin sheaths in the medial
longitudinal fascicle (Fig. 5B,C,D). The density of cells along the descending pathway
declined towards the spinal cord, which did not show any PO mRNA containing cells (Fig.
5E) or O1/O4-immunopositive myelin sheaths (not shown) at that stage. In 4 to 6-week-old
zebrafish, substantial numbers of PO mRNA expressing cells were found all over the
hindbrain and spinal cord, where cells were mainly found in white matter tracts (Fig. 5F). In

the adult, this expression pattern was maintained (Fig. 7L).
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Fig. 5. Zebrafish PO is expressed during development of the hindbrain and spinal cord.

A: A dorsal view of a whole mount preparation of an 18 hpf embryo is shown; anterior is up. PO mRNA is
expressed in hindbrain areas corresponding to rhombomeres. Arrows point out the sharp expression boundaries
characteristic of rhombomere labeling. The position of rhombomere 5, which is located adjacent to the otic
vesicle (ov) is indicated (r5). B-D: In cross-sections through the hindbrain of 5-day-old zebrafish, PO mRNA
expressing cells are concentrated around the ventromedial midline (arrows in B). In 6-day-old zebrafish, myelin
is detected in the same area by immunofluorescence with the O4 (arrow in C) and the O1 (inset in C) antibodies.
D is the phase contrast image corresponding to C. The dotted line in B and C indicate the midline of the brain;
nc, notochord. E,F: In cross-sections through the spinal cord (sc) of a 5-day-old zebrafish (E) there are no PO
MRNA positive cells. In the spinal cord of a 6-week-old zebrafish (F), PO mRNA positive cells are mainly
located in the white matter. Arrows in F indicate some of the labeled cells. Arrowheads in E and F point to

melanocytes covering the dorsal spinal cord. Fld, dorsal part of the lateral funiculus; Fv, ventra funiculus, MA,
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Mauthner axon; nc, notochord. Scale barsin A =50 um; in B =25 pm; in D = 25 um for C, inset in C, and D; in
E=50pum; in F=50 um.

4.1.3 PO mRNA is expressed during development of the optic system and in
other areas of the CNS

In the developing optic system, the first PO mRNA positive cells were detected in 5-day-old
larvae at the chiasm (Fig. 6A), alocation in which the first oligodendrocytes can be expected
from studies on myelin development in the optic system of the trout (Jeserich and Jacque,
1985). At this developmental stage, PO mMRNA expressing cells were not detected in the optic
nerve, tract or tectum (data not shown). In sections of 4 to 6-week-old whole animals, high
numbers of PO mRNA expressing cells were aso present in the optic nerve (Fig. 6B), tract
(Fig. 6C) and tectum, but not in the retina (not shown).

In the adult optic system, this expression pattern was maintained. Single cells expressing PO
MRNA were also detected in the intraretinal part of the adult optic nerve, but never in the
retina (Fig. 6D,E). A high number of PO mRNA expressing cells, which were arranged in
longitudinal rows, were detectable in the optic tract (Fig. 6F). PO mRNA positive cells were
also accumulated in the superficial layer of the optic tectum, where myelinated axons of
retinal ganglion cellsinvade the tectum (Fig. 6G). Some PO mRNA expressing cells were al'so
found in the periventricular cell layer of the tectum (Fig. 6G). Double labeling with an
antibody to GFAP indicated that there was no detectable expression of PO mRNA in GFAP
immunopositive somata of radial astrocytes at the ventricular surface of the tectum or
elsewhere (not shown). However, while the antibody against GFAP labels radia astrocytes
throughout the brain, astrocytes in the optic nerve are not labeled (Nona et al., 1989), such
that a possible overlap of the PO signal with astrocytes in the optic nerve could not be
assessed.

In other areas of the adult CNS, in situ hybridization revealed highest densities of PO mMRNA
expressing cells in heavily myelinated areas, such as the brainstem (Tomizawa et a., 2000).
Individual tracts have been shown to be myelinated in the brain of adult (4 to 6 months post-
fertilization) zebrafish, e.g. the medial and lateral longitudinal fascicles (Tomizawa et al.,
2000). These tracts were also identifiable in our in situ hybridizations by their prominent
appearance in differential interference contrast optics, and were always decorated with PO
MRNA expressing cells. In thicker tracts, such as the lateral longitudinal fascicle, PO mRNA
positive cells were also found deep within these axon bundles (Fig. 6H). In sum, the

developmental sequence of appearance of PO mMRNA expressing cells in the CNS and their
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association with myelinated tracts during development and in the adult suggests that PO
MRNA expressing cells are mostly oligodendrocytes. Early PO mRNA expression in

rhombomeres is a notable exception from thisrule.

4.1.4. PO mRNA is expressed in the PNS

In the developing PNS, no PO mRNA labeled cells were detected in 5-day-old larvae or earlier
stages. In cross-sections through whole 4-week-old juvenile fish, PO mRNA expressing cells
were detected underneath the epidermis of the trunk at the level of the horizontal myoseptum,
corresponding to the position of the posterior lateral line nerve (Fig. 61). In situ hybridization
on longitudinal sections through cranial nerves demonstrated glial cells expressing PO mRNA
in the adult PNS (Fig. 6J). Although clearly detectable, labeling in PNS was less intense than
in the CNS during development and in the adult. Other tissues outside the nervous system,
such as muscle, skin or intestine were negative for PO mRNA labeling.
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Fig. 6. Zebrafish PO mRNA is expressed during development of the optic system and other areas of the
nervous system.

A-C: In cross-sections of whole animals (dorsal is up) the first PO mRNA expressing cells (arrows in A) are
detectable in the optic chiasm at five days of development. The medial margins of both eyes are included in the
section and the arrowhead points to pigment epithelium. At six weeks of development numerous cells in the
optic nerves (arrows in B), and in a more caudal section in the chiasm (asterisk in C) and the optic tracts (ot;
arrows in C) express PO mRNA. Arrowheads in A,B point to retina pigment epithelium. D,E: In longitudinal

sections through the adult optic nerve with the attached retina (retina is up), cells expressing PO mRNA are
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located in the extraretinal optic nerve and a few cells are also found in the intraretina part of the optic nerve
(arrows), but not in the retina proper. In situ hybridization with a sense probe (E) shows no specific labeling of
the adult optic nerve. Arrowheads depict retinal pigment epithelium. F: In cross-sections through the adult
diencephalon (lateral is right), numerous PO mRNA positive cells are arranged in longitudinal rows (arrows) in
the optic tract. G: In cross-sections through the adult tectum (dorsal is up, lateral is left and the medial border of
the tectum is just included at the right margin of the photomicrograph), PO mRNA expressing cells are
accumulated in the layer of myelinated retinal ganglion cell axons (arrows). H: PO mRNA expressing cells are
accumulated in and around the cross-sectioned lateral longitudinal fascicle in the CNS of adult zebrafish (dorsal
is up, lateral is left). The ovoid shape of the heavily myelinated tract is visible through differential interference
contrast. Arrows indicate two of the labeled cells. I: In cross-sections through the trunk of a 4-week-old juvenile
zebrafish (lateral isright), PO mRNA expressing cells (arrows) are found undernesth the epidermis at the level of
the horizontal myoseptum (hm) in the mid-trunk region in the position of the posterior lateral line nerve.
Arrowhead indicates a melanocyte. J: PO mRNA expressing cells (arrows) are found in a vertically oriented
longitudinal section through an adult cranial nerve. Scale barsin A =50 um; in B = 20 um; in F = 50 um for C-
F;inG=50pum;inH=25um; inJ= 10 umfor I,J.

4.1.5 PO mRNA is upregulated in the lesioned optic pathway

After an optic nerve crush, regrowing retinal ganglion cell axons have reached the tectum by
2 weeks post-lesion and the retinotopic map has been restored by 4 weeks post-lesion (Becker
et al., 2000a). Based on data from the closely related goldfish, remyelination is expected to
begin by 3-6 weeks post-lesion (Ankerhold and Stuermer, 1999). To investigate PO expression
during post-lesion axon regrowth and de- and remyelination, PO in situ hybridization signals
were compared between lesioned and unlesioned optic pathways of the same animals on the
same slides (optic nerves) or even in the same tissue sections (tracts, tecta) at 2, 7, 14, 28, 56,
128, 180 days after the lesion (n = 3 animals for each time point). In these preparations, the
signal was “underdeveloped” to avoid saturation of labeling, which would otherwise obscure
differences in labeling intensities between the control and lesioned tissues. Signal
development was usually stopped when the expression in the control pathway was just
beginning to become recognizable under a stereo microscope. Therefore, expression
intensities in control tissues depicted in Fig. 7 appear lower than those demonstrated in Fig. 6.
After an optic nerve crush, the retina remained unlabeled. In the optic nerve, cells located
distal (near the brain) and proximal (near the retina) to the lesion site showed increased
labeling intensity of PO mRNA (Fig. 7A), compared to cellsin unlesioned control nerves (Fig.
7B) at 7 and 14 days after the lesion, the only time points analyzed for the optic nerve. In the
optic tract (Fig. 7E-H) and tectum (Fig.7C,D), labeling of PO mRNA was also increased. In

the tectum, this increase was restricted to the main layer of myelinated optic axons (Fig.
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7C,D). Labeling was more intense in the lesioned tract and tectum already at 2 days post-
lesion and remained elevated for at least 180 days (the latest time point investigated)
compared to the unlesioned control side. Labeling intensities appeared highest at 1 to 2
months post-lesion.

To investigate whether the increased detectability of PO mRNA was due to an increase in cell
numbers expressing the message, we counted PO mRNA positive cell profilesin the lesioned
and in the contralateral control optic tracts (Fig. 7N). Sections through unlesioned optic tracts
of adult animals did not show any detectable differences in the number of labeled profiles
between the left and right tracts (left: 1650 + 170 profiles'mm?; right: 1616 + 96
profilessmny’). At 2 (lesioned side: 2030 + 348 profilessmm? unlesioned side: 1212 + 297
profilessmny’), 7 (lesioned side: 2091 + 183 profilessmm?; unlesioned side: 1711 + 311
profilessmm?) and 14 days post-lesion (lesioned side: 2018 + 215 profilessmm?; unlesioned
side: 1320 + 412 profiles'mm?), when increased labeling intensity of PO mRNA was clearly
visible, the number of PO mRNA positive cell profiles was moderately elevated and
differences between the lesioned and the control side were not statistically significant. In
animals in which the optic nerves were allowed to regenerate for 28 (lesioned side: 2656 +
193 profiles’mm?; unlesioned side: 1011 + 88 profilesymm? Mann-Whitney-U test: p=0.0015)
or 56 days (lesioned side: 2232 + 192 profilessmm?; unlesioned side: 790 + 50 profiles/mm?;
Mann-Whitney-U test: p=0.0146), we counted an approximately 2.5-fold higher number of PO
MRNA positive cell profilesin the lesioned tracts than in the unlesioned contralateral control
tract. Thereafter, at 4 (lesioned side: 2825 + 177 profilessmm?; unlesioned side: 1900 + 92
profiles’'mm?) and 6 months post-lesion (lesioned side: 2550 + 27 profilessmm?; unlesioned
side: 1900 + 344 profiles'rmm?), profile numbers were still slightly increased, but differences
to controls were no longer statistically significant. Thus, counts of cell profiles confirm
strongest expression of PO mRNA in the lesioned optic tract at one to two months post-lesion.
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Fig. 7. PO mRNA is upregulated after lesions of the optic nerve and spinal cord. A,B: In longitudina
sections (retinal side left) through the lesioned optic nerve (A, seven days post-lesion) the intensity of PO mRNA
labeling is increased proximal and distal to a lesion site (open arrowheads in A), compared to the unlesioned
control nerve (B; oriented in the same way as the lesioned nerve, but not including the retinal pigment
epithelium). Arrows point to some labeled cells, arrowheads in A indicate retinal pigment epithelium C,D: In
cross-sections through the optic tectum (dorsal is up; lateral is right in C and left in D), increased expression of
PO mRNA is detectable in the layer of myelinated optic fibers (arrows in C), compared to the unlesioned control
side of the same tissue section (arrow in D) 28 days after an optic nerve crush. E-H: Detecting PO mRNA in
cross-sections through the diencephalon in the unlesioned (E; dorsal is up; lateral is left) and lesioned optic tract
(OT) at 7 (F), 28 (G) and 128 (H) days post-lesion (dorsal is up; lateral is right) indicates increased labeling after

an optic nerve crush. Tracts depicted in E and G are unlesioned and lesioned side from the same tissue section.
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Arrows in E depict some of the cells showing basal expression of PO mRNA. I-K: Double labeling of PO mRNA
(1) and immunofluorescence for microglia cellsmacrophages (J) in the lesioned optic tract reveals no overlap in
the overlay of both signals (K) at 28 days post-lesion. Arrows point to the same PO mRNA expressing cells, and
arrowheads to the same microglial cells/macrophages in 1-K. L,M: In cross-sections through the spinal cord
(complete sections are shown; dorsal is up) caudal to a spinal transection (M), PO mMRNA expression is strongly
increased, compared to the unlesioned spinal cord (L). Note that in M only one Mauthner axon is indicated. The
other one has probably collapsed, such that it cannot be located in cryosections. For abbreviations, see Fig. 3. N:
The number of PO mRNA positive cell profiles, expressed as percent of controls, are given for different post-
lesion time points indicated in days on the x-axis for the unlesioned |eft control side (open bars) and the lesioned
right side (black bars) of the optic tract (OT). A comparison between left and right optic tract of unlesioned
animalsis also given (co). For the spinal cord (sc) the unlesioned (open bar) and lesioned situation (black bar) is
compared. Error bars represent standard errors of the mean. Asterisks indicate statistical significance (p<0.05).
Scale barsin B = 50 um for A and B; in D = 50 pm for C and D; in K = 100 um for I-K; in M = 50 pm for E-
H,L,M.

To find out whether increased expression of PO mRNA depends on the presence of
regenerating axons, animals were enucleated and expression of PO mRNA was analyzed at 7
(n=3animals), 11 (n = 3 animals) and 28 days (n = 5 animals) post-lesion. Enucleation led
to a clearly increased detectability of PO mRNA in the lesioned optic pathway at 7 and 11
days post-lesion (Fig. 8A,B), similar to the increased expression after optic nerve crush. At 28
days post-lesion, when labeling intensity was highest after a crush of the optic nerve, labeling
was still more intense than in the contralateral control tract after enucleation. However
labeling intensity had decreased compared to 7 days after enucleation (Fig. 8C).
Quantification of PO mRNA positive cell profiles (Fig. 8D) indicated a moderate 1.35-fold
elevation of profile numbers compared to the control side at 7 days post-lesion (lesioned side:
2460 + 335 profiles/mn?; unlesioned side: 1827 + 129 profilessmm? Mann-Whitney-U test: p
< 0.05; n = 3 animals). At 28 days post-lesion, when numbers of PO mRNA positive profiles
were elevated approximately 2.5-fold after optic nerve crush, numbers of PO mRNA positive
were not significantly elevated over values for the contralateral control tract after enucleation
(lesioned side: 2199 + 321 profilessmm?; unlesioned side: 1592 + 84 profiles/mm?; Mann-
Whitney-U test: p > 0.05; n = 4 animals). Thus after enucleation animals show a similar
increase in PO MRNA expression at early post-lesion time points (7 to 11 days post-lesion) as
after optic nerve crush, but fail to show the additional increase of expression at 28 days post-
lesion. This suggests that the late, but not the early phase of PO mRNA upregulation in glial

cells of the optic nerve depends on the presence of regenerating axons,
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Fig. 8. After enucleation, expression of PO mRNA in the optic pathway follows a time course of
upregulation that differsfrom that after optic nerve crush.

A-C: Cross sections through the diencephalon including the optic tract (OT) are shown; dorsal is up; lateral is
left for (A) and right for (B,C). At 7 days after enucleation (B) labeling of PO mRNA is clearly increased
compared to the contralateral control tract in the same tissue section (A). By 28 days after enucleation (C)
expression of PO mRNA was still higher than in unlesioned control tracts, but lower than at 7 days after
enucleation. D: The number of PO mRNA positive cell profiles, expressed as percent of controls, are compared
between the contralateral control tract (cont.), the tract after enucleation (enuc.) and after optic nerve crush
(crush), 7 and 28 days after the lesion. While profile numbers were similar at 7 days post-lesion, there was a
significant (p < 0.05) increase in PO mRNA positive cell profiles only after optic nerve crush, but not after

enucleation at 28 days post-lesion. Bar in C = 75 um for A-C.

Regenerating axons co-localized with PO mRNA expressing cells in the lesioned optic
pathway as shown by double labeling of PO mRNA positive cells by in situ hybridization and
of regenerating axons using the linc antibody at 14 and 28 days after optic nerve crush (Fig.
9). Axons labeled by the antibody were mostly regenerating optic axons and not persisting
disconnected axons, since labeling by the linc antibody was almost completely absent in

animals that were enucleated 28 days before anaysis (not shown).



57 4. Results

Fig. 9. Regenerating axons ar e co-localized with glial cells expressing high levels of PO mRNA.

High power magnifications of the optic tract in the cross-sectioned diencephalon 28 days after optic nerve crush
are shown; dorsal is up, lateral is right. Sections were double-labeled for PO mRNA (A) to reveal PO mRNA
positive glial cells and with the linc antibody (B) to show regenerating axons. The overlay (C) indicates co-
localization of glial cellsand axons. Bar in C = 50 um for A-C.

Microglial cells'macrophages are also strongly increased in number after a CNS lesion in
zebrafish (Becker and Becker, 2001). To exclude that this cell type contributed to the
population of PO MRNA expressing cells we performed double labeling experiments for PO
MRNA and an immunohistochemical marker for microglial cells/macrophages (4C4). We
analyzed the optic tract one month post-lesion, the interval at which highest numbers of cells
expressing PO mRNA were observed. Despite an increased number of microglial
cells/macrophages being present in the lesioned versus the contralateral control pathway,
essentially no overlap between the PO mRNA signal and the microglial cell/macrophage
marker occurred (Fig. 71-K).

In sum, we observed a rapid increase in PO mMRNA labeling intensity in the lesioned optic
pathway during the time of axon regrowth (2 to 14 days post-lesion). A significant increase in
the number of PO mRNA positive cell profiles was observed 1 to 2 months after optic nerve
crush, but not after enucleation. This increase in cell numbers, which was not due to
microglial cells'/macrophages, probably correlates with remyelination of regenerating axons.

4.1.6 Expression of PO mRNA is increased in the lesioned spinal cord

To analyze the behavior of PO MRNA expressing cells in other lesioned pathways of the CNS,
we performed whole spinal cord transections. We determined expression of PO mRNA in the
spinal cord O to 1 mm caudal to the lesion, where descending axons from the brainstem
regenerate. We detected an increase of PO mRNA expression in both labeling intensity and the
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number of PO mRNA positive cell profiles compared to sections of unlesioned spinal cord
reacted on the same microscopic slide 14 days after a lesion (Fig. 7L-N). PO mRNA
expressing cells were located mainly in the peripheral white matter. In the lesioned spinal
cord, the number of PO mMRNA expressing cells was increased 3-fold over non-lesioned spinal
cord (lesioned spinal cord: 1068 + 148 profilessmm?; unlesioned spinal cord: 382 + 32
profiles'mm?, Mann-Whitney-U test: p=0.0495). Thus, not only the optic pathway, but also
axon pathways in the spinal cord react to alesion with increased expression of PO mRNA.
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Results part two

In the second part of the results, the cloning of TN-R and functional characterization during

development and regeneration of the CNS in the zebrafish Danio rerio will be described.

4.2 Evidence for a role of TN-R as a repellent guidance molecule for
regenerating optic axons in adult fish

In this study, we mostly use both zebrafish and goldfish two closely related teleost species,
since alarge body of data on optic nerve regeneration already exists for goldfish (Bernhardt,
1999; Stuermer et a., 1992). However, cloning of TN-R and localization of TN-R mRNA was
done only in the zebrafish, which is more amenable to genetic analysis. Immunohistochemical
localizations and in vitro tests of axon growth were done in both species.

Some of the experiments belonging to this study (organotypic retinal cell culture, western
blotting and tracing of optic axons) were performed by Dr. Catharina Becker and Dr. Thomas
Becker, but were added to clarify the role of TN-R during development and regeneration of
the optic projection in zebrafish.

4.2.1 Zebrafish possess a TN-R gene

To clone the zebrafish TN-R gene, degenerate primers against highly conserved residues in
the fibronectin type I11-like (FN 111) domains of known TN-R genes from other species using
the (CODEHORP; Rose et al., 1998) were designed (see Experimental procedures). RT-PCR on
total RNA isolated from adult zebrafish brains yielded a 700 bp partial clone, which, based on
comparisons with mammalian and avian TN-R orthologs, contained the FNIII domains 2-4.
By combining 5°- and 3"- RACE technologies, we cloned the full length coding sequence for
TN-R (Fig. 10). Full length TN-R encodes a deduced protein of 1351 amino acids. The start
codon was predicted from the presence of stop codons preceding the N-terminal end of the
deduced protein and the presence of a signal peptide at the N-terminus. The general domain
structure of zebrafish TN-R, comprising a cysteine-rich domain, 4.5 epidermal growth factor-
like (EGF) repests, followed by 9 FN 111 domains and a fibrinogen globe at the C-terminus, is
identical to that of orthologs in other vertebrate species. Alignment of deduced amino acid
sequences (Fig. 10) indicated that zebrafish TN-R is approximately 60% identical to each of
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the species orthologs of TN-R in chicken (restrictin: Norenberg et a., 1992), human (Leprini
et a., 1996) and rat (Fusset a., 1993).
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Fig. 10. Amino acid sequence of TN-R in zebrafish compared to that of human, rat and chick.
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Due to genome duplication events that involve large chromosome sections in ray finned fish
(Postlethwait et a., 1999), the zebrafish genome often contains two copies of the mammalian
orthologs, e.g. of hox transcription factors (Amores et al., 1998) or the recognition molecule
L1 (Tongiorgi et al., 1995a). We designed three degenerate primer pairs, derived also from
TN-R of zebrafish in addition to the previously described TN-R molecules, to search for
further TN-R paralogs. Two of these primer pairs (S2/LS2 and S3/LS3, see Experimental
procedures) yielded PCR products, which were, however, identical to the sequence already
cloned. Screening an adult zebrafish brain library with a cDNA probe derived from rat TN-R
under conditions of low stringency did also not detect a second TN-R paralog in zebrafish.
Likewise, a computer screen of the genomic sequences available so far (Sanger Institute,
University of Cambridge, UK) was negative. Although we could not find evidence for the
existence of a second TN-R paralog in zebrafish, this possibility can presently not be
excluded.

The conserved modular architecture of the deduced amino acid sequence of the cloned
zebrafish molecule and the high degree of amino acid conservation strongly suggests that we
have isolated a TN-R ortholog in zebrafish. Following the established nomenclature for
zebrafish (Mullins, 1995) we named the gene TN-R.

4.2.2 TN-R mRNA and protein are present in the brain of adult zebrafish

To investigate whether TN-R is expressed in the adult brain of zebrafish Northern and
Western blot analyses were performed on mRNA and protein isolated from adult brains.
Northern Blot analysis detected an 11 kb transcript, which is similar in length to the 12 kb
TN-R transcript found in adult mouse brain tissue (Weber et al., 1999). The transcript for the
related molecule tenascin-C migrated at 7 kb (Weber et al., 1998), suggesting specificity of
the TN-R signal (Fig. 11A).

Western blot analysis with polyclonal (anti-EGF-L, not shown) and monoclonal antibodies
(antibody 597; Fig. 11B) raised against TN-R of other vertebrate species cross-reacted with
zebrafish TN-R and revealed the characteristic double bands at 160 and 170 kD (160 and 180
in mice; Bartsch et al., 1993). Antibodies against tenascin-C labeled two bands of higher
molecular weight between 200 and 250 kD, indicating that TN-R antibodies did not cross-
react with the related tenascin-C protein (Fig. 11B). We conclude that TN-R mRNA and
protein are present in the adult brain of zebrafish and that antibodies raised against TN-R of

other species specifically recognize the protein in zebrafish.
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Fig. 11. TN-R mRNA and protein is expressed in the adult zebrafish brain.

A: Northern blot analysis of total RNA isolated from adult zebrafish brains yielded a band at 11 kb (lane 1). A
probe to tenascin-C labeled a major band at 7 kb (lane 2). Calculated lengths of transcripts are indicated on the
left; positions of molecular markers are indicated on the right. B: Western blot analysis of total protein from
brains of adult zebrafish using antibody 597 to TN-R (lane 1) yielded two labeled protein bands at 160 and 170
kD (indicated on the left). A polyclonal antibody to tenascin-C labeled bands of 200 and 250 kD (arrowheads).
Molecular weight markers are indicated on the right.

4.2.3 Newly generated optic axons in the adult encounter TN-R as a
homogeneous substrate in the retina

In the following, the distribution of TN-R protein (zebrafish and goldfish) and mRNA (only
zebrafish) along the unlesioned and lesioned (2, 7, 14, 28 and 56 days post-lesion) optic
pathway by immunohistochemistry and in situ hybridization will be described, as it may be
relevant for interactions with newly growing and regenerating axons in adult fish.
Regenerating axons start to grow from their severed stumps at the lesion site (Bernhardt,
1989), while newly growing axons have their origin in the periphery of the retina, where new
retinal ganglion cells are continuously added in adult fish. From here axons have to grow to
their exit point in the center of the retina (Stuermer and Bastmeyer, 2000). Therefore, the
distribution of TN-R along the intraretinal pathway of optic fibers can only be relevant for
axons of newly generated retinal ganglion cellsin unlesioned animals.

In the retina of unlesioned adult animals we found intense and homogeneously distributed
TN-R immunoreactivity in the optic fiber layer through which newly generated optic axons
have to grow (Fig. 12B). In the optic nerve head this immunoreactivity tapered off, creating a
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downhill gradient of TN-R for axons exiting the retina (Fig. 12A). Intense TN-R
immunoreactivity was also found in the outer plexiform layer of the retina (Fig. 12B), which
is not in contact with optic axons. Expression of TN-R in the outer plexiform layer is highly
conserved in evolution (Schachner et al., 1994).

Corresponding to the immunohistochemical data, two layers of TN-R mRNA expressing cells
were present in the adult retina, at the outer margin of the inner nuclear layer and in a more
diffuse band towards the vitreal margin of the inner nuclear layer (Fig. 12C). The outer row of
cells corresponds to the position of horizontal cells, which express TN-R also in other
vertebrates (Bartsch et al., 1993). The inner row of labeled cells is located in the layer of
Miller cell somata. These cells span the whole width of the neuroretina and may transport the
protein along their processes into the optic fiber layer.

After an optic nerve crush, no changes in protein or mRNA expression in the retina were
detected. Protein expression patterns were not different between zebrafish and goldfish.

Fig. 12. Axons of newly added retinal ganglion cells in adult fish have to grow through the TN-R-

immunopositive optic fiber layer in theretina.

A-C: Cross sections through the retina of unlesioned adult zebrafish are labeled with TN-R antibodies (A,B) or
MRNA probes (C). The vitreal side of the retinais up. At low magnification of a section through the optic nerve
head (A) intense TN-R immunoreactivity in the optic fiber layer (asterisks), which tapers off in the optic nerve
head, is observed. The outer plexiform layer (OPL) is labeled in addition to the optic fiber layer (OFL), as seen
in A and at higher magnification in B. The arrowhead in A indicates non-specific labeling of connective tissue.
(C) TN-R mRNA is present in two layers within the inner nuclear layer (INL). IPL = inner plexiform layer; ONL
= outer nuclear layer. Bar in C = 100 um for A and 50 um for B,C.
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4.2.4 TN-R expression is low in the normal and lesioned optic nerve and tract in
adult fish

In the unlesioned optic nerve and tract of zebrafish and goldfish TN-R immunoreactivity was
low, e.g. compared to the diencephalic neuropil (Fig. 13A,E) or the retina (Fig. 12). A
punctate staining pattern was observed at high magnification (Fig. 13G). The dots of
immunoreactivity in the fish optic nerve and tract could represent nodes of Ranvier, the sites
at which TN-R immunoreactivity is particularly strong in the optic nerve of mice (Bartsch et
al., 1993). However, in contrast to the optic nerve of fish, the optic nerves of mice (Bartsch et
al., 1993; Becker et al., 2000b) and salamanders (Becker et al., 1999) are intensely labeled by
TN-R antibodies throughout the tissue. In these species, thisis probably due to the presence of
TN-R also on other cellular elements, such as myelin sheaths and unmyelinated axons
(Bartsch et al., 1993). In the spinal cord white matter of zebrafish and goldfish, where fibers
of much larger diameter are found, an accumulation of TN-R immunoreactivity at nodes of
Ranvier was even more apparent (Fig. 13J).

In the unlesioned optic nerve of zebrafish and goldfish there are discrete zones in which
newly added axons grow. These zones can be labeled with antibodies to the neural cell
adhesion molecule NCAM (Bastmeyer et al., 1990) and also with an antibody to polysialic
acid (own unpublished observations), a specific glycoepitope of NCAM. To find out whether
there might be a stronger expression of TN-R in these growth zones we |labeled alternating
cross sections of the optic nerve with antibodies to TN-R and polysialic acid. However, there
was no conspicuous TN-R immunoreactivity in growth zones of the optic nerve (data not
shown).

After an optic nerve crush, there was no increase of TN-R immunoreactivity at the crush site
in zebrafish or goldfish at any time point investigated (Fig. 13C). The density of TN-R
immunoreactive putative nodes of Ranvier was strongly reduced at 1 week post-lesion (Fig.
13H). Punctate labeling gradually increased again between 4 and 12 weeks post-lesion (Fig.
13I). This time course mirrors that of remyelination of regrowing axons after Wallerian
degeneration (Ankerhold and Stuermer, 1999; Colavincenzo and Levine, 2000) and is
therefore consistent with the possibility that these small dots are nodes of Ranvier.

TN-R mRNA expression was detectable in sparsely distributed cells in the unlesioned nerve
and tract of zebrafish (Fig. 13B,K). Two days after an optic nerve crush, no change in TN-R
MRNA expression was observed. The density of cells expressing TN-R mRNA was increased
between 1 and 4 weeks after the lesion (Fig. 13D,M) and had returned to a density
comparable to that in unlesioned control animals by 8 weeks post-lesion (Fig. 13N). Thistime
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course parallels and may even slightly precede that of the reappearance of putative TN-R
immunopositive nodes of Ranvier. A cRNA probe detecting tenascin-C yielded no signal in
the lesioned optic nerve of zebrafish 2 weeks post-lesion, as previously reported (not shown
and Bernhardt et al., 1996). Thus, in the optic nerve and tract optic axons grow through an
environment that is always low in TN-R protein expression. A transient increase in mRNA

expression coincides with the restricted reappearance of TN-R protein at putative nodes of

Ranvier.
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Fig. 13. Expression of TN-R in the lesioned and unlesioned adult optic pathway is restricted to putative

nodes of Ranvier.
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A-D: Longitudinal sections through the optic nerve double labeled for TN-R protein (A,C) and mRNA (B, D) of
an unlesioned (A,B) and a crushed nerve at seven days post-lesion (C,D) of adult zebrafish are shown; retinais
up. TN-R immunoreactivity is low in the unlesioned extraretinal optic nerve (A) and is even lower in the
lesioned nerve (C). The density of TN-R mRNA expressing cells is low in the unlesioned nerve. Arrows in B
indicate labeled cells. In the lesioned nerve, the number of cells expressing the mRNA is increased proximal and
distal to the lesion site, which is indicated for C and D by an arrow in D. E,F: Cross sections through the
diencephalon of adult zebrafish including the unlesioned (E) and lesioned (F; seven days post-lesion) optic tract
(OT) are shown. Arrows indicate the lateral border of the optic tract. In both situations immunofluorescence in
the tract is considerably lower than in the adjacent diencephalon. G-I: At higher magnification of the unlesioned
optic tract (G) small dots of immunoreactivity, probably representing nodes of Ranvier, are apparent. These dots
have mostly disappeared by seven days post-lesion (H) and reappear by 60 days post-lesion (1). Brightness and
contrast in G-I have been enhanced for optimal visualization of the weak immunoreactivity at putative nodes of
Ranvier. J: In alongitudina section through the adult spinal cord white matter of a zebrafish (fibers are oriented
horizontally), TN-R immunoreactivity is accumulated at nodes of Ranvier of large diameter fibers (arrows). K-
N: Cross sections through the diencephalon including the unlesioned (K) and lesioned zebrafish optic tract (OT)
at 7 (L), 28 (M) and 56 (N) days post-lesion are shown. The density of mMRNA expressing cellsisincreased at 7
and 28 days post-lesion and has returned to a density comparable to that in the unlesioned control tract by 56
days post-lesion. Arrows in K and N indicate some of the few TN-R mRNA positive cells. Bar in N = 100 um
for A-F, K-N; bar in| =25 pum for G-Jand 9 um for J.

4.2.5 Optic axons encounter TN-R in a border-like situation in the brain

Patterns and intensities of immunoreactivity in structures bordering the trajectories of optic
axons in the brain did not differ between the unlesioned and lesioned situation in zebrafish
and are therefore described together. In contrast to the optic pathway itself, structures
bordering it expressed higher levels of TN-R immunoreactivity. The ventral diencephalon
bordering the optic tract expressed higher levels of TN-R immunoreactivity than the optic
tract, resulting in a sharp boundary of TN-R expression at the tract/diencephalon interface
(Fig. 13E,F). A similar border-like distribution of TN-R immunoreactivity was observed in
the pretectum of fish with unlesioned and lesioned optic nerves (Fig. 14). Here, axons have to
choose between retinorecipient and non-retinorecipient brain nuclei: Moderate to high TN-R
immunoreactivity was observed in the non-retinorecipient lateral part of the dorsal accessory
optic nucleus (IDAO), the magnocellular superficial pretectal nucleus (PSm), the posterior
pretectal nucleus (PO) and the accessory pretectal nucleus (APN), with the latter being most
intensely labeled (Fig. 14B). Analyzing this immunoreactivity in conjunction with the
trajectories of optic fibers revealed a border-like encounter of optic axons with these
structures (Fig. 14A-D). Large neurons at the border of non-retinorecipient brain nuclei were
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strongly labeled by TN-R antibodies. Optic axons were aways located in areas that were only
weakly TN-R immunoreactive, both in lesioned and unlesioned animals (Fig. 14A-C) with
optic fibers passing TN-R immunopositive nuclei in close apposition (Fig. 14D). Adjacent
retinorecipient pretectal brain nuclel, such as the parvocellular superficial pretectal nucleus
(PSp), the media part of the dorsal accessory optic nucleus (MDAO) or the central pretectal
nucleus (CPN) were only weakly TN-R immunopositive, compared to non-retinorecipient
brain nuclei (Fig.14B). TN-R mRNA was prominently detected in those large neurons, which
were also labeled by TN-R antibodies in the accessory pretectal nucleus and in the
magnocel lular superficial pretectal nucleus in unlesioned and lesioned zebrafish (Fig. 14E-G).
Periventricular cell layers in the diencephalon showed a uniform mRNA signal of low
intensity (not shown), corresponding to the uniform immunoreactivity detected in the

diencephalic fiber layers (cf. Fig. 13E,F).

Fig. 14. TN-R bordersthe pathway of optic axonsin the pretectum.

Cross sections through the pretectum of adult zebrafish double labeled for either optic axons (green) and TN-R
immunoreactivity (red) in A-D, or for TN-R immunoreactivity (red) and TN-R mRNA (brown) in E-G are
shown; dorsal is up; lateral is left. A-C: A single section through the pretectum of an animal that received an
optic nerve crush three weeks prior to analysis is shown, with only optic axons (A), only TN-R

immunoresactivity (B), or both (C) being depicted. Optic axons avoid the non-retinorecipient accessory pretectal
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nucleus (APN), posterior pretectal nucleus (PO) and the lateral part of the dorsal accessory optic nucleus (IDAO)
which express TN-R protein at different levels. Immunoreactivity in the optic tract (OT), in the retinorecipient
central pretectal nucleus (CPN) and in the retinorecipient medial part of the dorsal accessory optic nucleus
(mDAO) is particularly low. D: At higher magnification of the lateral border of the accessory pretectal nucleus,
optic fibers (green) contacting the border of TN-R immunoreactivity (red) are obvious (arrows). E-G: In the
accessory pretectal nucleus large neurons are particularly strongly labeled by TN-R antibodies (E). TN-R mRNA
is also detected in this nucleus (F). Superimposing fluorescence and light microscopic images reveals co-
localization of mMRNA and protein (G). Arrows in E-G point to the same cells. Bar in D = 33 um for D and 100
pum for A-C; bar in G = 25 um for E-G.

Optic axons grow into and terminate in the optic tectum, their main target, in alayer-specific
pattern. TN-R immunoreactivity (Fig. 15A) and optic fiber receiving layers (Fig. 15B)
appeared to exclude each other in the tectum of unlesioned animals. TN-R immunoreactivity
bordered the stratum fibrosum et griseum superficiale, the widest layer of optic axons,
dorsally and ventrally. A few fibers also grew into narrow deeper tectal layers that appeared
to express lower levels of TN-R immunoreactivity than surrounding layers (Fig. 15B). After
an optic nerve crush, this pattern was unchanged at all post-lesion intervals analyzed (TN-R
immunoreactivity: Fig. 15C; optic fiber layers: Fig. 15D), despite massive degeneration of
severed optic fibers in the tectum during the early phase of regeneration (one to two weeks
post-lesion). Mutually exclusive labeling of TN-R immunoreactivity and traced optic fibersin
the tectum could also be shown densitometrically by measuring relative labeling intensities of
traced optic axons and TN-R protein in double labeled tissue sections (Fig. 15E). Some cells
located primarily in deep fiber layers, which were probably not relevant to optic axon
guidance were intensely TN-R immunopositive in the tecta of unlesioned (Fig. 15A) and
lesioned zebrafish (Fig. 15C). The appearance of these cells was reminiscent of inhibitory
interneurons in the mammalian cortex that are decorated by perineuronal nets that contain
TN-R (Bruckner et al., 2000; Weber et al., 1999). Consistent with the presence of TN-R
protein in the tectum, we found TN-R mRNA throughout the deep cellular layer and in afew
intensely labeled cells in deeper layers of the tectal neuropil in unlesioned and lesioned
animals (Fig. 15F,G). The intensely labeled cells correspond in their location to the strongly
TN-R immunopositive cells (cf. Fig. 15A,C). Hybridizations with a sense probe did not yield
any signal (Fig. 15H).

In lesioned and unlesioned adult goldfish, patterns of immunoreactivity closely resembled
those found in zebrafish in the entire optic pathway (not shown). Patterns of mMRNA
expression were not analyzed because the relatively large gene was only cloned in zebrafish
and hence no RNA probe specific to goldfish TN-R was available.
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Summarizing the distribution of TN-R in relation to optic axons throughout the optic
pathway, we find that both regenerating and newly growing adult optic axons encounter TN-R
in the ventral diencephalon, pretectum and tectum in a border like fashion in zebrafish and
goldfish. Axons of newly generated retinal ganglion cells are additionally confronted with
intense TN-R immunoreactivity in their intraretinal path.
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Fig. 15. TN-R isexcluded from the optic fiber layer in the tectum.

Cross sections through the tectum of adult zebrafish are shown; dorsal is up. Tecta were either double labeled for
TN-R immunoreactivity (A,C) and optic axons (B,D) or single labeled for TN-R mRNA (F,G) in unlesioned
animals (A,B,F) and those that received an optic nerve crush three weeks prior to analysis (C,D,G). E shows a
plot of relative fluorescence intensity of TN-R (gray) and optic fiber labeling (black) in atectal cross section;
dorsal is up. The section in H has been hybridized with a sense mRNA probe as a negative control for F,G. TN-R
immunoreactivity is selectively low in optic fiber receiving layers of the tectum (A-E) with no differences
between the lesioned and unlesioned situation. TN-R mRNA is homogeneously expressed in the periventricular
cell layer in the tectum of lesioned and unlesioned fish (F,G). Expression of mRNA is particularly strong in
scattered cells (arrows in F,G), the positions of which correspond to neurons with intense perisomatic
immunoreactivity (arrows in A, C). In addition to the majority of optic axons that grow into the tectum
superficially, some fibers also grow in deeper layers of the tectum (arrows in B, D). Bar in H = 50 um for A-D,
F-H.
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4.2.6 TN-R is present during development of the optic projection

To elucidate the possible relationship between TN-R expression and guidance of optic axons
during development in comparison to regeneration, we analyzed expression patterns of TN-R
MRNA and protein in 3-5 day-old zebrafish larvae, and in 4-6 week-old juvenile zebrafish.
The first optic fibers reach the optic tectum by 44 hours post-fertilization and establish
retinotopic innervation by 3 days of development (Stuermer, 1988). At 3-5 days of
development, strong TN-R immunoreactivity was detected in the outer plexiform layer of the
retina, but not in the optic fiber layer (Fig. 16A,C). No conspicuous labeling was apparent in
the optic nerve and tract in 3-5 day-old larvae (not shown). In the brain, distinct neuropil areas
were labeled in 3-5 day-old larvae. In particular, the optic neuropil of the tectum appeared to
be free of TN-R immunoreactivity, creating a border situation for growing optic axons
towards deeper tectal layers (Fig. 16A). TN-R mRNA was intensely labeled in only one band
of cellslocated at the outer margin of the inner nuclear layer of the retina and was diffusely
labeled in the central cellular layer of the diencephalon and midbrain by three to five days of
development (Fig. 16B,D).

By four to six weeks of development, when the optic projection is still rapidly growing,
patterns of immunoreactivity and mRNA labeling in the retina and optic pathway resemble
the adult pattern (not shown). At this time of development TN-R was aso detectable in the
optic fiber layer of the developing retina.

Thus, with the exception of the non-detectable TN-R immunoreactivity in the optic fiber layer
in the retina of 3-5-day-old larvae, the expression pattern of TN-R during development
resembled that in the adult optic pathway. This suggests similar, although not identical,
interactions of optic axons with TN-R in developing and adult fish.
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Fig. 16. TN-R is expressed during development of the optic projection.
Cross sections through 5-day-old zebrafish larvae are labeled with antibodies (A,C) or mRNA probes (B,D);

dorsal is up. TN-R immunoreactivity is found in the outer plexiform layer of the retina (arrows in A), but not in

the optic fiber layer of the retina. TN-R immunoreactivity is present in the brain, but the optic fiber receiving
layer of the tectum (asterisks in A) is selectively free of immunoreactivity, similar to the adult tectum. TN-R
MRNA is labeled in the inner nuclear layer of the retina (arrows in B) and diffusely in the brain. In F a section
incubated with non-immune serum is shown. In D a section hybridized with sense cRNA probe is shown. Bar in
D =100 pm for A-D.

4.2.7 Axonal reactions to TN-R in vitro depend on the way the molecule is
presented

Regenerating optic axons encounter TN-R always in a border-like situation in the brain,
whereas axons of newly generated retinal ganglion cells grow through a TN-R
immunopositive territory in the retina in older zebrafish larvae and adult zebrafish and
goldfish in vivo. To mimic both situations, axons from retinal explants of adult goldfish and
zebrafish were cultured next to a substrate border of TN-R (brain situation). Goldfish axons
were additionally tested on a homogeneous TN-R substrate (retinal situation). Axon

outgrowth from adult zebrafish retinal explants on a homogeneous substrate could not be
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tested due to poor attachment of the explants to the substrate. In all preparations, laminin was
present throughout the culture dish in concentrations that promote growth of fish optic axons.
In agreement with previously reported behaviors of optic axons of adult mice and salamanders
(Becker et al., 1999; Becker et al., 2000b), zebrafish and goldfish optic axons were mostly
unable to cross a substrate border of TN-R. Instead, they appeared to turn and grow along
such a border. Since results from goldfish and zebrafish did not differ, they were pooled. Of
all explants confronted with TN-R, 79% + 8.2% s.e.m. (n = 80 explants) showed inhibition of
the vast mgjority of their axonal fascicles at a TN-R substrate border (Fig. 17C). In contrast, a
control substrate border of BSA was ignored by growing axons (Fig. 17A). Axonal fascicles
of 13% + 3.8% s.e.m. of the explants (n = 55 explants) were deflected at a BSA border. The
differences between TN-R and BSA substrates are statistically highly significant (Mann-
Whitney U, P< 0.01; Fig. 17E).

As an additional control, we tested the reaction of zebrafish optic axons to substrate borders
that had been treated with chondroitinase. TN-R binds chondroitin sulfate proteoglycans
(Xiao et al., 1997) and has been suggested to carry chondroitin sulfates itself (Probstmeier et
al., 2000). Chondroitin sulfates are capable of eliciting similar reactions in optic axons as
those observed here (Becker and Becker, 2002). Chondroitinase treatment efficiently
abolished the avoidance reaction when pure chondroitin sulfates are coated. However,
chondroitinase did not alter the reaction of zebrafish optic axons to a TN-R substrate border.
Four out of four explants showed deflection of axonal fascicles at the border of a
chondroitinase treated TN-R substrate spot. This indicates that deflection of axons at a TN-R
substrate spot is not due to potentially present chondroitin sulfates.

On a homogenous substrate of TN-R in conjunction with laminin, axon growth from goldfish
retinal explants was massive (Fig. 17D). Thisisin sharp contrast to adult optic axons of mice
and salamanders, which are inhibited in this situation (Becker et al., 1999; Becker et al.,
2000b). Compared to a BSA control substrate (Fig. 17B), goldfish axons grew in a more
fasciculated manner on a TN-R containing substrate. Growth of these fascicles on TN-R
substrates was more rapid than on BSA containing substrates. After two days in vitro,
explants on a TN-R substrate extended a mean number of 11.2 (+ 1.25 s.e.m.) axonal fascicles
exceeding more than 400 pum in length (n = 58 explants). This was significantly more (Mann-
Whitney U, P < 0.05) than on BSA control substrates (7.9 + 0.92 s.e.m. fascicles per explant;
n = 50 explants; Fig. 17E). The difference in axon growth promotion between TN-R
substrates and controls may be even greater, since the higher degree of fasciculation on TN-R

substrates leads to lower numbers of countable fascicles, although the number of individual
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axons that are promoted in their growth may be higher. Thus, growth of adult goldfish optic
axons is compatible with and even promoted by a homogeneous TN-R substrate.
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Fig. 17. Retinal axons are repelled by a TN-R substrate border, but their growth is promoted by a
homogeneous substratein vitro.

A,C: Goldfish axons growing from retinal explants (located a the top of each panel) readily cross a substrate
border of BSA (A), but are mostly repelled at a TN-R border (C) at four daysin vitro. Spots of test substrates
appear dark due to the addition of india ink. B,D: Goldfish retinal explants (top left corner) placed on
homogeneous test substrates exhibit profuse axon outgrowth on BSA (B) and TN-R (D) substrates at four daysin
vitro. Note that axon growth on TN-R is more fasciculated than on BSA. E: Quantitative analysis of axon
outgrowth shows that axon fascicles are repelled by TN-R substrate borders significantly more often than at BSA
borders, while on a homogeneous TN-R substrates axon growth is enhanced compared to BSA substrates. Bar in
D =200 um for A, C and 100 pm for B, D.
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Results part three

In the third section of the results, the cloning of tenasin-C and its in vivo function during
outgrowth of ventral motor axons in the trunk of the zebrafish Danio rerio will be described.

4.3 Tenascin-C is involved in outgrowth of motor axons in the trunk of
zebrafish

4.3.1 Molecular cloning of a full-length tenascin-C cDNA in zebrafish

Two partial sequences of the zebrafish TN-C cDNA containing the FN-I11 domains 6-8 and
the fibrinogen knob of the 3"~ end had previously been described (Tongiorgi et al., 1995b);
(Qiao et al., 1995). A further partial sequence containing the 14.5 epidermal growth factor
(EGF)-like domains at the 5°- end of TN-C was further obtained during a low stringency
screen with a probe containing the EGF-domains of rat TN-R (see Experimental procedures).
To obtain the full length zebrafish TN-C cDNA, we used these two sequences to generate
primers which bridge the gap between both partial sequences. Since the obtained sequence
was missing a signal peptide and further parts of the 5-end as revealed by sequence
alignment with other known TN-C homologs, we performed a 5"-RACE to clone the full-
length coding sequence of TN-C. Full length TN-C encodes a deduced protein of 1711 amino
acids. The start codon was predicted from the presence of stop codons preceding the N-
terminal end of the deduced protein and the presence of a signal peptide at the N-terminus.
The general domain structure of zebrafish TN-C, comprising a cysteine-rich domain, 14.5
EGF repeats, followed by 8 FN 11l domains and a fibrinogen globe at the C-terminus, is
identical to that of homologs in other vertebrate species. Alignment of the zebrafish molecule
with those of human (Leprini et a., 1996), mouse (Saga et al., 1991; Weller et al., 1991) and
chicken (Jones et al., 1989) TN-C indicated significant structural homology among the four
molecules (Fig. 18). The highest overall identity of amino acid sequencesis 49% between the
zebrafish and chicken sequences. The degree of amino acid identity between zebrafish and
human TN-C is 42% and to the mouse TN-C 45%. Based on structural and amino acid
identies with TN-C of other species we could confirm the obtained sequence data of
(Tongiorgi et a., 1995b) and (Qiao et al., 1995). Following the established nomenclature for
zebrafish (Mullins, 1995), we tentatively named the gene tenascin-c.
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Fig. 18. Amino acid sequence of tenascin-C in zebrafish compared to that of human, mouse and chicken.
Identical amino acids are highlighted in black, similar amino acids in gray. Epidermal growth factor-like repeats
(EGF-like repeats, white boxes), fibronectin type I11-like domains (FNIII-like domain, grey boxes) and the
fibrinogen knob are indicated (hatched boxes).

4.3.2 TN-C immunoreactivity is localized in the pathway of outgrowing motor
axons in the trunk during development of the zebrafish

Immunoreactivity of TN-C and chondroitin sulfate proteoglycans in the trunk of the
developing zebrafish have previously been described. (Bernhardt et al., 1998, Tongiorgi,
1999; Bernhardt and Schachner, 2000). To analyze the expression patterns of TN-C and
chondroitin sulfates in the trunk of the zebrafish during outgrowth of ventral motor axons in
more detail we used confocal microscopy to visualize the spatial relationship of these
molecules to outgrowing motor axons. An antibody directed against zebrafish TN-C
(Tongiorgi, 1999) and also an antibody generated against chicken TN-C (Bartsch et al., 1995),
which has been shown to cross-react with zebrafish TN-C (Bernhardt et al., 1998), were used
to detect TN-C immunoreactivity. Both antibodies always labeled the same structures in the
developing zebrafish. At 16 hpf, TN-C immunoreactivity was detected in the posterior half of
each body segment, in the segment borders and around the notochord (Fig. 19A) as described
previously (Bernhardt et al., 1998; Tongiorgi, 1999). Expression of TN-C protein in the trunk
during later developmental stages was dynamically regulated. In 22-24 hpf old embryos, TN-
C immunoreactivity was no longer confined to the posterior half of each body segment, but
was concentrated at the horizontal myoseptum which isacritical choice point in the pathways
of outgrowing motor axons (Beattie et al., 2002). TN-C immunoreactivity appeared as fibrils
in the preparations (Fig. 19B). Expression of TN-C protein at the horizontal myoseptum could
be detected before axon outgrowth as revealed by confocal image stacks through caudal parts
of the trunk of 22.5 hpf embryos (n=8, Fig. 19C, E and F). In more rostral parts of the trunk
this pattern of TN-C immunoreactivity was maintained even when ventral motor axons had
already grown beyond the horizontal myoseptum into ventral parts of the trunk (Fig. 19 G, |
and J). The expression of TN-C in the segment borders and around the notochord remains
unchanged between 16 and 22. 5 hpf (Fig. 19E and I). In the same confocal image stacks
analyzed for TN-C immunoreactivity, chondroitin sulfate (detected by the CS56 antibody)
was distributed all over the somite in addition to the segment borders and the notochord at
22.5 hpf (Fig. 19D, H, F and J). Confocal image stacks of a 22 hpf embryo were rotated and

embryos were analyzed from a dorsal view. In this orientation the association of outgrowing
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motor axons with TN-C immunoreactivity was aso obvious (Fig. 19K, N, M). Chondroitin
sulfate immunoreactivity was detected at the surface of the notochord and around a putative
sclerotomal cell in this preparation (Fig. 19L) as described previously (Bernhardt et al., 1998).
In summary, TN-C immunoreactivity was co-localized with outgrowing motor axons at their
choice point at the horizontal myoseptum. In contrast to the widespread distribution of
chondroitin sulfate immunoreactivity, TN-C immunoreactivity was further localized at the
horizontal myoseptum before motor axons grown out, thereby pointing to a potential guidance

function of this molecule for motor axons.

Fig. 19. TN-C immunoreactivity is localized at the level of the horizontal myoseptum in the pathway of

outgrowing motor axons. In A-J, lateral views of confocal image stacks of whole mounted zebrafish embryos
are shown at mid-trunk levels. In K-N horizontal views of one body segment are shown. Rostral is to the left in
A-N, dorsal is up in A-J. Lateral is up in K-N. Axons are labeled in green. Note that the HNK-1 antibody also
recognizes the vertical myosepta (arrowheads in C, G and K). Immunoreactivity for TN-C is shown in blue and
chondroitin sulfates are labeled in red. A: A side view of trunk segments of a 16 hpf old embryo is shown. TN-C
immunoreactivity is located in the posterior half (P) of each body segment (arrow), at the vertical myosepta
(arrowhead) and at the upper and lower border of the notochord respectively (asterisks). B: A high magnification
of a trunk segment at the level of the horizontal myoseptum of a 22.5 hpf embryo is shown. TN-C
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immunoreactivity, which appeares as fibrils is located at level of the horizontal myoseptum (arrows) and at the
vertical myosepta (arrowheads). C-F: In caudal parts of the trunk of a 22.5 hpf embryo a ventral motor axon just
reaching the horizontal myoseptum is shown (arrow in C). Note that in the adjacent caudal segment no axon has
grown out, yet. In this preparation, chondroitin sulfate immunoreactivity, is distributed all over the somite and is
concentrated in the vertical myosepta (arrowhead in D) and around the notochord (asterisk in D). TN-C
immunoreactivity is localized at the level of the horizontal myoseptum (arrows in E) and at the vertical myosepta
(arrowhead in E) and around the notochord (asterisk in E). The overlay in F clearly demonstrates that TN-C
immunoreactivity is localized at the horizontal myoseptum around the outgrowing axon. Immunoreactivity for
chondroitin sulfate is also broadly distribution around the axons. G-J: In more rostral segments of the same
embryo, which are more mature due to a developmental gradient within the embryo, ventral motor axons have
grown beyond the horizontal myoseptum to their ventral target areas (arrow in G). The patterns of chondroitin
sulfate- and TN-C- immunoreactivity appeared unchanged in this preparation compared to more immature,
caudal segments (H, | and overlay in J). K-N: A horizontal section through a 22. 5 hpf embryo at the level of the
horizontal myoseptum is shown. The motor axon is located in the middle of the body segment (arrow in K)
adjacent to the notochord which is strongly immunopositive for chondroitin sulfates (asterisk in L). The vertical
myosepta (arrowhead in L) and a putative sclerotomal cell (arrow in L) are also immunopositive for chondroitin
sulfates. TN-C immunoreactivity is detected in the middle of the body segment and around the putative
sclerotomal cell (arrow in M, see also the overlay in N) and is aso located at the vertical myosepta (arrowhead in
M) and to a lower extent at the notochord (asterisk in M). The overlay in N clearly demonstrates that TN-C
immunoreactivity is concentrated around the motor axon. Scale barsin A = 50 um for A, in J=50 um for C-J, in
B =25pumfor B andinN = 12,5 um for K-N.

4.3.3 Overexpression of the EGF-like domains of TN-C resulted in abnormal
outgrowth of ventral motor axons

To investigate the function of TN-C during outgrowth of ventral motor axons we generated an
overexpression construct containing the 14.5 EGF-like domains of zebrafish TN-C fused to a
Myc-tag. This construct was named TNCEGFmyc. The EGF-like domains of mouse TN-C
had been described to repel axonsin vitro (Dorries et a., 1996; Jones and Jones, 2000). As a
control for unspecific effects of the Myc-tag itself, the secretion signal, which directs TN-C
out of the cell into the extracellular matrix was fused to a Myc-tag. This construct was named
TNCLSmyc. First, we investigated the patterns of protein expression and localization of our
in vitro produced mRNAS in injected zebrafish embryos. In vehicle injected embryos (Fig.
20A) no specific labeling was detected as revealed by whole mount immunohistochemistry
using a FITC-labeled Myc-antibody on 24 hpf embryos. Injecting the mRNA encoding
TNCLSmyc resulted in a detectable expression of the encoded protein in the vertical
myosepta (Fig. 20B) of developing embryos. Ectopic expression of TNCEGFmyc in a 24 hpf
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embryo was detected in a pattern that resembled the expression of endogenous TN-C. Myc-
immunoreactivity was located in the pathway of the ventral motor axons, the segment borders
(Fig. 20C), around the notochord and in the otic vesicle (not shown). As a control for the
secretion of TNCEGFmyc and TNCL Smyc, we injected an mRNA encoding the Myc-epitope
but missing the secretion signal and found labeled cells, but no signal in the vertical
myosepta, suggesting that the protein was confined to the cytoplasm (Fig. 20E). Thus, we
could clearly show that the proteins encoded by TNCEGFmyc and TNCL Smyc are localized
inthe ECM.

Fig.20. Injection of an mRNA encoding the EGF-like domains of TN-C leads to protein expression

patternsidentical to those of endogenous TN-C. Lateral views of whole mounted embryos are shown at mid-
trunk level. Rostral is to the left and dorsal is up. Protein from injected mMRNASs in the trunk as detected with an
a-Myc antibody in 24 hpf embryos is shown. A: A zebrafish embryo injected with vehicle solution is shown. B:
Expression of a control protein containing the secretion signal of TN-C fused to six Myc epitopes is detected at
the vertical myosepta (white arrows). C: Injection of a mRNA encoding the 14.5 EGF-like repeats of TN-C leads
to detectable protein expression in the somites at the level of the horizontal myoseptum (white arrows) and at the
vertical myosepta (white arrowhead). In D the differential interference contrast image corresponding to A is
shown. E: Injection of a mRNA encoding the six Myc-epitopes without the localization signal of TN-C leads to

detectable protein expression in the cytoplasm of cells (white arrows). Scale bar in E = 50 um for A-E.

Axon growth of TNCEGFmyc-injected embryos was investigated at 24 hpf, when only the
three primary motor axons per trunk hemisegment had grown out and the axon of the caudal
primary motorneuron (CaP) pioneers the midsegmental pathway ventral to the horiontal
myoseptum (Eisen et al., 1986; Myers et al., 1986; Westerfield et al., 1986). To analyze only
those embryos, which expressed the injected mMRNAS, we performed a double staining with
the Myc-antibody to visualize ectopic expression of the injected mRNAs and a tubulin

antibody to label axon tracts. Only those embryos showing expression of the injected mRNA



80 4. Results

were subjected to quantification of axon growth. We did not analyze secondary motor axons,
which start to grow out at 28 hpf (Ott et al., 2001; Pike et al., 1992), since expression of our
injected mMRNASs could not be detected anymore in 33 hpf embryos.

In uninjected and vehicle-injected control embryos and those injected with TNCL Smyc,
ventral motor axons usually grew straight and unbranched towards the ventral somite (Fig.
21A) In embryos injected with TNCEGFmyc, branched (Fig. 21B) or truncated motor nerves
(Fig. 21C, D) were frequently observed. In uninjected embryos (n=40), 3.2% (37/1280) of the
nerves analyzed were abnormal. In vehicle injected embryos (n=36) the frequency of aberrant
ventral motor nerves was 3.6% (42/1152) and in embryos injected with TNCL Smyc mRNA
(n=45) it was 3.2% (46/1440). In embryos injected with TNCEGFmyc mRNA (n=49), we
observed a doubling of the incidence of abnormal nerves to 8.8 % (137/1568). This was
statistically significant compared to control embryos injected with TNCLSmyc mRNA
(Mann-Whitney U-test, p < 0.0001; Table 2; Fig. 21E). The types of aberrations after
TNCEGFmyc mRNA injection were either complete truncations or truncations at the
horizontal myoseptum. Aberrant branching of the nerves was also observed. The number of
truncations in embryos injected with TNCEGFmyc (3.3% of all nerves analyzed; Table 2)
was at least 5-fold increased compared to controls. In TNCL Smyc injected embryos, 0.6% of
all nerves analyzed were truncated, in vehicle injected embryos 0.4% and in uninjected
embryos 0.2% of all nerves analyzed were truncated (Table 2). The rate of aberrant branches
in embryos injected with TNCEGF mRNA (5.5% of all nerves analyzed) was aimost doubled
compared to controls (Table 1). In TNCL Smyc injected embryos 2.6% of all nerves analyzed
showed abnormal branches, in vehicle injected embryos 3.2% and in uninjected embryos
2.7% of al nerves analyzed revealed abnormal branches (Table 2). After injection of the
TNCEGFmyc mRNA caudal branches occurred most frequently 42% (57 out of 137 abnormal
nerves), followed by truncations 36% (50/137), bilateral branches 18% (25/137) and rostral
branches 5% (7/137; Table 5). Thus at 24 hpf, expression of an mRNA encoding the EGF-like
domains of TN-C induced a significantly increased rate of abnormal ventral motor nerves,

which were mostly abnormal branches and truncations of the motor nerves.
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Table 2. Frequency of abnormal motor nerves after injection of TNCEGFmyc mRNA
analyzed at 24 hpf.

# of Nerves total # of Severe Abnormally ~ Mean # of
anayzed scored abnormal truncation branched abnormal
embryos (total) nerves nerves nerves per

embryo
TNCEGF 49 1568 137(8.8%) &8 50 (3.3%) 87 (5.5%) 29+0.25
myc
TNCLS 45 1440 46 (3.2%) 9 (0.6%) 37 (2.6%) 1.0+0.18
myc
vehicle 36 1152 42 (3.6%) 5 (0.4%) 37 (3.2%) 11+021
uninjected 40 1280 37 (2.9%) 3(0.2%) 34 (2.7%) 09+0.22

§ Significant different from control groups

4.3.4 Injection of arecombinant TNCEGF fragment also leads to aberrant motor
axon outgrowth

The expression of TNCEGFmyc mRNA from the early onset of development might have
influenced developmental processes such as somitogenesis (Stickney et al., 2000), which
starts at 10.5 hpf and thereby affect motor axon growth only indirectly. To show that the
phenotypes observed after injection of TNCEGFmyc are due to direct perturbation of motor
axons, we injected different TN-C fragments shown to be repellent for growth cone advance
and neurite outgrowth (EGF repeats) or to confer adhesion to neurons (FNIII 6-8) in vitro
(Doérries et al., 1996). These fragments were injected at the level of the 10th somite in 15-17
hpf old embryos so that early developmental processes were mostly not influenced. The axon
tracts were labeled with a tubulin antibody and embryos were analyzed at 24 hpf. In
uninjected embryos, vehicle injected control embryos and embryos injected with the FN 6-8
fragment, ventral motor axons usually grew straight and unbranched towards the ventral
somite (Fig. 21F). In embryos injected with a protein fragment containing the EGF-like
domains of TN-C (EGF-L fragment), complete truncations or truncations at the level of the
horizontal myoseptum (Fig. 21G, H) were frequently observed. In uninjected embryos (n=15),
4.1 % (20/480) of the nerves analyzed were abnormal. In vehicle-injected embryos (n=15) the
frequency of aberrant ventral motor nerves was 3.7 % (18/480) and in embryos injected with
the FN 6-8 fragment (n=14) it was 3.5 % (15/448). Embryos injected with the EGF-L
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fragment (n=18), showed an approximately 2.5 fold increase of abnormal nerves to 8.9 %
(48/576). This was statistically significant compared to embryos injected with the FN 6-8
fragment (Mann-Whitney U-test, p = 0.0034; Table 3; Fig. 211) and to vehicle injected
controls (Mann-Whitney-, p = 0.0092). 5.2 % of all nerves analyzed in embryos injected with
the EGF-F protein fragment (Table 3) showed complete truncations or truncations at the level
of the horizontal myoseptum. This rate was almost 5-fold increased compared to control
groups since, embryos injected with the FN 6-8 fragment showed 0.9%, vehicle injected
embryos 1.2% and uninjected embryos 0.4% truncations of all nerves analyzed (Table 3).
This rate of truncations was comparable to the number of truncations observed after injection
of the TNCEGFmyc mRNA (Table 2). The rate of aberrant branches in embryos injected with
the EGF-L fragment (3.7% of all nerves analyzed, Table 3) was in the range of normally
occurring branches observed in controls. In embryos injected with the FN 6-8 fragment 2.5%
of al nerves analyzed showed abnormal branches, in vehicle injected embryos we observed
2.5% and in uninjected controls 3.6% of all nerves analyzed were abnormally branched (Table
3). After injection of the EGF-L fragment, truncations occur most frequently 59% (30 of 51
abnormal nerves), followed by bilateral branching 22% (11/51), caudal branches 14% (7/51)
and rostral branching 6% (3/51; Table 5). Thus at 24 hpf, the injection of recombinantly
expressed EGF-like repeats of TN-C leads to truncations of the ventral motor nerves at similar
frequencies observed after injection of TNCEGFmyc mRNA and therefore confirms these
results.

Table 3. Frequency of abnormal motor nerves after injection of the EGF-L protein fragment
analyzed at 24 hpf.

# of Nerves total # of Severe Abnormaly  Mean # of
anayzed scored abnormal truncation branched abnormal
embryos (total) nerves nerves nerves per

embryo
EGF-L 18 675 51(8.9%) 8 30 (5.2%) 21 (3.7%) 27+041
FN 6-8 14 448 15 (3.5%) 4 (0.9%) 11 (2.6%) 1.0+0.27
vehicle 15 480 18 (3.7%) 6 (1.2%) 12 (2.5%) 12+0.26
uninjected 15 480 20 (4.1%) 2 (0.4%) 18 (3.7%) 1.3+0.33

8 Significant different from control groups
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% aberrant ventral motor axons
% aberrant ventral motor a
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Fig.21. Overexpression of an mRNA encoding the complete EGF-like repeats of TN-C or injection of an
EGF-L protein fragment leads primarily to truncated ventral motor nerves at 24 hpf. Lateral views of
whole mounted embryos are shown at mid-trunk levels. Rostral is to the left and dorsal is up. A: In control
embryos injected with the TNCLSmyc mRNA, axon trajectories are straight and unbranched at 24 hpf. B-D: In
TNCEGFmyc-injected embryos, some nerves are branched at the level of the horizontal myoseptum (arrows in
B). Truncations of axons frequently occurred at the level of the horizontal myoseptum or at their exit point from
the spinal cord (arrows in C and D). E: In embryos injected with TNCEGFmyc mRNA, 8.8% of al ventral

motor nerves analyzed per embryo are abnormal which is statistically highly significantly different from values
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of control embryos injected with TNCLSmyc or other controls (asterisk, p<0.0001). Values for uninjected
control embryos (uninjected) and vehicle injected (vehicle) are also indicated. F: In embryos injected with a
recombinant protein fragment containing the FN Il1-like domains 6-8, ventral motor nerves grow straight and
unbranched. G, H: Injection of the EGF-like repeats of TN-C leads to truncations of ventral motor axons.
Truncations of axons occurred at the level of the horizontal myoseptum or at the exit point at motor axons from
the spinal cord (arrows in G and H). |: In embryos injected with the recombinantly expressed EGF-like repeats
of TN-C (EGF-L), 8.9% of all ventral motor nerves analyzed per embryo are abnormal, which is statistically
significant, compared to embryos injected with the FN 6-8 fragment (FN 6-8, asterisk, p<0.0034) and also for the
other controls. Values for uninjected control embryos (uninjected) and vehicle injected (vehicle) are also
indicated. Scale bar in H = 50um for A-H.

4.3.5 The overexpression of TNCEGFmyc mRNA or injection of the EGF-L
fragment does not affect trunk structures, muscle pioneers and other axon
trajectories.

We inspected trajectories of other nerves and tracts in the injected embryos to see whether
these had been influenced by injections of the TNCEGFmyc mRNA or the EGF-L protein
fragment. The posterior lateral line nerve extends along the trunk also at the level of the
horizontal myoseptum from rostral to caudal in a coordinate fashion with general
development. This nerve is sensitive to specific perturbations that may lead to defasiculation
and/or pathfinding errors of single axon fascicles or of the entire nerve (Becker et al., 2001b;
Shoji et al., 1998). We quantified the length of the lateral line nerve by identifying its
segmental position in embryos labeled with the tubulin antibody. In embryos injected with
TNCEGFmyc mRNA, the nerve extended in its normal position in afasciculated manner (Fig.
22A). On average the lateral line nerve and primordia analyzed was located in segment 6.5 +
0.14 (n=49) which isin the range of uninjected embryos (Fig. 22B; mean=6.4 + 0.18; n=40).
In embryos injected with the EGF-L protein fragment the mean of all lateral line nerve and
primordia analyzed was located at segment 5.3 + 0.11 (n=18) and in uninjected control
embryos at segment 5.7 + 0.11 (n=15; not shown). The average length of the lateral line nerve
and primordium between uninjected embryos and their respective control embryos were not
statistically different. This indicates, that injection of the TNCEGFmyc mRNA or the EGF-L
protein fragment does not influence general development of the embryos and that perturbation
of TN-C function does not affect the outgrowth of the lateral line nerve.

It is possible that cells in the pathway of the ventral motor axons that are important for axon
pathway choices were affected by the overexpression of TNCEGFmyc mRNA or injection of
the EGF-L fragment and the effect on axon growth is an indirect one. At the level of the
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horizontal myoseptum, a critical choice point for growing motor axons, the so-called muscle
pioneers, are located. We specifically labeled muscle pioneers with an antibody to the
engrailed protein (Melancon et al., 1997) and found no differences between uninjected (Fig.
22C; n=5) and TNCEGFmyc mRNA injected embryos (Fig. 22D; n=6). We also could find
no differences between embryos injected with the EGF-L protein fragment (n=6) and
uninjected embryos (n=7) labeled with the engrailed antibody (not shown).

We also analyzed the integrity of trunk segments by immunolabeling of chondroitin sulfates
in uninjected embryos and those injected with the TNCEGFmyc mRNA. In uninjected
embryos (n=6), chondroitin sulfate immunoreactivity is concentrated in vertical myosepta and
around the notochord, which is in agreement with previous studies (Bernhardt et al., 1998;
Bernhardt and Schachner, 2000). In TNCEGFmyc mRNA injected embryos (n=7) this pattern
of chondroitin sulfate immunoreactivity was unchanged (not shown). The distribution of
chondroitin sulfate immunoreactivity was also unchanged in embryos injected with the EGF-

L fragment (n=6) and uninjected embryos (n=5, not shown). These findings suggest that the

pathway of ventral motor axons was not altered by perturbation of TN-C function.
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Fig.22. Trunk structures and other axon tracts are normal in TNCEGFmyc mRNA injected embryos at 24
hpf. A,B: A lateral view of the anterior trunk region of the zebrafish labeled with an anti-tubulin antibody is
shown. The ganglion of the posterior lateral line (pllg) as well as the lateral line nerve (IIn) in an embryo injected
with TNCEGFmyc (B) appear normal compared to an uninjected embryo (A). C,D: Muscle pioneer cells at the
horizontal myoseptum of the trunk (arrows in C,D), visualized by immunohistochemistry for the engrailed
protein, appear normal in uninjected (C) and TNCEGFmyc-mRNA-injected embryos (D). Scale bar in B = 75

pm for A and B, in D = 50 um for C and D.
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4.3.6 TN-C is required for motor axon pathfinding in the developing zebrafish

To further clarify whether TN-C is required in the developing zebrafish for correct ventral
motor axon pathfinding, we injected one-to—two-cell-stage embryos with antisense
morpholino oligonucleotides (MO), which when targeted to the startcodon of the mRNA act
as an inhibitor of tranglation (Nasevicius and Ekker, 2000). Injection of a control morpholino
with a random sequence did not influence the expression of TN-C in the trunk of 24 hpf old
embryo as revealed by immunohistochemistry (n=8; Fig. 23A). A morpholino directed against
TN-C strongly reduces the levels of TN-C immunreactivity in the trunk of 24 hpf old animal
(n=7, Fig.23B). TN-C immunreactivity could not be detected in the pathway of ventral motor
axons but some residual TN-C immunoreactivity was still detectable at the segment bordersin
the trunk of a 24 hpf old embryo (Fig. 23B). The reduction of TN-C immunreactivity could be
confirmed with both TN-C antibodies mentioned above, thereby demonstrating their
specificity. The injected embryos were |abeled with a tubulin antibody to visualize axon tracts
and analyzed at 24-27 hpf and 33 hpf. In 24-27 hpf old embryos injected with the control MO
(n=19) 3.7 % (23/608) of the nerves analyzed were abnormal, and in those injected with the
TN-C MO (n=40) 2.6 % (33/1280) of the nerves showed abnormalities (not shown). This
difference was not statistically different and numbers of affected nerves of both treatments
were in the range of uninjected embryos which revealed 2.7% (40/1280) abnormal nerves
(n=40; table 4).

At 33 hpf, when secondary motor axons had grown into the ventral motor axon pathway, we
also analyzed growth of motor nerves after injection of a control MO compared to a MO
specific for TN-C. In uninjected embryos (Fig. 23C; table 4) 1.1 % (11/1008) of the analyzed
nerves were abnormal and in those injected with the control MO (Fig. 23D; table 4) 1.2 %
(14/1152) of the analyzed nerves showed abnormalities. Embryos injected with the TN-C MO
(Fig. 23E, F) showed abnormal branches of the ventral motor axons. In embryos injected with
the TNC MO, a 5-fold increase of abnormal nervesto 5.9 % (75/1260) which was stetistically
significant compared to embryos injected with the control MO (Fig. 22 G; Mann-Whitney U-
test, p < 0.0001; table 4) was observed. Analysis of embryos injected with the TNC-MO
revealed high numbers of abnormal branches of the motor nerves (5.5% of all nerves
analyzed, table 4) and only a small amount of truncated nerves was observed (0.4% of all
nerves analyzed).

In embryos injected with the TNC MO, aberrant caudal branching was most frequent 80% (60
of 75 abnormal nerves), followed by rostral branching 9% (7/75), truncations 7% (5/75) and
bilateral branching 4% (3/75; Table 5).
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Thus, athough levels of TN-C immunoreactivity in 24 hpf old embryos were reduced after
injection of the TNC MO we could not observe an effect of the outgrowth of primary motor
axonsin the trunk. At 33 hpf, when secondary axons had joined the pathway of primary motor
axons, we observed an increase in the number of aberrant branches. Reducing the level of TN-
C immunoreactivity leads to abnormal branching whereas overexpression of TN-C mainly

resulted in truncations.

% aberrant ventral motor axons

uninjected control MO TNC MO
(n=28) (n=32) (n=35)

Fig.23. Injection of a morpholino (MO) specific for TN-C reduces TN-C immunoreactivity and induces
branching errors of ventral motor axons. Lateral views of whole mounted zebrafish embryos are shown at
mid-trunk levels. Rostral is to the left and dorsal is up. A: At 24 hpf, injection of control morpholino does not

influence TN-C expression in the zebrafish as reavealed by immunohistochemistry using the polyclonal antibody
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against chicken TN-C (arrows indicate TN-C immunoreactivity at the horizontal myoseptum, the arrowhead
points to TN-C immunoreactivity at the vertical myosepta). B: Injection of a MO specific for TN-C reduces
levels of TN-C immunoreactivity in the zebrafish. Residual TN-C immunoreactivity is detectable at the vertical
myosepta (arrowhead). C,D: In wild type (C) or control MO injected embryos (D) ventral motor nerves grow
straight and unbranched at 33 hpf. E,F: Injection of a MO specific for TN-C leads to aberrant branches of the
ventral motor nerves at 33 hpf (arrowsin E and G). G: At 33 hpf, 5.9% of all ventral motor nerves analyzed per
embryo injected with the morpholino specific for TN-C (TNC MO) are abnormal, which is statistically highly
significantly (asterisk, p<0.0001) different from control embryos injected with the control morpholino (control
MO) and uninjected embryos. The value for uninjected control embryos (uninjected) is also indicated. Scale bar
in F =50 um for A-F.

Table 4. Frequency of abnormal motor nerves after injection of TNC MO analyzed at 24-27
hpf and at 33 hpf.

# of Nerves total # of Severe  Abnormally Mean # of
anayzed  scored abnormal truncation  branched abnormal
embryos (total) nerves nerves nerves per

embryo
24-27 hpf
TNC MO 40 1280 33 (2.6%) 3(0.2%)  30(2.4%) 12+041
8-16 ng/nl
Control MO
8-16 ng/nl 19 608 23 (3.7%) 0 23 (3.7%) 09+0.18
uninjected* 40 1280 37 (2.9%) 3(0.2%) 34(2.7%) 09+0.22
TNC MO
16 ng/nl 35 1260 75(59%)8 5(04%)  70(5.5%) 22+0.27
Control MO
16 ng/nl 32 1152 14 (1.2%) 2 (0.2%) 12 (1%) 04+0.11
uninjected 28 1008 11 (1.1%) 0 11 (1.1%) 04+0.12

* Uninjected embryos are taken from Table 2
§ Significant different to control embryos
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Table 5. Relative frequencies of different types of aberrations after perturbation of TN-C
function injecting different reagents.

Severe Rostral Caudd Bilateral Abnormal
truncation branches branches branches nerves
EGF-L 30 (59%) 3 (6%) 7 (14%) 11 (21%) 51
24 hpf
TNCEGF mRNA 50 (36%) 7 (5%) 57 (42%) 25 (18%) 137
24hpf
TNC MO
16 ng/nl 5 (7%) 7 (9%) 60 (81%) 3 (4%) 75
33hpf

4.3.7 TN-C immunoreactivity is absent from the horizontal myoseptum of
unplugged mutants

We analyzed the distribution of TN-C immunoreactivity in the unplugged mutant (Granato et
al., 1996) because the described phenotypes of this mutant (Zhang and Granato, 2000; Zhang
et al., 2001a) resembled the phenotypes observed after perturbation of TN-C functions.
Furthermore, genetic mosaic analysis has shown that unplugged activity is not required in the
motor axons themselves, but instead in a population of adaxial cells, which might deposit
guidance cues into the ECM (Devoto et al., 1996; Zhang and Granato, 2000). We also
analyzed TN-C immunoreactivity in the stumpy mutant (Beattie et al., 2000). In this mutant,
CaP axons remained stopped at the horizontal myoseptum. We performed double
immunohistochemistry on 22 hpf old embryos using the HNK-1 antibody to label axon tracts
and thereby identify the mutant phenotype in combination with an antibody recognizing TN-C
using confocal microscopy. All embryos were analyzed using the same intensity settings of
the microscope. Confocal image stacks through the trunk of unplugged non-homozygous
clutch mates (n=11), identified by Cap axons growing unbranched beyond the horizontal
myoseptum towards their ventral target areas (Fig. 24A), showed TN-C immunoreactivity at
the segment borders and at the horizontal myoseptum around the axons (Fig. 24B, C)
indistinguishable from wildtype control embryos. In unplugged mutants (n=5), identified by
aberrant branches of motor axons at the horizontal myoseptum (Fig. 24D, G), TN-C
immunoreactivity was not detectable around the axons at the level of the horizontal
myoseptum (Fig. 24E, F, H and 1). Segment borders showed lower levels of TN-C
immunoreactivity (Fig. 24E, H) than non-homozygous clutch mates (Fig 24B). In stumpy
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mutants (n=7), TN-C immunoreactivity was shown to be located around the stalled axons at
the level of the horizontal myoseptum and in the vertical myosepta (Fig. 24J-L). The same
pattern of TN-C protein distribution was observed in the corresponding wild types (n=4, not
shown). Thus TN-C deficiency at the horizontal myoseptum in the trunk of unplugged but not
stumpy mutants might contribute to the aberrant outgrowth of motor axons.

Fig.24. TN-C immunor eactivity is absent at the horizontal myoseptum in zebrafish unplugged mutants but

not in stumpy mutants. Lateral views of confocal image stacks of whole mounted zebrafish embryos are shown
at mid-trunk levels. Rostral is to the left and dorsal is up. Axons in the developing zebrafish are labeled in green.
TN-C immunoreactivity is shown in red. A-C: A non-homozygous unplugged clutch mate identified by the
unbranched appearance of ventral motor axons (arrow in A) at 22.5 hpf is shown. TN-C immunoreactivity in this
embryo is present at the level of the horizontal myoseptum around the axons (arrow in B, see also C) and at the
vertical myosepta (asterisk in B). D-1: 22. 5 hpf old homozygous unplugged zebrafish mutants, identified by
abnormal branches of motor axons (arrows in D and G) at the level of the horizontal myoseptum are shown.
There is no detectable TN-C immunoreactivity at the level of the horizontal myoseptum around the axons in
these embryos (arrows in E and H, see also F and I), although low levels of TN-C immunoreactivity were
detected in the vertical myosepta (asterisks in E and H). J-L: A 22.5 hpf old stumpy mutant is shown. In this
mutant, the motor axons stop their growth at the horizontal myoseptum (arrow in J). TN-C immunoreactivity is
shown to be located at the horizontal myoseptum around the stalled axons (arrow in K, see also L) and at the
vertical myosepta (asterisk in K). The notochord, which is positive for TN-C immunoreactivity in all
preparations is included only in the confocal image stacks shown in J-K (arrowhead in K points to the dorsal
edge of the notochord). Scale bar in L =50 um for A-L.
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4.3.8 TN-C mRNA is expressed by adaxial cells during outgrowth of ventral
motor axons in the trunk

To analyze if TN-C mRNA is expressed by adaxial cells which have been shown to be
responsible for the unplugged phenotype we performed whole mount situ hybridization using
24 hpf old embryos with a cRNA probe specific for TN-C combined with
immunohistochemistry using the F59 antibody (Stockdale, 1992). This antibody has been
shown to label adaxial cellsin the zebrafish (Devoto et al., 1996). This cell type has not been
adressed in previous localization studies of TN-C mRNA (Tongiorgi, 1999; Tongiorgi et al.,
1995b). During later stages of development, the F59 antibody also labels deep cells of the
myotome which have been shown to develop into fast muscle fibers (Devoto et al., 1996). We
analyzed only 24 hpf old embryos taking advantage of the developmental rostro-caudal
gradient of trunk differentiation. Segmentation starts at 10.5 hpf, additional somites are
produced at intervals of 30 min. At 24 hpf, segmentation is complete, but somites in the most
caudal part are the least mature ones. (Stickney et al., 2000). Cross sections through the
caudal part of a 24 hpf embryo revealed TN-C mRNA expression in a single row of cells
adjacent to the notochord (Fig. 25A). Double labeling with the F59 antibody (Fig. 25B)
demonstrates that the row of cells expressing TN-C mRNA were F59 immunopositive adaxial
cells (Fig. 25C). In more rostral parts of 24 hpf embryos, cross sections also revealed TN-C
MRNA expressing cells around the notochord (Fig. 25D). The adaxial cells, which had
migrated to more lateral positions of the trunk (Fig. 25E), were no longer positive for TN-C
MRNA (Fig. 25F). A subset of adaxial cells, the muscle pioneer cells, remained apposed to
the notochord generating an hourglass shape to the layer of superficial muscle cells (Fig.
25E). These cells were shown to express TN-C mRNA also in more differentiated somites
(Fig. 25F). The other cells expressing TN-C mRNA adjacent to the notochord were also
weakly labeled with the F59 antibody. These cells are not derived from adaxia cells instead
belong to myotomal cells giving rise to fast muscle fibers (Devoto et al., 1996). TN-C mRNA
in the trunk was also expressed by the notochord (Fig. 25A, D) and migrating neural crest
cells (Fig. 25D) as previously described (Tongiorgi, 1999; Tongiorgi et al., 1995b).
Hybridization with a sense probe for TN-C served as a control for specificity revealed no
signals. Thus, adaxial cells, which are responsible for the unplugged but not stumpy
phenotype, transiently express TN-C mRNA.
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Fig.25. TN-C mRNA is expressed in adaxial cellsin the trunk during development of the zebrafish. Cross-
sections of a zebrafish embryo (24 hpf) are shown. Dorsal is up. A-C: Double labeling of TN-C mRNA (arrows
in A) and immunofluorescence for adaxial cells (arrows in B) in a cross-section through the developmentally
early, caudal part of the trunk of a 24-hpf-old embryo (see Results) reveales overlapping signals located in single
dorso-ventral rows of cells directly left and right of the notochord (n) and spinal cord (sc) (C). D-F: Double
labeling of TN-C mRNA (arrows in D) and immunofluorescence for adaxial cells (arrows in F) in a cross-section
through more mature, rostral parts of the same embryo revealed no overlap of adaxial cells and TN-C mRNA,
except for muscle putative mucle pioneer cells (asterisks in E). The arrowheads in A and B indicate high
expression levels of TN-C mRNA expression in the hypochord. Migrating neural crest cells expressing TN-C

MRNA are indicated by an asterisk in D. Scale bars in F = 25um for A-F.
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5. Discussion

Part 1

5.1 Expression of protein zero is increased in lesioned axon pathways in the
central nervous system of adult zebrafish

5.1.2 Identification of a homolog of PO in zebrafish.

The complete sequence of PO in zebrafish is approximately 40% identical at the amino acid
level to human, mouse, chicken and shark PO and 76% to IP1, the trout homolog of PO. The
zebrafish molecule is most similar to that of trout, which is also a teleost species. The
similarities between zebrafish and shark PO are not higher than between zebrafish PO and PO
in amniotes. Thisisin agreement with phylogenetic analyses suggesting that cartilaginous fish
(e.g. sharks) have separated from the line leading to ray-finned fish (e.g. teleostei) and
tetrapods early during evolution (Venkatesh et al., 2001). The observed degrees of amino acid
identities are in the expected range for related 1g superfamily molecules in phylogenetically
distinct species. For example, the zebrafish L1-related molecules L1.1 and L1.2 share
approximately 40% amino acid identity with human L1 (Tongiorgi et a., 1995a). Similar
results are obtained for the chicken DM-GRASP and its homolog in fish (39% amino acid
identity; Kanki et al., 1994). Furthermore, the structure of zebrafish PO, with a single Ig-like
domain, followed by a transmembrane region and a short cytoplasmic region, is identical to
that of other PO molecules. Finally, expression of zebrafish PO in glial cells of the CNS and
PNS (see below) appears to be typical of fish, since PO homologs in trout (Stratmann and
Jeserich, 1995) and shark (Y oshida and Colman, 1996) are also expressed in both of these
structures. The amino acid sequence of the molecule we cloned differsin 2 interstitial amino
acids and at the C-terminus from the sequence published by Brésamle and Halpern (2002).
The C-terminus of their sequence is three amino acids longer than the one we describe here
and the terminal two amino acids of our sequence do not align with that of Brésamle and
Halpern (2002). These differences may be due to the different EST clones being used in the
two studies. To confirm that our sequence represents zebrafish PO, we amplified the entire
ORF of the molecule from zebrafish brain cDNA using PCR. Furthermore, the 3"end of the
molecule was confirmed by RACE (see Materials and Methods). Thus our sequence was at

least three times independently verified.



94 5. Discussion

5.1.3 PO mRNA is probably expressed by oligodendrocytes during CNS
development.

The developmental sequence of appearance of PO mRNA expressing cells in the CNS
coincides with myelination. From studies in trout, myelination in fish is expected to start in
the hindbrain (Jeserich et al., 1990). In the optic system, myelination begins in the chiasm
(Jeserich and Jacque, 1985). In the hindbrain of zebrafish, the first loose myelin sheaths are
detected by electron microscopy in 4-day-old fish and compact myelin by 7 days (Brésamle
and Halpern, 2002). Our own immunohistochemical labeling of myelin at 6 days of
development using the O1 and O4 antibodies, shown to cross react with fish myelin in tissue
sections (Gould et al., 1995), confirm the onset of myelination in the hindbrain of zebrafish.
Similar sequences of CNS myelination have also been described for other vertebrates (Bartsch
et a., 1994; Woodruff et al., 2001). The appearance of PO mMRNA expressing cells follows
this scheme of CNS myelination. We first detected PO mRNA expressing cells in the
hindbrain in 3 days-old larvae and in the optic pathway in 5-day-old larvae in tissue sections.
In whole mount preparations, Brésamle and Halpern (2002) found the onset of PO expression
in the same areas, but in both structures one day earlier than in this study. Since the first PO
MRNA expressing cells are very few in number, they might have been lost inadvertently
during sectioning of early larvae. In the adult CNS, PO mRNA expressing cells are
accumulated in locations that are heavily myelinated, such as the medulla, and in myelinated
tracts, such asthe lateral longitudinal fascicle. PO mRNA positive cells are aso present in the
optic nerve which is devoid of neuronal cell bodies, indicating glial expression of PO mRNA.
While there are immunohistochemical markers for myelin, such as O1 and O4, there were no
markers labeling the somata of fish oligodendrocytes available to us. Nevertheless, we were
mostly able to exclude PO mRNA expression by the other major glial cell types in the adult
CNS. Double labeling with an antibody to GFAP revealed that in most brain regions virtually
all astrocytes are of the radial type with their somata at the ventricles, which istypical of fish
astrocytes (Kalman, 1998; Tomizawa et a., 2000). There was essentially no overlap of GFAP
labeled astrocyte somata with PO mRNA expression at the ventricles. Likewise, a microglial
cell/macrophage marker did not show double labeling with PO mRNA following optic nerve
lesion. However, expression of PO mRNA in astrocytes in the optic nerve, which do not
express GFAP (Nona et al., 1989), cannot be excluded. Since single PO mRNA expressing
cells were also present in cell dense regions of the brain, PO expression in a small subset of

neurons can also not be excluded.
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5.1.4 PO mRNA is expressed in the PNS of zebrafish

In agreement with an in situ hybridization study in trout (Stratmann and Jeserich, 1995), we
found PO mRNA in the PNS of zebrafish. In sections of adult cranial nerves, the message was
clearly detectable. It is noteworthy that during development no PNS-related signal was
detected in 1 to 5-day-old zebrafish outside the CNS and in 4-week-old animals only the
posterior lateral line nerve contained detectable levels of PO mMRNA. Compact myelin in the
PNS of developing zebrafish is first observed at 7 days of development (Brésamle and
Halpern, 2002), which is in agreement with the absence of PO MRNA from the PNS of 5-day-
old animals. However, we were unable to detect PO mRNA in other peripheral nerves than the
posterior lateral line nerve in 4-week-old animals, when myelination of the PNS is expected to
be well developed. Brésamle and Halpern (2002) did not detect PO mMRNA expression in any
peripheral nerves of zebrafish up to 10 days of development. Although only quantification of
PO protein levels could allow inferences as to the functional importance of PO in the PNS, the
present data suggest that PO is less prominent in PNS than in CNS myelination. Myelination
in the PNS could be accomplished by another possible PO homolog that may have arisen by
gene duplication in zebrafish (Amores et al., 1998). However, our search of EST databases for
additional PO homologs has so far only yielded a putative homolog of the epithelial V-like
antigen (EVA; Guttinger et a., 1998). Although structurally similar to PO, this gene shares
only 17% amino acid identity with human PO, but 31% with human EVA. Moreover, the gene
is not expressed in the nervous system, but in fin and intestinal epithelia (own unpublished
observations; Genbank Accession No. AJ491253).

5.1.5 Zebrafish PO may have functions in axon regeneration

We observed increased expression of PO mRNA within 2 days after an optic nerve lesion in
adult animals. Since axons do not show significant regrowth before 1 week post-lesion
(Becker et al., 2000a; Bernhardt, 1989), the newly synthesized protein is probably exposed on
the cell surface before axons regrow, such that regrowing axons likely encounter PO. Studies
on PO in mammals indicate growth-promoting properties of the molecule for postnatal dorsal
root ganglion neurites (Schneider-Schaulies et al., 1990) and embryonic cortical neuritesin
vitro, as well as for adult spinal axons after implantation of PO expressing cells in vivo
(Yazaki et al., 1994). If zebrafish PO has similar functions, its increased expression after a
lesion of the CNS may enhance regeneration. Glial cells, probably oligodendrocytes in the
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optic nerve of zebrafish also upregulate MRNAS for the L1-related molecules L1.1 and L1.2,
aswell as for NCAM and beta3 (Bernhardt et al., 1996). Goldfish oligodendrocyte-like cells
upregulate the expression of the L1-related E587 molecule (Ankerhold et a., 1998). All of
these molecules belong to the 1g-superfamily of recognition molecules, with the exception of
beta3, which is a subunit of the Na,K-ATPase (Bernhardt et al., 1996). Mammalian homologs
of these molecules exhibit axon growth-promoting properties (Appel et a., 1995; Haspel et
al., 2000; Muller-Husmann et al., 1993; Saffell et al., 1995). Thus, fish oligodendrocytes may
not only be permissive to axon growth by expressing reduced levels of growth inhibitors
(Sivron et al., 1994; Wanner et al., 1995), but may actively promote regeneration by
expression or even enhanced expression of conducive molecules. This idea is supported by
the observation that growth of goldfish optic axons on goldfish oligodendrocyte-like cells can
be perturbed by antibodies to the L 1-related E587 moleculein vitro (Ankerhold et al., 1998).

5.1.6 The initial upregulation, but not the late peak of PO mRNA expression
after an optic nerve lesion is independent of the presence of regenerating
axons

Upregulation is initiated rapidly and simultaneously throughout the optic system at 2 days
post-lesion, thus in the absence of contact with viable axons. Moreover, enucleation, instead
of optic nerve crush did not alter the increased expression of PO mRNA for up to 11 days
post-lesion. Therefore, axons are not needed to induce increased expression of PO mMRNA.
However, the strongest upregulation of PO MRNA was observed between 4 and 8 weeks after
lesion of the optic nerve, which was confirmed by a significantly increased density of PO
MRNA positive cell profiles at these post-lesion intervals. This late increase was not observed
in enucleated animals. In fact, labeling intensity of PO mMRNA was declining again at 28 days
after enucleation. Thus suggests that the presence of regenerating axons is not necessary to
induce an increase in PO MRNA expression in glial cells after a lesion, but that axons are
necessary for the further increase at later time points. These observations are in marked
contrast to the regenerating PNS of mammals. Here, basal levels of PO mMRNA expression are
reduced after a crush and expression is upregulated in a “wave” beginning at the lesion site
(Mitchell et al., 1990) only when cells are in contact with regrowing axons (Gillen et al.,
1995; Gupta et al., 1988; LeBlanc and Poduslo, 1990). Removal of axons after initial
regeneration induces a second decrease in expression of PO mRNA, indicating that prolonged
contact with axons is necessary to sustain expression of PO in the PNS of mammals (Gupta et
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al., 1993). Underlying these reactions of peripheral nerves are probably myelinating Schwann
cells, which initially strongly reduce their high PO mRNA expression levels in unlesioned
nerves to low levels upon a lesion. In contrast, non-myelinating Schwann cells, which
normally do not express detectable levels of PO mMRNA, show an increase to low levels of
expression after alesion (Lee et a., 1997). The regulation of PO mRNA in glia cells of the
CNS of zebrafish appears to be different from both these regulation patterns in mammalian
Schwann cells, since readily detectable levels of mMRNA in unlesioned tracts are strongly
increased after alesion of the optic nerve in zebrafish.

5.1.7 The peak of PO mRNA expression after optic nerve lesion correlates with
remyelination

Therelatively late peak in PO mMRNA expression at 4 to 8 weeks post-lesion may be related to
remyelination of regenerated axons. This is suggested by studies from goldfish, in which
remyelination of the optic nerve has been reported to commence by 3 to 6 weeks post-lesion
(Ankerhold and Stuermer, 1999). The observation that expression of PO mRNA was still
elevated at 4 and 6 months post-lesion is also consistent with a role of PO in remyelination,
which proceeds slowly in the goldfish tectum and is still not complete at 5 months post-lesion
(Murray, 1976). The absence of the late peak of PO mMRNA expression after enucleation,
which prevents remyelination due to alack of axons, strongly supports the conclusion that the
late peak of PO MRNA expression is related to remyelination.

The significantly increased counts of PO mRNA positive cell profiles 1 and 2 months post-
lesion may be due to detectably increased PO mMRNA expression levels in a constant number
of cells, or due to atrue increase in the number of cells expressing the message. Proliferation
of oligodendrocytes in the lesioned optic nerve of goldfish islow (Ankerhold and Stuermer,
1999), favoring the idea that resident cells show a further increase in expression of PO mRNA
at these late post-lesion intervals. Invasion of Schwann cells from the lesion site, which has
been reported for the optic pathway of goldfish (Nona et al., 1994; Nona et al., 2000), is
probably not the cause for the rapid initial upregulation of PO mMRNA, because this happens
simultaneously throughout the optic pathway, even in locations that are remote from the
lesion site, such as the tectum. However, a contribution of Schwann cells to increased
numbers of PO MRNA positive cell profiles at later post-lesion intervals cannot be excluded,
even though basal expression of PO mMRNA may be generally lower in Schwann cells than in
oligodendrocytes in zebrafish (see above).
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5.1.8 There are similarities and differences in the regulation of glial recognition
molecules between the lesioned optic nerve and spinal cord

In the spinal cord, glial cells located primarily in the peripheral white matter are also more
intensely labeled and numbers of cell profiles are increased following a lesion, showing that
spinal and optic pathway glia are similar with respect to regulation of PO mRNA. The only
difference is that a significant increase in PO mRNA containing cells was observed already at
2 weeks post-lesion in the spinal cord, whereas in the optic nerve it was observed only at 4
weeks post-lesion. The time course of axon regrowth and remyelination in the spinal cord of
zebrafish is not known in sufficient detail (Becker et al., 1997), such that this difference
cannot easily be explained at present. While putative oligodendrocytes in the spinal cord are
similar to those in the optic nerve with regard to the upregulation of PO and L1.2 mRNA
(Becker et al., 1998; Bernhardt et al., 1996), there are also differences between these cell
types. In the lesioned optic nerve, there is also an upregulation of L1.1 and NCAM mRNA
(Bernhardt et al., 1996), which has not been observed in the lesioned spinal cord (Becker et
al., 1998). Interestingly, in the spinal cord the majority of supraspinal descending axons
regenerate through the gray matter rather than through the white matter (Becker and Becker,
2001). This suggests that a possibly lower expression level of growth-promoting moleculesin
the white matter of the spinal cord, compared to the optic nerve, may not be sufficient to fully
overcome possible growth-inhibiting molecules in the spinal white matter.

5.1.9 Early expression of PO mRNA in rhombomeres is not related to
myelination

At the early stage of development when PO mRNA was detected in rhombomeres (16- 18 hpf)
the first axons are just beginning to grow out (Metcalfe et a., 1990; Ross et al., 1992; Wilson
et al., 1990), such that myelin cannot be present. This expression pattern has not previously
been reported in the study of PO MRNA expression in developing zebrafish by Brosamle and
Halpern (2002). Non-myelin related expression of PO has aso been described for examplein a
subset of neural crest cells in chicks and rats (Bhattacharyya et al., 1991) and in the otic
vesicle, notochord, enteric nervous system and olfactory ensheathing cells of developing rat
(Lee et al., 2001), but never before in rhombomeres. We observed PO mRNA expression
transiently in all cells of some, but not all rhombomeres. Expression is then down-regul ated
and gives way to an upregulation in a cell-type specific manner discussed above. Given that

PO mMRNA expression is detectable in alternating rhombomeres and that PO is a homophilic
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adhesion molecule (D'Urso et al., 1990; Filbin et a., 1990; Griffith et al., 1992; Schneider-
Schaulies et al., 1990; Shapiro et al., 1996), it is conceivable that PO may sustain the integrity
of individual rhombomeres. Transient expression in all cells of particular rhombomeres and/or
discrete more anterior CNS domains is typical also for other recognition molecules, e.g.
tenascin-C (Tongiorgi et al., 1995b), beta3 (Appel et a., 1996), semaphorin 3Ab (Roos et al.,
1999) or ephrins (Cooke and Moens, 2002).
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Part two

5.2 Evidence for a role of tenascin-R as a repellent guidance molecule for
regenerating optic axons in adult fish

Previously results have shown that tenascin-R is inhibitory for regenerating optic axons of
mice (Becker et al., 2000b) and salamanders (Becker et al., 1999) in vitro and that the
disappearance of tenascin-R immunoreactivity from the optic nerve of salamanders, but not of
mice, correlates with axonal regeneration in salamanders. Here tenascin-R function in fish
was analyzed and two fundamental differences to mice and salamanders were found. Both
differences may be related to the unique growth of the optic projection in adult fish (Marcus
et a., 1999; Meyer, 1978). (1) A homogeneous tenascin-R substrate promotes growth of fish
optic axons while it inhibits it in both mice and salamanders. This may be related to the fact
that in fish, but not in tetrapods, newly generated axons need to grow through the tenascin-R
positive retina. (2) In zebrafish and goldfish, tenascin-R immunoreactivity in the optic nerve
and tract is low both in the unlesioned and lesioned situation. This creates a probably
instructive border-like distribution of tenascin-R in the brain of fish that may be recognized
by continuously growing optic axons in unlesioned animals as well as by regenerating axons
after a lesion. Thus the optic projection in adult fish, but not in salamanders, may be
“preadapted” to regeneration due to its continued growth.

5.2.1 Tenascin-R is expressed in the CNS of adult fish

We cloned tenascin-R in zebrafish. The gene shares the identical domain structure and a 60%
amino acid identity with human tenascin-R, which is well in the range of other recognition
molecule orthologs in zebrafish (e.g. Tongiorgi et al., 1995a; Tongiorgi et a., 1995b; Y eo et
al., 2001). Its expression in the adult brain is confirmed here by Northern and Western blot
analyses. The presence of tenascin-R in the regeneration competent CNS of adult fish is
remarkable, given the evidence that tenascin-R is a potential inhibitor of axonal regeneration
in the optic nerve (Becker et al., 2000b), in the dorsal root entry zone (Zhang et al., 2001b) as
well as in the olivocerebellar system (Wintergerst et al., 1997) in mammals. Chondroitin
sulfates (CSs) of the extracellular matrix, which are inhibitors of axon regeneration in the glial
lesion scar of mammals (Moon et al., 2001), are not expressed in a CNS lesion site in
zebrafish (Becker and Becker, 2002). Nogo-1 (Chen et al., 2000; GrandPre et al., 2000;
Prinjha et al., 2000), another inhibitor of axonal regeneration, may not be expressed in
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significant amounts in the CNS of fish (Sivron et al., 1994; Wanner et al., 1995). Tenascin-C
(Laywell et a., 1992) may not be present in the optic pathway of fish ( but see Battisti et a.,
1995; this study and Bernhardt et al., 1996). The unique tissue distribution and reactions of
regenerating optic axons to tenascin-R in fish indicate that tenascin-R may actually facilitate
growth of optic axonsin fish rather than inhibiting it.

5.2.2 The axonal reactions to tenascin-R in fish depend on the way the
molecule is encountered

Tenascin-R functions both as a repellent guidance molecule for zebrafish and goldfish optic
axons and as a growth-promoting molecule for goldfish optic axons in vitro. Thisis possible
because the axonal reaction to tenascin-R critically depends on the way the molecule is
presented to growing neurites and on the neuronal cell type analyzed (Schachner et a., 1994).
Precedence for the behavior of fish optic axons is given by chick dorsal root neurites, which
are promoted on a homogeneous tenascin-R substrate and repelled at a substrate border
(Taylor et al., 1993). Dependency of the axonal reactions on the neuronal cell type analyzed
and the way the molecules are encountered (soluble, as a homogeneous substrate or as a
substrate border) has aso been reported for the ECM constituents tenascin-C (Faissner and
Kruse, 1990; Lochter and Schachner, 1993a; Lochter et al., 1991; Taylor et a., 1993; Wehrle-
Haller and Chiquet, 1993) and CS proteoglycans (Snow et al., 1996; Verna et al., 1989).

5.2.3 The distribution of tenascin-R in the optic pathway in the brain suggests a
boundary function of the molecule for regenerating axons

There was no increased immunoreactivity at the crush site in the optic nerve and
immunoreactivity in the pathway distal to the lesion was always restricted to putative nodes of
Ranvier. However, intense tenascin-R immunoreactivity bordering the optic pathway may
restrict axons to their pathway. Thisis consistent with the in vitro border function of tenascin-
R for regenerating adult optic axons of fish.

In the pretectum, tenascin-R could act in concert with CSs and semaphorinsin repelling axons
from the borders of non-retinorecipient nuclei (Fig. 10). We have previously shown that
removal of CSs from the accessory pretectal nucleus and the magnocellular
superficial/posterior pretectal nucleus increases growth of regenerating optic fibers into the
magnocellular superficial/posterior pretectal nucleus, but surprisingly not into the accessory

pretectal nucleus (Becker and Becker, 2002). It is therefore noteworthy that both nuclei are
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tenascin-R immunopositive, with the accessory pretectal nucleus showing much higher levels
of immunoreactivity than the posterior pretectal nucleus. This may explain why a number of
fibers could invade the magnocellular superficial/posterior pretectal nucleus, but not the
accessory pretectal nucleus after removal of CSs in vivo. Additionally, tenascin-R
immunoreactivity forms a boundary towards optic fibers in the lateral part of the dorsal
accessory optic nucleus. Two axon repellent semaphorins are also strongly expressed in the
large neurons at the medial border of the magnocellular superficial/posterior pretectal nucleus
(Becker and Becker, 2002), suggesting a complex interplay of repellent guidance moleculesin
the pretectum.

In the adult tectum, tenascin-R always borders layers that receive optic fibers and the
molecule could therefore repel regenerating optic axons from inappropriate layers (Becker et
a., 2000a). Similarly, the optic neuropil of the tectum is selectively immunonegative in
developing zebrafish (5-day and 4-week-old animals; this report), mice (Becker et al., 2000b),
and salamanders (Becker et a., 1999), such that a border is created between the optic neuropil
and deeper tenascin-R positive fiber layers. Tenascin-C, which has similar in vitro functions
as tenascin-R, is also expressed as a border for optic axons towards non-retinorecipient layers
in the tectum of amphibian species (Becker et al., 1995). In chicks a similar pattern of
tenascin-C immunoreactivity has been suggested (Yamagata et al., 1995), but this is
controversial (Bartsch et al., 1995; Perez and Halfter, 1993). Thus, tenascin-R and tenascin-C
may have partially overlapping functions.

5.2.4 Tenascin-R may a have a dual function for newly growing optic axons

The growth of newly generated axons from the retinal periphery, where new retinal ganglion
cells are added in adult fish (Marcus et al., 1999), to the center of the retina where axons exit
the retinamay be promoted by the intraretinal deposition of tenascin-R in the optic fiber layer.
This is suggested by the in vitro observation that a homogeneous substrate of tenascin-R
promotes growth of adult optic axons. Moreover, substrate coated tenascin-R appeared to
promote fasciculation in this assay, while soluble tenascin-R defascicul ates cerebellar neurites
of mammals (Xiao et al., 1998). An influence of tenascin-R on fasciculation may also be
relevant for the in vivo situation, since fasciculation with preexisting axon bundles is critical
for intraretina pathfinding of optic axonsin fish (Stuermer and Bastmeyer, 2000).

In the optic nerve head, tenascin-R immunoreactivity tapers off towards the optic nerve. This
creates a downhill gradient for optic axons, but it is unlikely that this distribution pattern
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contains guidance information. Developing optic axons of chicks react to an uphill gradient of
repellent activities in membrane preparations of the caudal tectum, but ignore a downhill
gradient (Baier and Bonhoeffer, 1992).

Since optic axons encounter tenascin-R from the optic nerve head on in a border-like fashion,
the molecule could guide newly growing axons by a repellent mechanism in their path
through the brain, as discussed for regenerating axons. The in vitro experiments indicate that
the different way of confronting tenascin-R in the distal optic pathway may be sufficient to
induce a repellent reaction in growing axons. However, it is also possible that optic axons
switch their response and thus their signal transduction pathways due to contact with localized
cues on their way, e.g. netrin-1 in the optic nerve head (Hopker et a., 1999).

No difference in the axonal reactions to tenascin-R has previously been found between
developing and adult optic axons of mice in vitro (Becker et al., 2000b), such that in vitro
behaviors of adult fish axons may also pertain to larval development, during which the
expression pattern of tenascin-R resembles the adult situation. A notable exception is that in
5-day-old zebrafish, two days after the first retinal ganglion cell axons have reached their
targets (Stuermer, 1988), the retinal optic fiber layer is still immunonegative for tenascin-R.
This suggests that for the relatively short intraretinal distances axons grow during early
development tenascin-R is not needed.
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Part three

5.3 Tenascin-C is involved in outgrowth of motor axons in the trunk of
zebrafish

Ventral motor nerves of zebrafish grow through an environement rich in ECM components in
a straight line on a midsegmental path without forming side branches for at least 33 hours of
development. We show here that TN-C immunoreactivity is located at the level of the
horizontal myoseptum which is a critical choice point for outgrowing motor axons.
Perturbation of TN-C functions using mRNA overexpression and protein injections of the
EGF-like domains of TN-C induces truncations, whereas the injection of a morpholino
specific for TN-C induces abnormal branching and pathfinding errors of ventral motor nerves
in developing zebrafish embryos suggesting an important function of TN-C for motor axon

outgrowth.

5.3.1 Identification of a TN-C homolog in zebrafish

Two partial sequences of the zebrafish TN-C cDNA containing the FN-I11-like domains 6-8
and the fibrinogen knob at the 3"-end have been described in previous studies (Qiao et al.,
1995; Tongiorgi et al., 1995b). We have cloned the full length cDNA by PCR-based
techniques. The complete sequence of TN-C in zebrafish is approximately 45% identical at
the amino acid level to human, mouse and chicken TN-C. The observed degrees of amino acid
identities are in the expected range for related molecules in phylogenetically distinct species.
For example, the zebrafish TN-R shares approximately 60% amino acid identity with human
TN-R (see 4.2.1). Similar results are obtained for the chicken DM-GRASP and its homolog in
fish (39% amino acid identity, Kanki et al., 1994). Zebrafish TN-R and TN-C share
approximately 35% amino acid identity. Furthermore, the structure of TN-C, with 14.5 EGF-
like domains, followed by 8 FN-I11-like domains and a fibrinogen knob, is identical to that of
other TN-C molecules. Since approximately 30 % of the zebrafish genes are duplicated due to
genome duplication events that involve large chromosome sections in ray finned fish
(Postlethwait et al., 1999) the zebrafish genome often contains two copies of the mammalian
orthologs. For example, the recognition molecules L1.1 and L1.2 (Tongiorgi et a., 1995a)
which are the homologs of human L1. A second TN-C paralog in zebrafish may exist but has
not been analyzed in this study. To confirm that our sequence represents zebrafish TN-C, all
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amplified PCR products were sequenced twice. Finally, our obtained sequence data confirm
the partial sequences obtained by Tongiorgi et a. (1995b) and Qiao et al. (1995).

5.3.2 TN-C immunoreactivity is concentrated at the level of the horizotal
myoseptum in the pathway of outgrowing motor axons.

In this study, we analyzed the distribution of TN-C immunoreactivty during early trunk
development in the zebrafish using confocal microscopy. We aso analyzed the distribution of
TN-C mRNA in the trunk by in situ hybridization. We show here for the first time that TN-C
immunoreactivty is concentrated in the medial somite at the level of the horizontal
myoseptum before, during and after motor axon growth through this region between 22 and
24 hpf. TN-C immunoreactivity at the horizontal myoseptum in the developing zebrafish was
detected by an antibody directed against zebrafish TN-C (Tongiorgi, 1999) and also an
antibody against chicken TN-C (Bartsch et al., 1995), which is known to cross-react with
zebrafish TN-C (Bernhardt et al., 1998). Both antibodies are specific for the cloned TN-C,
because labeling intensities of both antibodies are reduced after the injection of a TN-C MO.
The distribution of TN-C immunoreactivity and mRNA during early development of the trunk
in zebrafish has been described in previous studies (Tongiorgi, 1999, Bernhardt et al., 1998;
Tongiorgi et a., 1995b). TN-C immunoreactivity in the trunk has been located to the posterior
half of the somite, the notochord and the vertical myosepta (Bernhardt et al., 1998) at 16 hpf,
which is in agreement with our findings. At 18-20 hpf, TN-C immunoreactivity is present in
the posterior half of the somite at the level of the horizontal myoseptum (Bernhardt et al.,
1998). At 24 hpf, TN-C immunoreactivity in the trunk has been shown in the vertical
myosepta and around the notochord but not at the level of the horizontal myoseptum
(Tongiorgi, 1999). Using confocal microscopy, which allows a detailed spatial resolution of
whole mounted embryos, we detect TN-C immunoreactivity in the trunk of 22-24 hpf
embryos around the notochord and in the vertical myosepta, which is in agreement with the
previous studies. Surprisingly, we additionally detected TN-C immunoreactivty in the
pathway of outgrowing motor axons at the level of the horizontal myoseptum. This TN-C
immunoreactivity was shown to be specific, since TN-C levels at the horizontal myoseptum
were reduced after injection of a TN-C MO. We have used the same antibodies which had
been used in the previous studies. Therefore, the concentrated TN-C immunoreactivity at the
medial surface in the pathway of outgrowing motor axons in 22-24 hpf embryos might have
been overlooked using conventional microcopy.
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To analyze the possible source of TN-C protein at the horizontal myoseptum, we analyzed
TN-C mRNA expression by in situ hybridization. Here we show that TN-C mRNA isinitialy
expressed by adaxial cellsin the trunk of the developing zebrafish by double labeling with an
antibody recognizing adaxial cellsin the zebrafish (Devoto et a., 1996). At later stages, TN-C
MRNA is only expressed by muscle pioneer cells, which are a subpopulation of adaxial cells
and other myotomal cells in the somite in addition to TN-C mRNA expression in migrating
neural crest cells and in the hypochord (Tongiorgi, 1999). Our data confirm these results and
we furthermore colocalize the expression of TN-C mRNA in the trunk of early zebrafish
embryos in adaxial cells, which may be the source of TN-C protein at the horizontal

myoseptum..

5.3.3 Perturbations of TN-C specifically affect motor nerves.

Several observations suggest that the overexpression of TNCEGFmyc and the injection of the
recombinantly expressed protein fragment containing the EGF domains of TN-C specifically
perturbed growth and pathfinding of the ventral motor nerves. The lateral line nerve which is
susceptible to perturbation experiments by RNA overexpression and protein injections
(Becker et al., 2001b; Shoji et al., 1998) develops normally in embryos injected with the
TNCEGFmyc mRNA or the protein fragment containing the EGF-like domains of TN-C. The
posterior commissure and the dorso-ventral diencephalic tract also develop normally in
embryos injected with the TNCEGFmyc mRNA or the protein fragment containing the EGF-
like domains of TN-C. Thisindicates that axonal pathfinding was not generally compromised
by overexpressing TNCEGFmyc mRNA or injecting the protein fragment containing the EGF
domains of TN-C.

The vertical myosepta, and the notochord (labeled by antibodies to chondroitin sulfates) and
the muscle pioneer cells (Iabeled by antibodies to engrailed) at the level of the horizontal
myoseptum, where trunk motor axons have to make critical pathway choices are
indistinguishable from those in uninjected controls. The finding, that the structure of axon
pathways is unaffected also indicates that early developmental deficits leading to an abnormal
outgrowth of ventral motor nerves are unlikely. These deficits, which may influence the onset
of somitogenesis for example, may occur due to the early expression of the TNCEGFmyc
MRNA after injection into the one-to-four cell stage eggs.
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The observed phenotypes and their frequencies after overexpression of the TNCEGFmyc
MRNA or injecting the protein fragment containing the EGF-like domains of TN-C are
comparable, suggesting a specific similar mechanism of perturbation by the in vivo treatment.
The injection of aMO specific for TN-C aso specifically perturbs the growth of motor axons.
Embryos injected with the TN-C MO or the control MO were indistinguishable from
uninjected controls at 24 hpf, so that early developmental defects are unlikely to be
responsible for the observed effects at 33 hpf. Furthermore, the different treatments lead to
different specific phenotypes. The observed phenotypes after TNCEGFmyc mRNA
overexpression and the injection of the protein fragment containing the EGF domains of TN-
C are mainly truncations of motor axons, whereas the injection of the TN-C MOs induces
additional growth of motor axons. This suggests specificity of both treatments. Thus, the
observed motor nerve phenotypes are probably a consequence of perturbing TN-C functions

in the pathway of growing motor axons.

5.3.4 TN-C is involved in growth and pathfinding of ventral motor nerves

Increased presence of TN-C fragments containing the EGF-like domains in the pathway of
motor axons as achieved by overexpression of TNCEGFmyc mRNA and injection of the
protein fragment containing the EGF- like domains mainly led to truncation of primary motor
axons in 24 hpf embryos. After TNCEGFmyc mRNA overexpression, 3.3% of all axons
analyzed were truncated and after injection of the EGF-L fragment, 5.2% of all nerves
analyzed were truncated in 24 hpf embryos. In all groups of control embryos truncations
rarely occurred (0.2-1.2% of all nerves analyzed). We therefore conclude that the truncations
of motor nerves observed in embryos injected with the TNCEGFmyc mRNA or the protein
fragment containing the EGF-like domains of TN-C are induced by the presence of additional
complete EGF-like domains of TN-C. This also indicates that the growth cones of primary
motor axons respond to TN-C. These findings are in good agreement with previous in vitro
studies. TN-C promotes neurite outgrowth when presented as a homogeneous substrate, but
repels axons, when presented as a substrate border in vitro (Goétz et al., 1996; Lochter and
Schachner, 1993b; Lochter et al., 1991; Powell and Geller, 1999; Taylor et al., 1993).
Furthermore, the recombinantly expressed EGF-like repeats of TN-C used in this study inhibit
neurite outgrowth from freshly dissociated cerebellar neurons in vitro when presented in a
border-like situation (Dorries et al., 1996). After the injection of TNCEGFmyc mRNA but not
after injection of the protein fragment containing the EGF-like domains of TN-C, we aso
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observed a 2% increase of abnormal branched motor axons compared to control groups. The
high number of abnormal branches after injection of TNCEGFmyc may be due to complex
interactions and is presently difficult to explain. The overexpression of the complete open
reading frame (ORF) of TN-C was not possible due to itslarge size. It is still possible that this
could increase the number of truncated motor axons although thisis not very likely, since the
EGF-like domains are the only domains of TN-C described to show neurite repulsion
(reviewed in Jones and Jones, 2000). Indeed injection of the protein fragment containing the
FN 6-8 domains of TN-C did not impede growth of motor axons.

The injection of a MO specific for TN-C did not show any effect at 24 hpf, whereas at 33 hpf
we observed abnormal branches but not truncations of the ventral motor nerves. Although we
could clearly show that levels of TN-C immunoreactivity were reduced at 24 hpf, residua
TN-C immunoreactivity was still detectable at the vertical myosepta. TN-C immunoreactivity
was not detectable at the horizontal myoseptum in embryos injected with the TN-C MO at 24
hpf, but levels of TN-C, which were below the detection level might still have been present
and accounted for proper primary motor axon outgrowth. At 24 hpf only the three primary
axons are present in amost all trunk segments and at 33hpf secondary axons have grown out
(Ott et al., 2001; Pike et al., 1992). Therefore, when we observed abnormal branching of the
ventral motor nerves at 33 hpf, the number of motor axons which can be influenced by the
lack of TN-C is increased and this may contribute to the observed phenotypes. It is also
possible, that primary motor axons respond to other guidance systems than secondary axons.
For example, Semaphorin 3ab is expressed in the caudal somites, (Roos et al., 1999) at 24 hpf
during growth of motor nerves. Neuropilin 1, a putative semaphorin 3ab receptor, is expressed
at the same time in primary neurons (Julia Feldner, pers. communication see also Lee et al.,
2002). Both molecules are downregulated at later stages of development, when secondary
motor axons grow out. There may be also other yet unidentified guidance systems, which are
located at the critical choice point at the level of the horizontal myoseptum, which substitute
for the lack of TN-C at 24 hpf.
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5.3.5 The distribution of TN-C immunoreactivity is altered in unplugged but not
stumpy mutants

The unplugged zebrafish mutant (Granato et a., 1996) displays abnormal outgrowth of motor
nerves at the horizontal myoseptum (Zhang and Granato, 2000; Zhang et al., 2001a). To
explain the aberrant growth of motor axons in the unplugged mutant, a disturbed deposition of
unidentified ECM molecules, which are necessary for growing motor nerves, by adaxial cells
(Devoto et al., 1996) has been assumed [Zhang, 2000 #7808]. Here we identify TN-C as an
ECM component, that is absent from the horizontal myoseptum in unplugged mutant
zebrafish. In unplugged mutants, TN-C immunoreactivity is present at the vertical myosepta
and around the notochord, but is not detectable at the level of horizontal myoseptum.
Furthermore, TN-C immunoreactivity is present at the level of the horizontal myoseptum in
addition to the vertical myosepta and the notochord in non-homozygous unplugged clutch
mates, which are identified by ventral motor axons growing unbranched beyond the horizontal
myoseptum. Furthermore, we could clearly show that adaxial cells which are responsible for
the observed phenotypes in unplugged mutants (Zhang and Granato, 2000) express TN-C
MRNA in wild-type embryos. This involves TN-C in the proposed model to explain the
unplugged phenotype. The penetrance of the unplugged phenotype is high (approx. 85% of all
segments show defects in motor axon growth at the horizontal myoseptum). In contrast,
numbers of phenotypes observed after the perturbation of TN-C function are low (approx. 6-
9% of all nerves analyzed were abnormal after perturbation of TN-C functions). Therefore, it
is likely, that TN-C is one of a set of guidance molecules, which may be affected at the level
of the horizontal myoseptum in the unplugged mutant. Thus TN-C may contribute to the
observed phenotypes in addition to yet unidentified molecules. Positional cloning approaches
in the unplugged mutant have revealed, that the unplugged gene encodes a putative receptor
tyrosin kinase (Zhang et al., 2002). Therefore, the absence of TN-C at the level of the
horizontal myoseptum may be explained as a consequence of signaling deficits, for example
in adaxial cells, which prevents the deposition of TN-C at the level of the horizontal
myoseptum in the unplugged mutant. As a control, we also analyzed the distribution of TN-C
immunoreactivity in the stumpy mutant (Beattie et al., 2000), in which primary motor axons
are shown to stall at the level of the horizontal myoseptum. TN-C immunoreactivity is present
at the level of the horizontal myoseptum in addition to the vertical myosepta and the
notochord in the stumpy mutant in a pattern that is indistinguishable from wild-type embryos.
Thus, the absence of TN-C immunoreactivity from the horizontal myoseptum is a phenotype

specific for unplugged mutants.
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5.3.6 What is the function of TN-C during outgrowth of ventral motor axons?

The phenotypes observed after the different TN-C perturbations indicate that TN-C plays a
role in the precise and stereotypic growth of ventral motor nerves in the trunk. The observed
phenotypes after injection of a TN-C MO differ from the phenotypes observed after
overexpression of TNCEGFmyc mRNA or injection of a protein fragment containing the
EGF-like domains of TN-C. Removal of TN-C induces mainly abnormal branches, whereas
additional TN-C achieved by overexpression or injection of the protein fragment containing
the complete EGF-like domains of TN-C primarily led to truncations of the motor nerves. The
observed phenotypes in the unplugged mutant may be explained by a probably complete
absence of TN-C at the horizontal myoseptum. Thus, axons form aberrant branches, because
they may need TN-C functions to read additional guidance cues in their pathway. An
additional loss of other guidance cues at the level of the horizontal myoseptum may explain
the high numbers of aberrant motor nerves observed in the mutant. We propose the following
model to explain the functions of TN-C during outgrowth of motor axons in the trunk. On the
motor axon’s way to the horizontal myoseptum, TN-C is present in an ascending gradient and
thus may function as an attenuating border to slow down the growth of motor axons at the
level of the horizontal myoseptum. This could alow the advancing growth cones to properly
read additional guiding cues. In fact, outgrowing primary motor axons were shown to pause at
the level of the horizontal myoseptum (Eisen et al., 1986) where we find the highest density
of TN-C immunopositive fibrils, before they grow towards their targets. Previous studies
described a similar effect of TN-C on migrating oligodendrocyte progenitors in mice. During
development of the optic nerve, TN-C expression regresses towards the retina forming a
receding uphill gradient for migrating oligodendrocyte progenitors. Concomitantly with the
reduction of TN-C expression, oligodendrocyte precursors migrate towards the retina. TN-C
is a repellent substrate for oligodendrocytes and their progenitors in vitro (Bartsch et al.,
1994). Furthermore, in the optic nerve of TN-C deficient mice, oligodendrocyte progenitor
cells migrate faster towards the retina than in wild-type control animals (Garcion et al., 2001)
indicating that TN-C probably forms an attenuating barrier for oligodendrocyte migration in
vivo. In contrast to the situation in the optic nerve in mice, where TN-C disappears during
development, TN-C immunoreactivity at the horizontal myoseptum in the trunk of zebrafish
remains detectable during growth of the motor axons. To exit the region of the horizontal

myoseptum, the growth cones of motor axons might undergo a change in the responsiveness
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to TN-C which may be induced by a change in the expression patterns of receptors, so that the
repelling activity of TN-C is no longer recognized. In a recent study it has been shown, that
retinal ganglion cell axons, which are led out of the eye by an attractive gradient of netrin-1 at
the optic nerve head are excluded from areas expressing netrin-1 in the optic pathway. This
indicates a switch in the responsiveness to netrin-1 when the axons have passed the high
levels of netrin-1 expression at the optic nerve head (Shewan et al., 2002). A time-lapse
analysis of growing motor axons would definitively show whether TN-C can decelerate the
growth of motor axons at the level of the horizontal myoseptum thereby allowing the axons to
read additional guidance cues properly.

TN-C isaligand for integrins (Varnum-Finney et al., 1995; Y okosaki et al., 1998). Zebrafish
TN-C also contains an RGD motif, which may be recognized by integrins localized on the
growth cones of growing motor axons. Perturbation of integrin functions using integrin
antagonists led to similar phenotypes as those observed after perturbation of TN-C functions
using TN-C morpholinos (Becker, T. pers. communications). At 24 hpf, blocking integrin
functions mainly led to abnormal branching of the motor nerves, but truncations were aso
observed. At 33 hpf only abnormal branches of the ventral motor nerves were observed. This
is in agreement with our observed results, since removal of TN-C, a putative ligand of the
integrins or blocking of integrins which may be putative TN-C receptors should result in the
same phenotype. One explanation for the occurrence of truncated axons after blocking
integrin functions, which is in contrast to the observed abnormal branches after injection of
the TN-C MO, could be the inability of theses axons to recognize other growth promoting
ECM cues. Laminin, for example, which is also aligand for integrins (Gullberg and Ekblom,
1995) is probably expressed in the pathway of growing motor axons (Parsons et al., 2002;
Westerfield, 1987). Thus the function of TN-C could at least in part be mediated by integrin
receptors localized on the growth cones of motor neurons. F3/contactin, a cell adhesion
molecule of the Ig-superfamily is also a receptor for TN-C (Rigato et al., 2002) and is
expressed in primary motor neurons during growth of their axons in zebrafish. However,
perturbation of F3/contactin functions using morpholinos did not show any effect on growing
motor axons (Gimnopoulos et al., 2003).

Given the low incidence of aberrant nerves (approx. 6-9% of all nerves analyzed were
abnormal after perturbation of TN-Cexpression) it is likely that, TN-C is not the only cue in
the pathway of ventral motor nerves. In fact, perturbing some other potential guidance
molecules present in the somites of zebrafish has been shown to induce aberrant growth of

ventral motor axons similar to those observed here for perturbation of TN-C function.
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Overexpression of the axon-repellent semaphorin 3A1 (Halloran et al., 2000) and semaphorin
3ab (Roos et al., 1999) and injection of chondroitin sulfates (Bernhardt and Schachner, 2000)
also induce truncations of the ventral motor nerve. Conversely, elimination of chondroitin
sulfates induces mainly abnormal branching of the nerve (Bernhardt and Schachner, 2000).
These additional cues might act in combination with TN-C to guide motor axons on their way

to their final targets.
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7. Zusammenfassung

Das zentrale Nervensystem (ZNS) der Fische wachst wahrend ihres gesamten Lebens und ist
in der Lage verletzte Axone zu regenerieren. Diese Eigenschaft unterscheidet es von dem der
Sauger, die nicht in der Lage sind, verletzte Axone im ZNS zu regenerieren. Vielmehr dhnelt
das ZNS der Fische dem peripheren Nervensystem (PNS) der Sduger, mit seiner Fahigkeit zur
Regeneration. Wahrend der Entwicklung des Nervensystems und auch wéahrend der
Regeneration des adulten Nervensystems werden Molekile exprimiert, die den Zell-Zell-
Kontakt, oder auch den Kontakt einer Zelle mit der extrazellul&ren Matrix vermitteln. Zu
diesen Molekiilen gehdren die neuralen Zellerkennungsmolekiile Protein Zero (PO), Tenascin-
R (TN-R) und Tenascin-C (TN-C). In dieser Arbeit wurde die Expression und Funktion der
neuralen Zellerkennungsmolekiils PO und TN-R wahrend der Entwicklung und Regeneration
des Nervensystems des Zebrafisches untersucht. Weiterhin wurde die Funktion von TN-C
wahrend des Auswuchses von Motoraxonen im Rumpfbereich des Zebrafisches analysiert.

PO gehdrt zur Immunglobulin-Superfamilie der neuralen Zelladhasionsmolekile, und
ist im PNS von Sdugern an der Kompaktierung des Myelins beteiligt. Die Durchsuchung einer
EST-(expressed sequence tag)-Datenbank fihrte zur Identifizierung des PO Gens im
Zebrafisch. Ein Vergleich der Proteinsequenz zeigte, dal3 das Zebrafisch PO zu 45% identisch
mit anderen PO Homologen aus Wirbeltieren ist. Untersuchungen des zeitlichen und
raumlichen Expressionsmusters mittels in-situ Hybridisierung wéahrend der frihen
Entwicklung des Zebrafisches zeigten eine Expression von PO mRNA im Nachhirn. Zu
spateren Zeitpunkten konnte die Expression von PO mRNA hauptséchlich in Gliazellen in
myelinisierten Bereichen des ZNS und im PNS nachgewiesen werden. Dies |83 auf eine
Rolle von PO bel der Myelinisierung von Axonen schlief3en. Nach einer Lésion des optischen
Nervs wird die mRNA fur PO im gesamten optischen Trakt von adulten Zebrafischen transient
hochreguliert. Dabel ist die verstérkte Expression von PO mRNA im optischen Trakt abhangig
von der Anwesenheit regenerierender Axone. Nach einer Lasion des Ruckenmarks konnte
ebenfalls eine erhthte Expression der PO mRNA, die sich hauptsachlich auf die weile
Substanz beschrénkte, beschrieben werden. Die Hochregulation von PO mRNA in Gliazellen
nach einer Lasion des ZNS I&f3t auf einen positiven Einflul3 dieses Molekiles wahrend der
Regeneration und Remyelinisierung von Axonen im adulten Zebrafisch schlief3en.

TN-R, ein Molekll der extrazellulédren Matrix, wurde im Gegensatz zu PO als ein
inhibitorisches Molekul fur regenerierende Axone von Saugern beschrieben. Um den Einflul?
von TN-R wéhrend der Regeneration im Zebrafisch zu untersuchen, wurde das Gen im
Zebrafisch kloniert. Eine Analyse der abgeleiteten Proteinsequenz ergab eine hohe Identitét
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(60%) zu anderen TN-R Homologen in Wirbeltieren. Die Expression von TN-R wurde im
sich entwickelnden und adulten optischen System sowie nach einer Lasion des adulten
optischen Nerven mit Hilfe von in-situ Hybridisierung und Immunhistochemie untersucht.
Diese Analysen zeigten, dal? TN-R vor und nach einer Lasion des optischen Nervs mit
Retinaganglienzellaxonen innerhalb der Retina assoziiert ist. Aul}erhalb der Retina begrenzt
TN-R den Pfad der Retinaganglienzellaxone bis hin zu ihren Zielorten im Tektum. Um die
Funktion von TN-R wahrend des Wachstums von Retinaganglienzellaxonen zu untersuchen,
wurden Retinaexplantate in vitro mit einem homogenen TN-R Substrat (Situation in der
Retina) oder mit TN-R in einer Grenzsituation konfrontiert (Situation im Gehirn). Wahrend
sich das homogene TN-R Substrat als wachstumsfordernd erwies, wurden auswachsende
Neuriten von einer TN-R Grenze aufgehalten. Diese Ergebnisse lassen auf eine duale Rolle
von TN-R wéahrend des Wachstums von Retinaganglienzellaxonen schlief3en. In der Retina
fordert TN-R den Auswuchs von neuen Axonen, im Gehirn hingegen fungiert TN-R als
Wegfindungsmolekll, indem es dazu beitrégt, dal’ die Retinaganglienzellaxone zu ihren
Zielorten im Tektum gelangen. Es ist vorstellbar, daf3 TN-R auch fir regenerierende Axone
ein Wegfindungsmolekil darstellt und so im Gegensatz zu Saugern, bei denen es inhibierend
auf regenerierende Axone wirkt, zu einer erfolgreichen Regeneration von Axonen im ZNS
von Zebrafischen beitrégt.

TN-C, ebenfalls ein Molekul der extrazelluldren Matrix, wird wahrend der frihen
Entwicklung des Zebrafisches in Myotomzellen des Somiten, in Neuralleistenzellen und im
Hypochord exprimiert. Das TN-C Gen welches zuvor nur in Teilen bekannt war, wurde
vollstandig kloniert. Eine Analyse der abgeleiteten Proteinsequenz zeigte eine 45% ldentitét
zu anderen TN-C Homologen in Wirbeltieren. Die genaue Verteilung von TN-C im
Rumpfbereich des sich entwickelnden Embryos wurde durch in situ Hybridisierung und
immunhistochemische Farbungen untersucht. Dabei konnte das Protein in einer Region am
horizontalen Myoseptum, die wichtig fur die Wegfindung von Motoraxonen ist,
nachgewiesen werden. Um den Einflufd von TN-C auf das Wachstum von Motoraxonen zu
untersuchen, wurde die Funktion von TN-C in vivo perturbiert. Die Translation der TN-C
mMRNA wurde durch Injektion von antisense Oligonukleotiden (Morpholinos) inhibiert. In
einem alternativen Experiment wurde die Menge an vorhandenem TN-C durch die Injektion
von in vitro transkribierter mRNA oder Proteinfragmenten erhdht. Der Phanotyp der
behandelten Embryonen wurde 24 und 33 Stunden nach der Befruchtung durch
immunohistochemische Farbungen analysiert. Diese Experimente zeigten einen eindeutigen

Einflu von TN-C auf die embryonale Wegfindung von Motoraxonen im Rumpfbereich. Eine
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Reduktion von TN-C fihrte dabei zu abnormalen Verzweigungen von Motoraxonen, wahrend
eine Erhohung von TN-C zu einer Verkirzung dieser Axone fuhrte. In der Zebrafisch
unplugged Mutante, die &hnliche Phanotypen aufweist wie sie nach der Injektion von
Morpholinos beobachtet wurden, ist TN-C in der Entscheidungregion der Motoraxone am
horizontalen Myoseptum nicht vorhanden. Weiterhin konnte die Expression von TN-C
MRNA in adaxialen Zellen, die an der Entstehung des unplugged Phanotyps beteiligt sind,
nachgewiesen werden. Zusammengefasst deuten diese Resultate auf eine wichtige Funktion
von TN-C wéhrend der Wegfindung von Motoraxonen im Rumpfbereich des Zebrafisches
hin.

In dieser Arbeit wurden drei Gene im Zebrafisch kloniert und ihre Expression charakterisiert.
Weiterhin konnten neue Funktionen dieser Gene wahrend des axonalen Wachstums und der
Regeneration im Zebrafisch beschrieben werden.
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7. Summary

The central nervous system (CNS) of fish is growing throughout its lifetime, it also retains the
capacity to regrow severed axons after alesion. In this capacity, the fish CNS differs from the
adult mammalian CNS which generally does not support axon regeneration but resembles the
adult mammalian peripheral nervous system (PNS) in which axon regeneration occurs.
During development of the CNS and also during regeneration of the adult CNS, neural cell
recognition molecules are expressed which mediate the contact between cells or the contact
between cells and the extracellular matrix. Protein zero (PO), tenascin-R (TN-R) and tenascin-
C (TN-C) belong to this family of neural cell recognition molecules. In this work, we
analyzed the expression and function of PO and TN-R during development and regeneration of
the CNS. Furthermore, we analyzed a potential role of TN-C during the growth of motor
axonsin the trunk at early developmental stagesin the zebrafish.

PO belongs to the immunglobulin superfamily of neural cell adhesion molecules and mediates
the compaction of myelin in the PNS of mammalians. Futhermore, PO supports axon
regeneration in the mammalian PNS. We identified a PO homolog in zebrafish, which is 45%
identical to other PO homologs in vertebrates on the amino acid level. The expression of PO
MRNA was analyzed by in situ hybridisation. At early stages, the expression of PO mRNA
could be detected in the hindbrain of the zebrafish embryo. Later, the expression of PO mRNA
was detected in glial cells in the CNS and PNS in areas known to be myelinated. This is
consistent with a role for PO in myelination. After an optic nerve crush, a transient
upregulation of PO mRNA in the optic pathway was observed. Furthermore, it could be shown
that the upregulation of PO mRNA is dependent on the presence of regenerating axons. Spinal
cord transection also leads to an increased expression of PO mRNA in the white matter tracts
of the spinal cord. The upregulation of PO mRNA expression in glial cells after alesion of the
adult zebrafish CNS suggests a role for PO in promoting axon regeneration and remyelination
after injury.

In contrast to PO, which has been described to promote axon regeneration, TN-R, a molecule
of the extracellular matrix, has been described to inhibit axon regeneration in mammalians. To
analyze the function of TN-R during regeneration of the CNS in fish, the gene was cloned in
the zebrafish. Sequence analysis revealed a high degree of homology (60%) to other TN-R
homologs in vertebrates. In the developing and adult optic pathway before and after optic
nerve crush, TN-R co-localizes with optic fibersin the retina, but closely borders the pathway
of optic axons on their way to the tectum, as determined by in situ hybridization and
immunohistochemistry. We mimicked the distribution of TN-R in the optic pathway in vitro
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by confronting zebrafish optic axons with a homogeneous TN-R substrate (retinal situation)
or with a border of TN-R (brain situation). While the homogeneous substrate enhanced
growth of optic axons, the substrate border repelled these axons. Thus, TN-R may play a dual
role for optic axons by promoting growth of newly added axons in the retina and guiding
these axons by a repellent mechanism in the brain. TN-R bordering the optic pathway in the
brain is also available to potentially guide regenerating optic axons after injury and thus, in
contrast to mammals, may contribute to successful regeneration of axons in the zebrafish.
TN-C, which is also a molecule of the extracellular matrix, is expressed in myotomal cells of
the somites, in neural crest cells and in the hypochord during early development. The cloning
of TN-C gene in the zebrafish, which was only partially known was . Analysis of the protein
sequence revealed an identity of 45% of zebrafish TN-C to other TN-C homologs in
vertebrates. The distribution of TN-C in the trunk of the developing zebrafish embryo was
analyzed using immunohistochemistry and in situ hybridization. TN-C immunoreactivity was
detected in the middle of the somites at the level of the horizontal myoseptum, which is an
important choice point for growing motor axons. To analyze a potential role of TN-C during
growth of motor axons in the trunk, the function of this molecule was perturbed. The
translation of TN-C mRNA was inhibited by injection of antisense oligonucleotides
(morpholinos). In another experiment, the amount of TN-C was increased by mRNA
overexpression and protein injections. The phenotypes of the injected embryos were analyzed
by immunohistochemistry at 24 and 33 hours post fertilization. These experiments revealed an
explicit role of TN-C on motor axon guidance in the trunk of the developing embryo. A
reduction of TN-C induces abnormal branches of motor axons, whereas increased amounts of
TN-C led to truncations of these axons. In the zebrafish unplugged mutant, which displays a
phenotype similar to what was observed after injection of the TN-C morpholino, TN-C
immunoreactivity was found to be absent from the choice point of motor axons at the level of
the horizontal myoseptum. Furthermore, the expression of TN-C mRNA was detected in
adaxial cells, which have been described to play a role in the formation of the unplugged
phenotype. These results indicate an important function of TN-C during motor axon
pathfinding in the trunk of the devel oping zebrafish embryo.

In this work, three genes in the zebrafish have been cloned and the corresponding expression
patterns were described. Furthermore, new functions of theses genes during axon growth and

regeneration could be elucidated.



137 8. Appendix

8. APPENDIX

8.1 Abreviations

%) “without”, diameter

w micro (10°)

x g g-force

°C grad celsius

aa amino acid

A adenine

Acc. accession number

Amp ampicillin

ATP adenosine triphosphate

bp base pairs

BSA bovine serum abumine

C Cytosine

cDNA complementary deoxyribonucleic acid
CTP cytosine triphosphate

Da dalton

dATP 2’ -desoxyadenosi netriphosphate
dCTP 2’ -desoxycytidinetriphosphate
DEPC diethylpyrocarbonate

dGTP 2’ -desoxyguanosi netriphosphate
DMSO dimethylsulfoxide

DNA deoxyribonucleic acid

DNase desoxyribonuclease

dNTP 2’ -desoxyribonucleotide-5’ -triphosphate
DTT dithiothreitol

E. coli escherichia coli

EDTA ethylendiamintetraacetic acid
f.c. final concentration

g gramm

G guanosine

h human, hour

HEPES 2-(4-(2-Hydroxyethyl)-piperzino)-ethansulfonic acid
hpf hours post fertilization

IPTG isopropyl-p-D-thiogal actoside
Kana kanamycin

kb kilo base pairs

I litre

LB Luria Bertani

m milli (10

min minute

MOPS (4-(N-morpholino)-propan)-sulfonic acid
MRNA messenger ribonucleic acid

n nano (10°)

Nt nucleotide(e)

OD, optic density
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ORF open reading frame

p pico (10™)

PAGE polyacrylamide gel electrophoresis

PBS phosphat-buffered saline

PCR polymerase chain reaction

rpm rounds per minute

psi pounds per square inch

RNA ribonucleic acid

RNase ribonuclease

RT room temperature

S second

SDS sodium dodecyl sulfate

T thymine

TABS (N-tris(Hydroxymethyl)methyl-3-aminopropane-sufonic acid
Tab. table

TE trisEDTA

TEMED N,N,N’,N’ -tetraethylenamine

Tet tetracycline

T melting temperature

™ transmembrane segment

Tris tris(-hydroxymethyl)-aminomethane

U unit (emzymatic)

\% volt

viv volume per volume

Vol. volume

wiv weight per volume

ZMNH Zentrum fur Molekulare Neurobiologie Hamburg
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8.2 Morpholino sequences

Nr.  Morpholino Sequence (5'- 3) remarks
1 TNC1 GAGAGGATCTCACAGGACACTCC Strong inhibition of TNC expression
2 Control CCTCTTACCTCAGTTACAATTTATA  Standard control morphoalino

8.3 Full length cDNA sequences of myelin protein zero, tenascin-R and
tenascin-C

Myelin protein zero:

CAGGECCCCGGT CCGGAAT TCCCGEGT CGACCCACGCGYCCGGTCTCATTCTCTTTTCTCCCTCCATCTCTTCTCC
TTTCTCCATCCCTTGCTCTCTCGEGACCCCT CACGTATACT GACCT GCGGGGAGAT CCGAGAGAGATCATGCTGT
CCGTACTGGECACTGACCT CCGT GGT GCTCT TGGGECATAGCCT CTCAGAGCACGGECT CTAGT GGT GAACACAGACT
CCGAGAAACAT GCATTGGTGGGCTCAGATGT CAGACTCTCCTGCTCTTTCTTCTCCTGGCAGT GGACTTCTCCAG
AAGT GTCCTTTACATGGCAT TACCGT CCAGAT GGGECTAAGGACGCAATCTCAAT TTTCCACTATGGAGGT GGAG
AAGCTTATCCAGCTAATAAAGGCCCAT TCCAAAACCGCCT GGAGT TTGT GGECAACCCTAGT CGCCGT GACGGT T
CTATCCTGATCAAGAACCTTGATTTCGGAGACAAT GGAACCT TCACCT GT GAT GCCAAGAACCCACCTGACATCG
GCGGECCACCCCTCAACCATTCGECTGCTGGT GTTTGAGAAGGT TCCAGT GCAGGECT GGT GT GATAACGGEGECTCCA
TTATTGGTIGTAGTGI TGGGACTGCTGATCCTCGT TGTGGCAATTTACTATCTGATGCGCT TCCTGGT GGCCAGAA
GGGTGI TCAGCTTGAGCAT GAGCAAACAT GGCAAGAAAGGCAAAGGAAAAGAAGGAT CACAGCAAAAACAGCGTA
TCTGACACCCTTTTTCTGGTCATTTTTCTACTTTCACATGTATAAATTCATCTCATCATCTGATACACTGGTGCT
ATTACTTCCT GT AGGCCGGECCCCCAAAAGT AGCCTCCCATCCCCACCCTTCATTTACTGAGAGCTAAATATATAG
CACTAGTATTTTTAGICACACACACTTTTTAGTCTCACTTTTTAAAATTCCATTACAGT CAAAGAGAATTCCTTC
TTTCGGAAACACACACACT CACTAACACTCATCTCATGTATCCCATCACGCAGI TTTAAGI GCCTTCCCAAAGTA
CATTTACAGCGAATCTGGECTTAGT TTTTGCT CTGACAGCGT CGACT GAAATACCCGAAATGACGT TGATACTGT T
GGCAGCGAAACT CAAACATGCCTGTGAGAGTI TACT TGACACT CTAAGCCAGATTCTCACGT CTGT TGTCTGACAAG
CAGCTGATTATTTTAAAGCACACT TGTAATGGCAGAACGACCTCTGTCTCCATTCTGCCCCTTATTTTTTTAAGC
CAAT GAGGEGECCGECTCCTAT GGAGGECACT GT CCCTCGACCT TCATATATCATTAGT AAAGCTCCATCGCTCCATC
CCGAATCATAGTITTTACTTCACCTCTCTCTAATTCTCCTCTAACTATCATAAACGCT CATCCACCAGCTCCTCTT
CTCATTCCCTGITTCTGCTGGTATGGT GCTCTCT CCTGCCCCCCT GCT GCCCACAGGAGAAACATTTACATTCGG
CCAGT CACAAAGACGT CAATGCAAAAACAAAAAGT TAATTTAACTAGCTCTCTGCAGACTAT GAGGCGCATGT GT
ATGITTTTATTCTGATGAGATGTAACCT GT CAACAT TAGGGGAACAAAACAACATAAAGACGCCATGTCATTGTA
AGTAATGAAAATCCTATGACTGT TTGT GT GTCGGAAGCAGAAATGTAATAGAGT TTTAATGATGT TTAATAATGT
TTCTGCACTTTCATTTGACTGACGT GGCGGT GI TCATGT GGCTGCTGCTTCACAACAGT GTTTACCATCAGCTTG
TTGGCTTGCTAAGT CCACAGGAAGT GAT GCAACGAGGGECAGAGAGGT TTTCGAGAGAGATATAAATGATGAAATA
CCGEGT CGGAGACT TGGACT GAATACATAT TGAGGGEGAAAAGT CAGGCCAAAGT CCAGT AAACATTCTCACTGGA
TGTGITTTTGTGTCTTCAAGT CTTCGT GT CAACCCT GAGACCGAGAGGGEGCTCTCATCGGGAAAGT TTTAGAATA
GIGAGGGECTTGTGGGAAATATGI TTGT TACACTAGAGACAGATGCTTTTTATGCATCTCAGAGT TGAGGT CGAGC
AGCCACATGGCTTCTGCCATTAAACTGTGT TTAAATATTGGEGGAATCGCCATGI TGTATGTATTGT GTGCCCCTG
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TATTGGTAAAGGT CTAGGTAACCGT TCTCTCTTTAAACTCCATTTAAAACGECTAATAATTTTTTACTTTTATTT
TGACTTTAACCTCGCTAACATTGGT TTTCTGTAAAATGT CTTGTAAAATGT AAATGCTCAAGT TCAAATAATTTC
AGAAAAATGT CAATAAAAAAAT CAGAT CCCTAAAAAAAAAAAAAAAAAAAAAGGGCGECCGECTCTAGAGGATCCA
AGCTTACGTACG

Tenascin-R

AGCCTCCT CAT TGCAGCCGONGACAGGCAGCCAGAGAGGAGCT CCAGT CGAACCCGT GGCAACAATAGACTACAGA
AAACACAGCTTGACCAAT CAATAGACCT CTGCCAGAAACAT TGT GAGCCGGAGAGAGCT GCT CAAGGACCACGGA
GGAGCAGAT AAGGT GAAGGT CTGAGGCAATTACAGCGCCGCT TTCCAAAACT AGAAAACTACT GGGGAAAT TCCA
GAGCAGCAGACGCCACTAGI TATCCTTCTTTGT GGT GAGACAGGAGGAACAT CAGCACT GGCACTTAAGT GCCAA
TCAGAGGTCTATTTGI GGAGT TGATGAT CTCACCCTAGT GCCCGAGT TGT GAT GT GGEGEGT GCa CCATGGCAATA
CAAGGT TCAGTAGT GAGCCTGGCTCTACTGI TCT TCGGGAT TCAAGCT GT TCCCAGCCCCACCAGCAAACTAGT G
AGGACCACAAGGGT GAGGCGACAGGT TCCAGAGGEGEEEECGAT CCTGCTGACAACCAGAT GCAGCCTATGGICTTC
AATCACGTATACAACATCAACGTACCT GTAGAGT CCCTCTGT TCAGT GGACCT AGAT GCGGT GACAGGT CCAGAG
ACGAACAAAACAGCAT CTGGGAGT GATAAGAT GCCGACGGAGT ACACAGAGGAAACAGT GGACT CGGACAGCCAG
GI'GACCTTCACCCATCGCATCAATATCCCAAAGCAGECCTGTGCTTGT CCTTCGECTACCACCATAGAGCAGCTG
GCAAGCCGCATAGAGAT GCT GGAGAGAGAGGT GT CGCTGCT TCGAACGCAGT GTAGCT CCAGCT GCTGCGGAGAG
AGCTCTGI' CATGGEGT CGCCTAGACT TCGT CCCT CAGT GCGGECCAT GGCACAT TCAGT ATGGAGGT TTGCGEGT GIf
GITTGT GAAGAAGGCT GGAT TGECAAGAACT GCACT GAGCCACGCT GCCCAGACGACT GCTCGGEGCCAGGECAT T
TGCATCGAAGGCGATTGT GT TTGCGACCGT AATTTCGGT GGT GAAAACT GCTCCGAGCCACGATGT CCAAGTGAC
TGCTCTGACAGEGEECT TGT GTAT TGACGGEGAGT GTGT TTGT GAGGAGGECCT TCGCGEEEGAGGACTGCTCACT G
GCCAGATGI CTAAACGACT GCTCGGAT CAAGGEGEECCT GT GT GAACGGGAGCT GCCAGT GCCGATCCGECTTCCTG
GCGGAAGACTGCTCTCTCATCTTCTGCGCTAATAACT GCAGCCAGAGAGEGEGT GT GCAAGGAGEGCTTCTGCGTC
TGTCAAGAGGGATACACAGGAGATGACT GCACT TCAGT TTTACCT CCAATGAAT CTGCGAGT TCGGGGAGT GTCA
GAAAACACCATTGATCTACAGT GGGAAGGECCCAGCGAT CCTGACAGACTATCTCATCACT TATGAACCAACAACT
CCAGGCGGAGT CCAGCTAGAAAT GAGAGT CCCGGGAAAT GT TACCAACAT CACCAT CAAAGGT TTAAATCCGGGT
CTGGAGTACAATGT CAATGT GTATGCAGT GAT TGACAACAT CATCAGCTCCCCAATGAACACCTTAGT CTCCACC
TATCTCTCAAATCCAGACGGT TTACT CTTCAAAT CCAT CATGGAGACAT CCGT GGAGGT TCAATGGCAACCCTTA
GACTACTTGI TTGATGGT TGGGAAATAAGCT TCATTCCCAAGGACAAT GAT GGAGGGAT GACAGCACAGCTACCC
AGTACCATCACATCTTTCCACCAAACGGEGACT GAAGCCT GGAGAAGAATACACT GT CAACCT GGT GECCCTGAAA
GACCAAGGCAGGAGCCTGCCTGI TACCGCAACT GT TACCACACT GATTGATGGGCCAATACAGCTTATTGT GCGA
GACATCTCAGACACGGT TGCGT TTGT GGAGT GGAGCCCACCCAAGGCTAAAGT GGACCAGATTATACTGCGTI TAC
GGEGECTGGTAGGEGEGTAGAAGEGECCAAAAACCACCT TTCGCCT TCAGCCTACT CTGAGCCAGTACTCACTCCAAGT C
CTGAGGCCGGGATCTACATATGAAGT AT CAGT CAGT GGAGT CCGCAAT GGCACT GAGAGT GGAGT TATTTCAACA
GAATTCACAACAGAAAT CGATGCGCCAAAGAACCT GAGAGT GCTGT CAAAAACT TCTATTAGCCT GGAGCTGGAA
TGGGACAATAGT GAAGCT GATGT TGAGGEGT TACAGT GT GGT CTATAGCACACT TGCCGGT GATCAGTATGACAAA
GI'CATTGTCCCACGCAAYGATGGT CCAAGCACTAAAACTACT CTCAAT GAACTAAT GCCAGGCACAGAGTATGGA
ATAGGAATTTCAGCT GTACT TGGT GCCAACCAGAGCACCCCAGCAACGAT GAAT GCCAGAACGGEGT CTGGACGTC
CCATTAGATTTGACT GT CACAGCCT CCACCGACAACACCATCACCCTTTTATGGGGCACAGI GCAGGGECCTATT
GATCACTATAGGGT GACT TACACAT CAT CCAGT GGAGT CACAACT GAGCT CACT GTGCCTAAAGACGT CACCACC
ACCACACT GACAAGCCT ACAGCCGGEGECACCGAGT ACACAAT CACT GT GGCAGCGCAACGAGGCAGGECAGCAGAGC
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ACGGCGEECCACTATCGATGCCT TCACAGGEGT TCCGCCCAAT CACACAGCTCTTCTTCTCTGAGGTCTCCTCTGAT
TCATTGACT GT GGECGT GGAGT TCACCGGECT CCACCT GCTGACGCATTCATCTTGAACT ACAGCGCTCAGGACTCC
AGTGAGGAT TCTGAGAT TGCGCT TGAT GGGT CGAAAACCAGAAT CACCCT CACT GGT CTAATGCCATCCAGGCGC
TACACTGCTACATTGGT CACCAT GCATGGCAAT GT GACT TCAAAGCCAGT TGTAGGCT CAGT CAACACAGGAATG
GATCCTCCTAGAGACATCACTGI GCTGTATGT CACT GAAGAAT CTGTAACCATAACAT GGAT TCAACCCCT CGCT
CTCCTTGATTACTACAGAATGT CTTACCAAT CATCTAAAGGAAGGAT GGACAGT GTGGT GATTGACAGCGACAT T
AATAACTATACCCT AACCAGCCT CCATCCAGCAACAGAGT AT GAAAT CAAGCT GAACGCAGT GAGAGGAAGCCAA
GAGAGCAAGGT CATCACCACTACCGTATTCACAGCTAT AGACAT GCCAGCGGAGCT CACTGCACTGAACGT TACA
CCCCAAGGEEECT CTGCTGCGCT GGAACCCCCCAGCT TCCAGT GT TGATAACTACGT GCTCACT GTCACCCGGAAC
CAAGT TACAGCAGACACCTTCTTAGT GGAGGGT AACAAGCAGGAGT AT CAGCT GAGT CAGCT CATCCCCAGCACC
ACCTACTCAGI GECCCTTTATGCCACCAAAGGT CCTCTCACCAGCGGCACGGT CATCTCCAACTTTGI CACACCC
ATGGATGCTCCCCAGAACCT GACAGCTAGT GAGATTAACCAT CGAAGT GCCCTCATATCCTGGCAGCCACCCATC
GCAGACATCGACAATTACAT GCTGACCTACAAAGCAGCGGAT GGCAGT CGAAAGGAGCT GATCT TAGATGCGGAA
GACACATGGATTCGT CTCGAGGEEGECT GGCCGAGACCACCGAATATACT GT GAGACT GCAAGT CGCCAGAGGATTA
GAAACCAGIGTTATTGT TTCTACATCT TTCACAACAGGAAACCGATTGT TTCCAACGCCACAGAACT GTGCGCAA
CACCTCCTAAACGGCGAGACT CTAGGT GGGATCTACACTAT CTACGT CAACCGAGACCT CAGT CAAGGCGT GCAG
GITTACTGI GACATGACCACT GATGGAGGECGECT GGATAGT GT TTCAGAGACGT CAAAACGGT TTGACGGATTTC
TCCAGAAAGT GGACT GACTACAAGAT CGGT TTCGGECAGCCT GGAGGACGAAT TCTGECTCGGT TTGGACAACATT
CATAAGATTGCAGCTCAAGGT CGT TACGAGCT TCGTAT TGACAT GAAGGAT GGCCAGGAGT CTGTATACGCCAAC
TATGACAGGT TTTCCAT TGGGGACT CCAAGAGCCT TTACAAACT GAGGAT AGGAGAGT ACAGT GGCACCGCAGGT
GATTCTTTGAGCT ACCACCAGAGCCGCCCTTTCT CTACCAAGGACAAAGACAAT GACAT TGCTGT CACCAACT GT
GCACTGT CCTACAAGGGAGCCT GGT GGTACAAAAACT GT CAT CGGGCAAACCT TAACGGCAAATACGGAGAGT CT
AGACATAGT CAGGGTATAAACT GGTATCACT GGAAAGGCCATGAGI TTTCCATCCCTTTTGT GGAGATGAAGATG
AGACCGT TCAACTACCGCAGCAT CAGT GGCAAACGGAGGAGAT CCGCTCATTAATCTACCGT CCTTCTAGCGCTT
TCTATTTTTAAACAGGGT GAGGAGGACACAAGGAGCGATGTAATTTATTTGAATCTTTTGAAT GACAAAACCCCT
CTGACGAATGT CTGATGTAAATTGTAAACCT CAAGGT TCGGTGACT TTCTTATATGTAATGCTGI TTGI TCAGT T
CTGEGAGATTGAAGACTGGGTAGAGT TTGEGTCACACT TTATTTTAATGGTCCGI TTGT TGAATTTAGGT TACAT
TGCATCTACATGCCGGT TAATTCTCTTTAGATTATCAGTAGACT GT TAGCT TGEGEGAGGEGT TACGGT TAGT TT
AAGT TGACATGTACTTGAAAAGT TTCTTATAGTGAGT TAAATGT TTGT TGAAGGAGCAGT ATCAGTAGATATTAA
GCAGACAGCCTACTAATACT CAAAAGGACCAT CAAAACAAAGT GTTACCAAAGT TTGAGATTGT TCGGCACGT TT
ACAGT GI' TAGGCCTGCAGAAAGAAACCT GATTAATAAGT GAAGAAAAGAT CATTCCTCCCTTTGAGACAAAAAAA
AAAAAGAGCTCGAAT TCAAGCT TTGGATCCAATCACTAGT GAAT

Tenascin-C

TTTACAGCTATGGCCTGCTGAAGACCTTTTCTTCTTTCT GAGAAAGT GAAACAT TCTGCCATAGGATCCAGTGCC
AACT GAAGAGCAT CGGECGCCAGCTCCTTTTCATTCT TCACAACAACCGACGECATTATTTAGTCTGCTGTGI TGC
TAAAAACAGGCT CATCGAT GCTCAAT GACACT CGEGCGCACCAGAT TCTATGGGACCACGCATAAGAATTTCTGA
CATCATACTCTCTCAGACACTCTTGAGTAGCAGATGACCATTCTGT CACT TCAGACGAAGGAGCTTCTGCCTGAAG
ATGAGAGCCTTCCATGGGAAACAGGATGAATCCTATACATTCAGTATCTTATCCACACCCGT GAGGAGT GITCCTG
TGAGATCCTCTCATCAT GGGEGAT GCGAGGCCTGCTGCTGECCTCTATGECAGTGECTGT TTTAGT TCATCTGT CT
AGT GCTGGCCT GGTGAAAAGAGT AAT CAGACACAGAAGAGAAT CCCTCTCACCAACCACTGAGAACTTGACCCT G
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CCGAGCCCTGATCAGCCTGT GGT CTTCAACCATGT GTACAACAT CAACGT CCCCTCCGGGTCCCTGTGCTCTGT G
GACATGGAT TCACCCGGAACAACAGAAAT TAAGT CCAAGT CGGAGCAAT CT GACCAGCACATAGAACACACCACA
GACGGAGAGAATCAGATTGI TTTTACT CATAGGAT TAATAT TCCCAAGCAAGCT TGCGGT TGTGATAACCACATG
CCGGATATGAAGGAGCT TCTGAATAGGECT GGAAAT GCT GGAGGECAGAGGT TTCCAGT TTAAGAGAGCAGT GCACC
AGT GGEECCEECTGCTGI TCTGCTCAGGT TACAGGT GAAGT CACAACCAAACCCTACT GCAGT GGCCGGEGEGECAAC
TACAGCACTGACACCTGCAGCTGT GI TTGI GAACCCGEGT GGAAGGGAGT CAACT GCT CT GAGCCAGAAT GCCCA
AACTACT GCCAGGAT CAAGGEGCGT TGT GAGGATGGCAAGT GT GT CTGCT TCGAGGGECT TCGGT GGT GAGGATTGT
GGCATCGAGCT GTGCCCT GT GGAT TGCGGT GAGAAT GGAGAGT GTATCGACGGEGEECT TGTATCTGCGCTGAAGGEC
TTCATTGGTGAGGATTGTAGT TTAAGCAACT GCCCAAGCAACT GCCT CAGECAGEEEGCECT GT GT GGATGACGAA
TGTGTATGCGACGAGCCT TGGACAGGEGT TTGACT GCTCCGAGCT TATAT GT CCCAACGACT GCTTCGACCGAGGEC
CCCTGCGAGAATGGAACCT GCTAT TGCGAT GAGGECECT TTACT GGGGAAGACT GCGGGEGAGCT TACCT GCCCCCAA
AACT GCAACCACCAT GGAAGGT GCGT CAAT GECCAGT GCAT CTGCAATAT TGECTACAGT GGGGAAGACTGCTCC
AAGCTAACATGT CTCAATGACT GCAGT GAGAGAGGT CACTGCT TTAATGECAAGT GTATATGT GACCCTGGATTC
GAGGEGCGAGGACT GTAGCCT TCTCT CCTGCCCAGACAACT GCAAT GGCCGAGGACAT TGT GTCAACGGT GAGT GT
ATTTGT GGT CCTGGATAT GAAGGT GATGACT GCTCGGAGCT TTCCT GT CTCAATAACT GCCACGAT CGT GGT CGA
TGT GT CAACGGGAAGT GCATAT GCAAAGCAGGT TTTGCT GGAGAAGAT TGCAGCATCAAGACCTGTCCTCATGAC
TGCCATGGACGT GGAGAGT GTGTAGATGECAAGT GTGT TTGCCATGATGGAT TTGCTGGAGAACACT GTGGCATC
AAGACCT GCCCCCAT CACT GCCAT GGACAT GGACAAT GT GT GGACGGCAAGT GCATTTGCCACAAAGECTTTGCT
GGAGAAGACT GCAGTATCAAAACCT GCCCTAAT CACT GCCAT GGACAGGGACAGT GTATAGATGGTAAATGCATT
TGTCATGACGGCTTTGCTGGAGAAGAT TGCAGCAT CAAAACCT GCCCTAAT CACTGCCATGGACGT GGACGT TGC
CATGCTGGECT TCACAGGCCACGACT GCAGT GAGT TGACT TGCCCCAAT GACT GCCATAACCGAGGACGTI TGTGTA
AATGGGECAATGT GTGT GTAACAT CGGGT TCACT GGCGAGGACT GT GGTACAAAGACATGTCCCAACAACTGTCTG
GACCGT GECTTCTGCGAAGATGGAAAGT GTGT CTGCTTTGAGGEECTACACCGGT GAGGAT TGCTCTGTACTGACC
TGCCCTGCAGACT GCAAT GACCAAGGCCAGT GT CTGAATGGAAT GTGCATATGT GATCTGGGECTTTACTGECGAT
GACTGCTCTGAGATCTCCCCACCCAGAGACCT TACT GT GACT GAGGT CGACCT CGAGGEEGEEECCCGAGGT CGAC
CCAGAAACAGT GGACGT CGCCTGGGT TAATGAGATGCT TGT GACAGAGTATCT TATCACCTATGTACCTACGGECT
CCTGGAGGT TTGGAGATGGAAAT GAGAGT AT CTGGT GAAAAGAAGACAGCTACT AT TAGGGAGCTAGAGCCTGGEC
ATAGAGTACCTAATCAGT GTCTTTGCAGT CCT CAACAGCAAGAT GAGCGT CCCTGT CAGT GCCAGAATAGCCACA
CATCTTCCT GAACCT GAGGGCCT GAAAT TCAAAT CCGT GAAAGAGACT TCAGT GGAGGT TGAGT GGGACCCCT TG
AACATCCCGTTTGATGGCTGGAAT CTGAT CTTCAGAAACACAAAAGAAGAAGATGGAGAGATTTTGAACTCTCTC
GCTCCTCCTGAGACCACCTTTGAGCAGT CTGGACT TGGACCTGGACAAGAGT ATGAAGT TAAGCTTGAAGT CGTA
AAGAACAACACCCGT GGACCCCCAGCCAGCAAGAACGT TGT CACAATGAT TGATGCT CCTAGCCAGGTGGATGT G
CGTGACGT GACGGACACTACAGCCCT GGT CACGT GECT TCAGCCT GT CGCTCAGGT GGACGECATCTCTGI TTCC
TATGGCCCAAACACAGACT CCTCCGACAGGAACACAAT TGAGCT TTCCTCCATAGAAACCCAGTACCATCTGECT
GAGCTGI CTCCTGACACTGAGTATGAGGT CTCTCT TAT GGCCCGCCGEEGAGAGAT GAGCAGCT TCCCCATCTAT
GAGACCT TCACAACAGAT CTGGAT TCCCCAAAGCACCT CAAGGCAATTGAGCAGACAGATGAGAGCATAACTCTG
GAGT GGAGAAACAGCAGAGCCAACGT CCTCAATTACCGT GT CAAATACGGECCCACT TTCTGGAGGEGAGCATGGA
GAGCTGGTCTTCCCCAGCGECCT GCAAGACACCACT CAGGCTAAGAT CACT GGCCT CAGGCCTGGGACT GAATAT
GGAAT GGGAGT GACTTCAAT CAAGGAAGAGCGT GAGAGT TTGCCTGCTACGACCAACGCTGTGACTGATCTTGAT
CCTCCCAAAGACCTTCAAGT AAGT GAGACCACAGAGACCACCCT GGCACT GGT TTGGAGAAGGCCGGT TGCTAAA
ATCGACACCTATAGI CTAGT GT TTATACCT GCGGAT GGAGATAGAACGGAACT GAAGATACCT GGT GCTGCAAAT
ACCTACATCCTGACT GGCCT GAACCCT GGCAT GCTGCACACGATACCT GGT GCTGCAAATACCTACATCCTGACT
GGECCTGAACCCT GGCATGCT GCACACCAT TACCCT GACCGCT GAGAGAGGAAGAAAGAT GAGT GCGCCAGCCACT
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CTGT CAGCAT CCACAGAT GAGGAGAAGCCT CAGGT GGECAACATCACCATCTCTGATGT GTCTTGGGACAGCTTC
AGTATGTI CCTGGGAT CTGGACAGAGCGAGAGGT TGAGGGAT TTCTGAT TGAAGT GTCTGACCCAGATGECTTATCT
GATGGCCAGAACCACACACT GT CTGGCCAGGAGT TCAGCCTGECTGTCACTGACCTCTCTCCTAGTACTTTCTAC
AGGGTCACACT GTACGGEECT GTACAAGGGAGAGCTCTTAGACCCT GT CTTTGCCGAAGCCAT CACAGEECTTGGT
GCACCGAAGGGAATACCCTTTTCTGATGT GACCGATACATCAGCTACT GT TCACT GGACTAT GCCACATACCCGT
GIAGACAACTACAGGGT CATCTATGT GCCCAT TCAGGGT GECAGT CCTCTGACACT GAGAGT GGATGGAGGAGAG
TCTCAAGCCATGCTCTCCAAT CTGACCCCT GGT GT CACCT ACCAGGT CACGGT CATCCCTGI TAAGGGCTTGGAG
GAGAGT GAACCCGGAT CTGAAAGGGT CACCACAGCT CTGGATAAACCT CGAGGCCT GACAGCAGT GAACATCAGC
GACACT GAAGCCCTGCTGT TGT GGCAGCCGT CCATCGCCACT GTAGACGGATAT GT GATCACATACAGCGCAGAC
AGT GT GECTCCGGT GATGGAAAGGGT GT CTGEGAACACGGT GGAGT TTGAGATGAGCT CCCTCACTCCTGCTACT
TTATACACTGITAAAGT CTATGCATTCCGAGACACAGCCAAGAGT GCGECAACCAGCACTGACTTCACTACAGAT
GI'TGATGCCCCT CAGAAT CT GGCCGCCAGT AACAT TCAAACAGAGACCGCCAT GI TGACGT GGAAGCCGCCAAGA
GCAGACATCAGTGGGTACATCCTTAGCT TTGAGTI CCGCTGATGGT GTAGT CAAGGAGGT GGT CCTCAGCCCCACA
GCAACATTTTACAGCATGT CCCAGCT CACCGCCT CCACT GAGT ACACAGT AAAACT GCAGGCCAT CGCTGGACCA
AAGAGAAGCAGAGT CATCTCTACAGT CTTCCTCACAATTGGAGT GCTGTATAAGCAT CCTAAAGACT GCTCGCAG
GCTCTGCTGAATGGAGACACCACCT CAGGCT TGTACACCAT TTACCT GCGT GGAGAT GAGAGT CAACCCCTGCAG
GICTATTGI GATATGACCACCGAT GGAGECGGT TGGATCGT GT TTGT GAGGCGGCAGAGT GGCAAAGT GGAGT TT
TTCAGAAACT GGAAGAACT ACACGGCAGGCT TCGGT GACCTGAATGATGAAT TCTGECTTGGTCTATCTAACCTC
CATAAAATCACCTCCTTTGGEGCAGTAT GAGCT GCGT GT GGACCT CAGAGAT AAGCGAGAGT CTGCATACGCGCAA
TATGACAAGT TTTCAATCT CTGAACCACGT GCTCGCTACAAAGT CCATGT TGGAGGAT ACAGT GGCACAGCAGGT
GATTCAATGACGT ATCATCACGGECCGT CCATTCTCAACT TACGATAAT GACAAT GATATAGCGGT CACCAACT GT
GCTCTGTCATATAAGGGAGCTTTCTGGTATAAAAACT GT CATCGAGT AAATATAAT GGGCAGATAT GGAGACAAC
AGCCACAGCAAGGEGT GTAAACT GGT TCCACT GGAAGGGT CACGAGCACT CTGTGGAGT TTGCAGAGATGAAGATC
AGACCT GCCAACTTCAGGAACT TTGAGGGAAGAAAAAAGCGAT CATAAACCACTATACT TCAGCTGGATTCAACC
AACCCATTTGGECCCCAGI TCCTCCTGCATCATCTCATCCCCT TCATCTACCAAAGACACT GCCAGGAGCCCGECC
TGCTCTCTACACTCGCCTGI TCATGGAGAACAAAT TCAACAACAAAAGT TTTCACCCCACCCCCCATTCAAAGCT
AAAGT CCTAACACGGT CGTGTATGI GTATACACT TCTGI CCACAT CAATCTGACAGT AAACCAATAGACT CATAG
TGAAGT GGTAAACACTACACACT GTGCCTGT TCATCATAAGCACACCAAAGACAGACCCT CCGATAACATAAAAC
ACAATGCAGACAGAGAGGAGAT TTCGAGT TTGECTTGECGCTTTCAAGT TTTAAAAAATACTGATATTATTCTTT
GIATCGCATACAGT TACTGTGGAGAGAGT TGAATGT TTGTGTGTGGTGT TTTTTTTTTTTGI TGCAT TAGAGCCT
CATCCTGAATATGI TATTTTCTCAGTI TAGGT TGAGAAGT TTAAAAGCACAT GATTAAAAAAAT CTAGT GGGGAGG
CTCTCGGATATTTTATTTGITTTTACCTCTTTCTTGECTGI CTGTAATAAAT CGAAGTACCCATCCTCTCTGICT
TCTCTCTCCGACAAAAT CCTGCATTCTGCTGATCAGT TTCCAGAACCGGAACCT TTACAGTACTGCGAAGTIGTTC
ATTTATATGCACCTTTTGICGTGT TTCCTGTACCCTATACCT CTATTGGCAT TCAGI CACAGAGCATAAGAACAT
TTGITGCTTGI TATTAAAAGAAAGAT TTAAAAGAAATAAAAGT TAAGCCAGGACCTATGI TCAGT TTTTTGGTITT
TAAGCGATGCTGIGI' TCGCCAGT TATGAGCT TGT GTAAT GT TCAAGAT TCAGAAAGAAAAAGT AACAGCCGGGT T
TTTGGAATTGI TGTAAACATAGCCT TATATGAAAGT TCTGI TTGCAAGAAAAAAAAAGAAT TAATATACAGGATA
AGTCTTCGTGITTGACCCTACCCT GCTAT TGACTAAACCACT GACCCTATACAAAACCTGTGTAAATTATGICTC
GITTTGGTATTTGAATATTTTTGITTGI TCGATTGITTGT TTGT TTATTAAATGGGT GTACAACAGGTGITTCTT
TGTAACCCCTCT TACAATAAAACAGATTTTGT TTAAAAAAAAAAAAAAAAAAAAAAAAAGA
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8.4 Vector maps

sCMVIE94 Promoter

pPCS2TNCEGFmyc
6800 bp TNCEGF

Sacll

PCS2TNCEGFmyc (overexpression vector): The EGF-like domains of TN-C were PCR-
amplified introducing Clal and BamHI sites and inserted into pCS2MT (Rupp et a., 1994).
To generate MRNA, cut with Sacll or Notl and transcribe with SP6.

pCS2THCLSmyc

4400 bp

sCMVIE94promotor

pPCS2TNCL Smyc (overexpression vector): The secretion signal of TN-C was PCR amplified
introducing Clal and BamHI sites and inserted into pCS2MT (Rupp et al., 1994). To generate
MRNA, cut with Sacll or Notl and transcribe with SP6.
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8.5 Publications and Poster presentations

Poster presentations:

Schweitzer J.; Becker T.; Becker C. and Schachner M. Increased expression of a PO-
like molecule in the optic pathway during regeneration of optic fibers in adult
zebrafish. In: Elsner N, Kreutzberg GW, editors. Proceedings of the fourth meeting of
the German neuroscience society. Stuttgart, Germany: Thieme. p 933. 28" Goéttingen

Neurobiology Conference, 2001.

Publications:

Schweitzer J.; Becker T.; Becker C. and Schachner M. Expression of protein zero (PO)
is increased in the lesioned axon pathways in the central nervous system of adult
zebrafish (in press, GLIA, John Wiley and Sons, Inc.)

Becker C.; Schweitzer J.; Becker T. and Schachner M. Evidence for a role of
tenascin-R as a repellent guidance molecule for regenerating optic axons in adult fish

(inrevision).
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