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INTRODUCTION 1

1 INTRODUCTION

1.1 Aims of the study

The aim of this study was to identify and charazeercell recognition molecules and their
binding partners involved in the guidance of priynarotor axons in the trunk of embryonic

zebrafish. The outgrowth of primary motor axon @bmfish was utilized as a model system
to gain insight into the complex molecular interags$ that govern axon guidance in vivo. The
pathfinding of trunk motor axons in embryonic zdista is thought to be triggered by the
interaction of class 3 semaphorins in the trunkiremment with a receptor complex

composed of neuropilins, plexins and the cell adimesnolecule L1 on motor axons. The
expression patterns of the two zebrafish ortholofjsemaphorin3A (semaphorin3A1l and
semaphorin3A2) suggest that they are involved éenghidance of ventral trunk motor axons
(Roos et al., 1999; Yee et al., 1999). Furthermbaemologs of the semaphorin3A receptor
components neuropilin-1 and L1 are expressed margi motor neuron somata (Tongiorgi et
al., 1995; Lee et al., 2002; Yu et al., 2004; Bdanp et al., 2004; Martyn and Schulte-
Merker, 2004).

To analyze the function of zebrafish neuropilingrad its ligands in motor axon outgrowth,
specific morpholinos (anti-sense oligonucleotideghva stabilizing sugar backbone) and
synthetic mMRNAs were injected into zebrafish egg&hibit mRNA translation or to over-

express proteins during motor axon developmentedisf of perturbation agents were
analyzed by labeling neurons and their axons ah@4rs post fertilization by immuno-

histochemistry. To identify zebrafish homologs lo¢ fplexin family, which are potential co-
receptors in the semaphorin3A signaling compleg,fthl-length plexinA3 gene was cloned,
its expression patterns were described during dpwetnt and the function of plexinA3 was

analyzed by in vivo perturbation with morpholinos.
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1.2 Zebrafish as a model system for axon guidance

The zebrafish@anio rerio, formerly known a$Brachydanio rerio) belongs to the family of
cyprinids Cyprinidae) in the class of ray-finned fisheAdtinopterygii) and within this class
to the bony fishes (teleosts Odeleosteil) to which most extant ray-finned fishes belong.
Zebrafish are 2 to 4 cm long tropical freshwatsh fand their natural habitats are rivers of

South Asia, northern India, Bhutan, Pakistan anpale

The zebrafish genome comprises approximately 1B0%bp on 25 chromosomes. It is
assumed that large parts of the zebrafish genonre webject to an ancient genome
duplication event during evolution of the ray-fiekhdishes (Taylor et al.,, 2001). This
tetraploidization was followed by a functional sidization of some of the duplicated genes
and the loss of other genes. Consequently an dstin29% of mammalian genes have two
zebrafish orthologs with distinct functions and eegsion domains (Van de Peer et al., 2002).
In February 2001, the Sanger Institute started esezjng the genome of the zebrafish and
sequences are currently being annotated by thentbig®oject of the Sanger Institute and the
European Molecular Biology Laboratory. Preliminaggnomic information is accessible

through a genome browser on the Ensembl website.

The zebrafish is an ideal model system for studyileyelopmental processes in vivo.
Development of the nervous system takes place stegeotyped pattern and is relatively
simple. Patterning of the zebrafish nervous systemd other fundamental organs occurs
during the first 24 hours post fertilization (hpi)d juvenile fish hatch between two and three
days post fertilization (dpf). On the fifth day dévelopment the vast majority of cell types
have differentiated and the organs have taken ep fanction. Zebrafish embryos are
completely transparent during early developmenticivimakes it possible to identify single
neurons and their axons by immunohistochemistrysiin hybridization or live imaging.
Protein expression can easily be manipulated bgciign of plasmid DNA, mRNA
overexpression constructs or modified antisensgonlicleotides, so-called morpholinos,
which inhibit mRNA translation. Such perturbatioongpounds can be injected directly into

the yolk of fertilized eggs or into single cellsvatrious developmental stages.
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1.3 Motor axon outgrowth in the developing zebrafish

The outgrowth of primary motor axons in the trurfkembryonic zebrafish is a widely used

model system to analyze the signals that patteiy emtor axon growth (Beattie, 2000). This

system is relatively simple, with three primary protneurons per spinal hemisegment
growing axons out of the spinal cord along a comrpatihway in the middle of each trunk

segment up to the horizontal myoseptum. The axdaheotaudal primary motor neuron (CaP)
is the first to grow out of the spinal cord at 18 lgFig. 1), followed by the axons of the

middle (MiP) and rostral primary motor neurons (Ro& the horizontal myoseptum axon

paths diverge. The CaP axon continues its growivartds the ventral somite forming the

ventral motor nerve, whereas the MiP axon retrantsgrows towards the dorsal somite. The
RoP axon takes a lateral path from the horizontgseptum. In half of the hemisegments a
fourth primary motor neuron, called the variablemary motor neuron (VaP) is present.

(Eisen et al., 1986; Myers et al., 1986; Westalfetlal., 1986; Eisen et al., 1990).

18 hpf 24 hpf
paP
spinal cord a
horizontal Z _______
myoseptum

Fig. 1 Schematic illustration of primary motor axoutgrowth in embryonic zebrafish. A side view ebrafish
trunk segments at 18 and 24 hpf is given. At 18thpfcaudal primary motor neuron (CaP) grows am awd of
the spinal cord. At 24 hpf, the axons of the mid@éP) and rostral (RoP) primary motor neurons hiliewed
on the common pathway to the horizontal myoseptudithe MiP has grown towards the dorsal somite. Cale
axon is the only one growing ventrally beyond tbeizontal myoseptum.

By 24 hpf, when axon growth was analyzed by ariutin immunohistochemistry, the CaP

axon had reached the ventral myotome and the Mad &ad reached the dorsal myotome in
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most trunk segments, with the exception of the gesti most caudal segments, in which
axon growth occurred later. The RoP axon has a@¢has far as the horizontal myoseptum
by 24 hpf (Eisen et al., 1986; Myers et al., 198&sterfield et al., 1986) (Fig. 1).

1.4 Cell recognition molecules in axon guidance

Throughout different stages of embryonic developmarons are directed by specific cell
recognition molecules to follow specific pathways, turn at particular guideposts and to
identify their particular synaptic target cells.i@ance cues are present in the surrounding of a
growing axon, either as diffusible secreted molesuyksemaphorins, netrins, slits), which can
act over long distances, or as molecules that &t short ranges that are either membrane-
bound (ephrins, other semaphorins) or associatddthe extracellular matrix (e.g. tenascins,
proteoglycans). The presence of axon guidance isussnsed by high-affinity cell surface
receptors on growth cones (neuropilin, DCC, robd @phrin receptors, integrins, Ig-CAMSs,
etc.). Receptor-ligand complexes initiate intradell signaling cascades that result in the
appropriate modulation of growth cone motility ashefine the eventual direction and extent
of axon outgrowth. Guidance molecules can exhiitiitee attractive or repulsive effects and
different axons can respond differently to the saomee (Tessier-Lavigne and Goodman, 1996;
Nakamura et al., 2000; Yu and Bargmann, 2001; @ick2002).

Several findings suggest that soluble semaphorifecntes play a major role as repulsive
guidance cues by signaling through neuropilins #redr receptor components during the

development of primary motor axons in embryonicraébh:

1.4.1 Repulsive guidance cues of the semaphorin family

Semaphorins are a large family of transmembransecreted proteins (Fig. 2) known to
mediate repulsive guidance events in neuronal dpwebnt (Mark et al., 1997). The family is
characterized by a conserved ~500 amino acid etluder Sema domain and classification is
based on domain organization within the primaryctire and on species of origin (Kolodkin
et al., 1993) (Fig. 2). Class 3 semaphorins arestst molecules that contain an N-terminal
Sema domain, one immunoglogbulin (Ig) domain arihsic amino rich C-terminal region,

which might allow them to associate with the exg¢tadar matrix (Nakamura et al., 2000).
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Semaphorin 3A (sema3A, semalll, semaD, collapsihek) been studied most extensively in
the developing nervous system (Raper, 2000). Ictierss of sema3A with axons expressing
neuropilin-1 result in collapse of growth cones amdulsion of axons (Bagri and Tessier-
Lavigne, 2002; He et al., 2002), but there is &gdence for attractive functions of sema3A
(Bagnard et al., 1998; Castellani et al., 2000ceMieficient for sema3A show defasciculation

and target overshooting of cranial and spinal re(¥aniguchi et al., 1997).

sema @ MRS matif

seua [ [ )

- [
0GaC B g M
I domain Thrombo- )
l

MRS spondin

1| Basic

GPl-anchor

1 2 3 4 5 6 7

Fig. 2 Semaphorin subfamilies. Class 1 and 2 conteainsmembrane and secreted semaphorins from
invertebrates, respectively. Secreted semaphorinvedebrates fall into class 3. The other vertébra
semaphorins are membrane-bound, either transmemfekss 4, 5 and 6) or GPl-anchored (class 7,aaEthor

in green). The Sema domain (yellow) is the halln@rthis protein family and it includes a Met-r&dtsequence
(MRS motif, orange). Other conserved domains araunoglobulin domains (in classes 2, 3, 4 and 7nalos

rich in basic amino acids (class 3, blue) and threspondin repeats (class 5, red). (source: httpuhivcc.it)

In zebrafish there are two homologs of Sema 3A ghesed Sema3Al (semaZla) and
Sema3A2 (semaZlb). Sema3Al mRNA is expressed hpflLih the entire somite, but from

18-36 hpf its expression is restricted to the doasa ventral portions of the myotomes,
leaving a corridor at the horizontal myoseptum tiggaof expression (Yee et al., 1999).
Sema3A2 transcripts are found throughout the somtitd4 hpf, becoming progressively
restricted to the posterior half of the somite &oddering the midsegmental pathway of the
ventral motor nerve (Roos et al.,, 1999). Overexposs of the two sema3A homologs,

sema3Al (Halloran et al., 2000) and sema3A2 (Ro@d.,1999) in the trunk of embryonic
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zebrafish induces truncations of primary motor een his suggests axon-repellent functions

of the molecules.

1.4.2 Neuropilins are receptors for class 3 semaphorins

Neuropilins are a small family of conserved progeimat function as cell surface receptors for
soluble class 3 semaphorins. Two neuropilin mokxware known in mammals, designated
neuropilin-1 (NRP1) and neuropilin-2 (NRP2), whidthare 44% amino acid identity
(Kolodkin et al., 1997; Chen et al., 1997). Neuliogi are transmembrane glycoproteins
containing two repeats of CUB (complement-bindidgmains, two repeats of coagulation
factor V/VIII homology domains, a MAM (meprin, A5nd receptor protein-tyrosine
phosphatase p) domain and a very short cytoplastommain (Fig. 3). Although the
cytoplasmic domain contains a binding motif for roguilin-1 interacting protein (NIP), which
has been isolated in a yeast two hybrid screernpaseatial binding partner for the C-terminus
of neuropilin-1 (Cai and Reed, 1999), no evidenae heen found that NIP contributes to
transduction of the semaphorin signal (Nakamuralet 1998). Thus, neuropilins rather
contribute to specificity of ligand-binding and opeceptors are required for signal

transduction.

CUB

Factor
VIVIII

MAM

Neuropilin-1,2

Fig. 3 Schematic representation of the neurop#imify members neuropilin-1 and neuropilin-2 (reproed
from Yu and Bargmann, 2001). The extracellular mdirheuropilins is composed of two complement-hiigdi
domains (CUB), two coagulation factor V/VIII homglp domains (Factor V/VIII), and a domain that has
homology to domains found in meprin, A5 and receptotein-tyrosine phosphatase p (MAM).
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Neuropilin-1 was first identified as an antigen egsed on retinal ganglion cell axons of
developingXenopus (Takagi et al., 1991). Using a COS cell expressioning approach, two
groups independently identified neuropilin-1 asemna3A receptor (He and Tessier-Lavigne,
1997; Kolodkin et al., 1997). Mice deficient for urepilin-1 show abnormalities in the
peripheral projections of sensory neurons and soriawgial motor neurons (Kitsukawa et al.,
1997) similar to but more severe than those digglay sema3A knockout mice (Taniguchi et
al., 1997). Neuropilin-1 and neuropilin-2 exhibitferent binding specificities for class 3
semaphorins. In vivo, neuropilin-1 binds sema3A fgyentially, whereas neuropilin-2
preferentially binds sema3F (Nakamura et al., 20B8plant and growth cone collapse assays
suggest that sema3C signals through neuropilindtapdin-2 heterodimers (Chen et al.,
1998; Takahashi et al., 1998). This binding speityfi together with restricted distribution of
the molecules, explains the specificity of respesnsd different neurons to class 3

semaphorins.

For each mammalian neuropilin, two zebrafish odbsl have been identified, designated
NRP1la and NRP1b and NRP2a and NRP2b, respectivetydt al., 2002; Yu et al., 2004;
Bovenkamp et al., 2004; Martyn and Schulte-Merk€04). Of the four molecules, only
NRP1la is expressed in the ventral spinal cord had, tmay be a receptor on motor neurons
for the zebrafish sema3A orthologs sema3Al and 3A&awhich are expressed in the

zebrafish trunk.

1.4.3 Plexins are co-receptors for neuropilins

Neuropilins bind the secreted class 3 semaphoritisigh affinity but require a member of
the plexin family to form receptors that are aldeattivate down stream signal transducing
cascades. In vertebrates, the plexin protein famviys first identified as molecules
predominantly expressed in the developing nervgstes (Kameyama et al., 1996; Maestrini
et al., 1996). Plexins comprise a large familyrahsmembrane molecules, divided into four
subfamilies, (plexinA, plexinB, plexinC and plexihldn the basis of sequence similarity
(Tamagnone et al., 1999) (Fig. 4). They are charae&td by a highly conserved cytoplasmic
SP (&x-Hexin) domain, which is required for signal transtion. The extracellular part of
plexins contains a Sema domain, which shows a mtelelegree of sequence identity to the

corresponding domain in semaphorins (Winberg et 1898), two or three MRS repeats
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(receptor protein tyrosine kinaseeMRelated_®quence) and several IPImfhunoglobulin-

like fold shared by Bxins and TFanscription factors) motifs (Fig. 4).

Several neurons in the developing central and perg nervous system express various
plexins including hippocampal, cortical, sensorg agmpathetic neurons (Cheng et al., 2001;
Murakami et al., 2001). In addition to a role igrsl transduction, complex formation of
neuropilins with plexins changes their ligand-biglproperties and increases specificity for
particular secreted semaphorins. For example, pdurd and plexinAl form a complex
with an enhanced binding affinity for sema3A whie neuropilin-2/plexinA2 complex
preferentially binds sema3F (Takahashi et al., 1$8shm et al., 2000). PlexinA3 regulates
the development of hippocampal axonal projectiarassduces repulsive signals in growth
cones and contributes to sema3A and sema3F signalinivo (Cheng et al., 2001). The
cytoplasmic SP domain is unique to plexins but baguence similarities with GTPase
activating proteins (GAPS) suggesting that plexmght regulate the activities of or interact

with Ras-like GTPases (Rohm et al., 2000).

Plexin-A Plexin-B Plexin-C Plexin-D

| |
: |1
| [ i
H L] | sema  m MRS moti
q¢ I : || domain
1 i’ .
il"l [ L : 4 Furin-iike SP domain
]'! g e cleavage site cytoplasmic)

Fig. 4 Members of the plexin family. Nine humanxpts are currently known, which fall into four holagy
groups (A, B, C and D subfamilies), based on secgisimilarity, structural features, and tissueritiation. All
plexins include a conserved cytoplasmic domain {Slexin domain, SP, blue) and a Sema domain (ygllow
Repeated MRS motifs (orange) are found in the eatlalar domain. Plexin-B subfamily members include
potential cleavage sites for furin-like convertagdso found in plexin-B oDrosophila, here marked in red). The
prototype member of the plexin-C subfamily (Vesg)shorter, including only two MRS motifs. PlexirtD

includes an atypical sequence in its third MRShfligrange). IPT (Immunoglobulin-like fold shared fbigxins
and transcription factors) motifs are not showthia overview. (source: http://www.ircc.it)
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In zebrafish to date two members of the plexin fanfiave been cloned. PlexinD1 is
expressed by epithelial cells of the embryonic uksare and loss of plexinD1 function
causes mispatterning of angiogenic intersegmeetgals in the trunk (Torres-Vazquez et al.,
2004). PlexinA4, which is expressed by a numbenefrons in the brain and spinal cord,

promotes branching of the peripheral axons of pryrsansory neurons (Yeo et al., 2004).

1.4.4 The neural cell adhesion molecule L1 modulates Se®A signaling

In addition to the core complex that contains npilirmand plexin, studies of mice lacking L1
activity suggest that a third molecule, the neuoel adhesion molecule L1 has a modulatory

effect on sema3A signaling (Castellani et al., 3000

L1 is a cell adhesion molecule (CAM) of a neurabfamily of the immunoglobulin (Ig)
superfamily (Rathjen and Schachner, 1984) and heen bmplicated in a variety of
morphogenetic processes, including axon growthnafasciculation, axon guidance, cell
migration, myelination and synaptic plasticity (\Waland Doherty, 1997; Haspel and Grumet,
2003). The L1 subfamily includes L1, a close hormgal of L1 (CHL1), neurofascin,
NrCAM, neuroglian, and tractin, and its members &end predominantly, but not
exclusively, on axon tracts. L1 is a transmembggeoprotein similar in domain structure to
members of the robo family (slit-receptors), ansl a@xtracellular domains consist of six
immunoglobulin-like and five fibronectin type lllothains (Fig. 5). A highly conserved
intracellular region follows the transmembrane dwmmand contains a binding site for
ankyrin, a protein connecting L1 to the spectrimosieleton (Brimmendorf et al., 1998).
Targeted disruption of the L1 gene in mice resaltdefects of the corticospinal tract (Dahme
et al., 1997; Cohen et al., 1998). L1 can be coumoprecipitated with neuropilin-1 and
dorsal root ganglion (DRG) neurons from L1 knockmite do not respond to sema3A. In
culture, addition of L1-Fc fusion proteins can tufre repulsive response of dorsal root
ganglion neurons to sema3A into an attractive sanggesting a modulatory function of L1 for

semaphorin signaling (Castellani et al., 2000).
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CAMs RPTPs RTKs
| | 11 | B | 1
Ll
TAGI pce
c2
MAG RP'I-'P}.I.
v MAM
DPTP69D EPH
c2
FGFR
CR
PTP TK

Fig. 5 Representatives of selected subfamiliehefiinmunoglobulin (Ig) superfamily implicated inogith and
guidance in the nervous system (modified after Walsd Doherty, 1997). Shown are examples of thraim m
subgroups, namely cell adhesion molecules (CAMsgeptor protein tyrosine phosphatases (RPTPs), and
receptor tyrosine kinases (RTKs). All molecules tgm@fied by having Ig domains of various typestlie brain
they are of C2, V, or | types. Members of the CAMbgroup all contain Ig domains, and with the exioepof
MAG, contain fibronectin type Il (FNIII) repeatdlCAM, L1, and DCC are transmembrane proteins, wagre
TAG 1 is GPI anchored. Two representatives of tR& R family are shown: RPTPW, which in addition awihg

an Ig domain and FNIII repeats, contains a MAM domBPTP69D contains Ig and FNIII repeats. Both RBT
contain intracellular catalytic domains (PTP). Tvapresentative RTKs are shown: FGFR and EPH. FGFR
contains Ig domains. EPH contains an Ig domairysteme-rich domain (CR), and FNIII repeats. Batimtain
intracellular catalytic domains (TK). EPH (ephrifdGFR (fibroblast growth factor receptor), MAG (rfige
associated glycoprotein), NCAM (neural cell adhesimlecule), DCC (deleted in colonrectal carcinama)

In zebrafish L1.1 and L1.2 have been identifiednestwo orthologs of mouse L1 (Tongiorgi

et al., 1995). During embryonic development ofrieevous system the onset of L1.1 and L1.2
expression correlates with the initiation of axosogsis. L1.1 is expressed by all known
classes of neurons, consistent with an importaneigg function during axon outgrowth.

Most of the neurons in the developing zebrafislo a&gpress L1.2, but L1.2 expression is
lower or not detectable in subsets of neurons. fabethat primary motor neurons express
L1.1 and L1.2 supports the idea that both L1 hog®loould be part of the sema3A receptor

complex and play a role in the guidance of primargtor axons in zebrafish. In adult
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zebrafish, upregulation of L1.1 is an important tpaf the regenerative response of

axotomized brainstem neurons after spinal cordsaetion (Becker et al., 2004).

1.5 Neuropilins are receptors for in angiogenic signals

In addition to the nervous system, neuropilins Brewn to function in angiogenesis.
Neuropilin-1 is expressed in endothelial cells anbdances vascular endothelial growth factor
(VEGF) binding to VEGF receptor 2 (VEGFR2/FIk-1/KPRSoker et al., 1998) Similarly,
neuropilin-2 forms complexes with VEGF receptorVEGFR1/Flt-1) in vitro (Gluzman-
Poltorak et al., 2001). Thus, neuropilins are mdy @o-receptors for plexins in axonogenesis,
but also act as co-receptors for VEGF receptotherformation of blood vessels (Klagsbrun
et al., 2002; Neufeld et al., 2002). Transgeniceragpressing high levels of neuropilin-1
exhibit major anomalies in the nervous and cardioutar system, including excess capillary
formation (Kitsukawa et al., 1995). In additiongevere abnormalities in the nervous system
(Kitsukawa et al., 1997), neuropilin-1 knockout meuembryos have defects in yolk sac,
embryo and neuronal vascularization and in devetopnof large vessels in the heart
(Kawasaki et al., 1999).

During motor axon development, zebrafish VEGF ipregsed in mesoderm giving rise to
blood vessels, in the ventromedial somite of thakras well as in the anterior central
nervous system (Liang et al., 1998).0One of theafethr homologs of neuropilin-1, NRP1a, is
expressed in the endothelium of major blood vesselhe trunk during angiogenesis and
mediates VEGF-dependent development of intersegheessels in the trunk (Lee et al.,
2002). Other zebrafish neuropilins are expresseldeardorsal aorta (NRP1b) and in the region
of the posterior cardinal vein (NRP2a and NRP2hl) am involved in VEGF-mediated vessel

development (Martyn and Schulte-Merker, 2004).

Recent observations suggest that semaphorin and=\&§aaling are probably not restricted
to the nervous and vascular system, respectively.ekample, sema3A acts as a repellent
molecule for blood vessels in the quail forelimba{@ et al., 2003). Both, sema3A/
neuropilin-1 and VEGF/neuropilin-1 signaling is ded for heart morphogenesis in mice (Gu
et al., 2003). In vitro, VEGF promotes neurite eawgth and neuronal survival (Sondell et al.,
2000; Bocker-Meffert et al., 2002; Rosenstein et2003). Thus, several signaling molecules

may converge on one receptor, neuropilin-1, inlecular and nervous system. In fact, there
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is evidence for functional competition of VEGF as®ma3A for overlapping binding sites on
neuropilin-1 (Miao et al., 1999). In zebrafish, ®3A1 is involved in the development of the

dorsal aorta in the trunk (Shoji et al., 2003).
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2 MATERIALAND METHODS

2.1 Material

2.1.1 Enzymes

Restriction endonucleases
various (5-20 U/ul)

DNA polymerases

Advantage™-2

HotStarTadl

Klenow Enzyme

PfuUltra™ HF DNA Polymerase
Taqg DNA Polymerase

Reverse transcriptases (RT)
Omniscript™ RT

SuperScript I™ RT

RNasiri] Plus RNase Inhibitor

Miscellaneous

DNAse |

RNAseH

Shrimp Alkaline Phosphatase (SAP)
T4 DNA Ligase

2.1.2 Bacterial strains

E. Coli DH5a

E. Coli One Shatl TOP10
(Chemically Competent)

E. Coli NR 3704 (dar))

New England Biolabs (FramkfD)
Roche (Mannheim, D)

BD Biosciences/Clontech (HeidejbB)
Qiagen (Hilden, D)

Roche (Mannheim, D)

Stratagene (Amsterddh),

Invitrogen (Karlsruhe, D)

Qiagen (Hilden, D)
Invitrogen (Karlsruhe, D)

Promega (Mannheim, D)

Roche (Mannheim, D)
Roche (Mannheim, D)

Roche (MannhBim,
Roche (Mannheim, D)

Invitrogen (Karlsruhe, D)

Invitrogen (Karlsruhe, D)

Institut Prof. Schachner,
ZMNH (Hamburg, D)
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2.1.3 Bacterial media
All media were autoclaved prior to use. Antibiotwesre added if appropriate.

LB broth (1 1) 10 g NaCl
10 g tryptone or peptone
5 g yeast extract
pH 7.0 with 5 M NaOH (optional)

LB agar (11) 10 g NaCl
10 g tryptone or peptone
5 g yeast extract
20 g agar
pH 7.0 with 5 M NaOH (optional)

Antibiotics (1000x) 100 mg/ml ampicillin (amp)

25 mg/ml kanamycin (kan)

2.1.4 Vectors

pGEMO-T Easy Promega (Mannheim, D) TA cloning vector
pCRO-Blunt Il TOPQ Invitrogen (Karlsruhe, D) TOPO cloning vector
pCS2+MT Rupp et al., 1994 MRNA overexpressiector
ZNRP1/pCR4 Lee et al., 2002 Cloning vectortaiming

zf NRPl1la cDNA

2.1.5 Kits

BCA Protein Assay Reagent Kit Pierce (Rockfor@&A)

ECL Western Blotting Detection Reagents Amersha@riacia (Freiburg, D)
MEGAscript™ (T3/T7/SP6) Ambion (Cambridge, UK)
MMESSAGE mMACHINEM SP6 Ambion (Cambridge, UK)

Poly (A) Tailing Kit Ambion (Cambridge, UK)

Rapid DNA Ligation Kit Roche (Mannheim, D)

pGEMO-T Easy Vector System | Promega (Mannheim, D)

Zero Bluntd TOPQJ PCR Cloning Kit Invitrogen (Karlsruhe, D)

JETstar Plasmid Purification MAXI Kit Genomed (B@gynhausen, D)
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HiSpeed! Plasmid Midi Kit Qiagen (Hilden, D)

GFX™ Micro Plasmid Prep Kit Amersham Pharmacia (RrejbD)
QIAquick™ Gel Extraction Kit Qiagen (Hilden, D)

QIAquick™ PCR Purification Kit Qiagen (Hilden, D)

MiniElute™ Gel Extraction Kit Qiagen (Hilden, D)

MiniElute™ PCR Purification Kit Qiagen (Hilden, D)

High Pure PCR Product Purification Kit Roche (Maem, D)

RNeasyl Midi Kit Qiagen (Hilden, D)

2.1.6 DNA and protein standards

Ready-Load™ 1 kb Plus DNA Ladder Invitrogen (Kartse, D)

100 bp DNA Ladder New England Biolabs (FramkfD)
SmartLadder Eurogentec (Heidelberg, D)
BenchMark™ Pre-Stained Protein Ladder Invitrogearlsruhe, D)

2.1.7 Oligonucleotides

Oligonucleotides/primers were synthesized and FPRSFified by MWG biotech AG
(Ebersberg, D) or synthesized and salt-purified/leyabion (Planegg, Martinsried, D). Primer

sequences are listed in the appendix.

2.1.8 Morpholinos

Morpholinos are synthetic antisense oligonucleatidentaining a stabilizing sugar backbone
with a morpholine ring instead of the standard s#ogugar found in DNA or RNA making
them more resistant to a number of nucleases. &naitlvantage is, that morpholinos show a
low toxicity and have a high affinity to RNA (Sumnen et al., 1997). Ideally, morpholinos
are selected against a sequence near the stam cbdbe mRNA of interest. By binding to
the mRNA, the morpholino interferes with the 40Bosomal subunit scanning the mRNA
and blocks the initiation of translation (Ekker ahdrson, 2001). The efficiency of
morpholinos is restricted to target sites withia tbader sequence and sequences surrounding
the start codon (Summerton, 1999). Since protaithggis of specific genes is not completely

blocked by morpholino application, the effect ifereed to as a “knockdown”.
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Morpholinos were synthesized by Gene Tools LLC I@Phath, OR, USA) and 300 nmol
lyophilized morpholinos were resuspended in 37.5Dahieau solution to obtain a stock
solution of 8 mM (65 ng/nl). The stock solutionsrevesplit in 3 pl aliquots and stored at
-20°C. Morpholinos were adjusted with Danieau sotutto obtain concentrations between

0.1 and 2 mM. Sequences of morpholinos used irsthidy are listed in the appendix.

2.1.9 Antibodies

tubulin  monoclonal antibody (mAb) against acetydatetubulin (6-11B-1; Sigma-Aldrich,
Deisenhofen, D), used 1:1000 (immunohistochemisiryl):25000 (Western blot)

412 mMAD to the HNK-1 epitope (Becker et al., 20Qked 1:50
CS-56  mAb to chondroitin sulfates (Sigma-Aldricteifenhofen, D), used 1:200

Sus-ten  polyclonal antibody (pAb) against tenastiof zebrafish (Bartsch, 1996), used
1:2000

9E10 mADb recognizing the myc-epitope (Santa CristeBhnology, Santa Cruz, USA),
used 1:600

40.2D6 antibody to islet-1/-2 (Dr. T.M. Jessell @obia University, New York, USA),
used 1:50

3A10 antibody to a neurofilament-associated antigém. T.M. Jessell Columbia
University, New York, USA), used 1:50

4D9 antibody to engrailed (Patel et al., 1989¢dut:10

L1.1 polyclonal antiserum against bacterially esgesl zebrafish L1.1 (Becker et al.,
2004), used 1:25000

Antibodies 40.2D6, 3A10 and 4D9 were obtained dt @mdture supernatants from the
Developmental Studies Hybridoma Bank maintained’bg University of lowa, Department

of Biological Sciences (lowa City, 1A, USA).

Secondary antibodies were Cy2-, Cy5- and horsdrgisoxidase (HRP)-conjugated to rabbit
and mouse (Dianova, Hamburg, Germany), used 1:@0@nimunohistochemistry and 1:4000

for Western blot.
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2.1.10 Buffers and stock solutions

General buffers and stock solutions are listedweMethod-specific solutions are specified

in the corresponding sections.

Blocking buffer 0.05% Tween 20 in 1x PBS
(Western blot) 3% skimmed milk powder
Blocking buffer 1x PBS

(WMIHC) 1% (v/v) DMSO

1% (v/v) normal goat serum
1% (w/v) BSA
0.7% (v/v) Triton-X 100

Blotting buffer (1x) 25 mM Tris-HCI (pH 8.3)
192 mM glycine
20% methanol

DAB stock solution 6% (w/v) diaminobenzidine

Danieau solution 58 mM NaCl
0.7 mM KCI
0.4 mM MgSQ
0.6 mM Ca(NG),
5 mM HEPES
pH 7.6

DEPC-HO 0.1% (w/v) diethylpyrocarbonate
autoclaved after stirring overnight

DNA sample buffer (5x) 20% (w/v) glycerol in TARifber
(DNA gel) 0.025% (w/v) orange G
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dNTP stock solutions (PCR)

EB buffer

EDTA stock solution

Ethidiumbromide staining

solution (DNA-gel)

Loading buffer (5x)
(RNA gel)

PBST (Biochemistry)

PBST (Morphology)

PFA (4%)

Phosphate buffered saline
(PBS) (10x)

Running buffer (5x)

(RNA gel)

Running buffer (10x)
(SDS-Page)

dATP, dCTP, dGTP, dT2%’mM each

10 mM Tris-HCI, pH 8.0

0.5 M EDTA
pH 8.0

10 pg/ml ethidiumbromidelx TAE
50% (v/v) glycerol
1 mM EDTA
0.25% (w/v) bromphenol blue
0.25% (w/v) cylene cyanol

0.05% (v/v) Tween 20 in 1x PBS

0.1% (v/v) Tween 20 in 1x PBS

4% (w/v) paraformaldehyde

dissolved at 60°C under stirring in 1x PBS

1.36 M NaCl
0.1 M N&lPOy
27 mM KCl
18 mM KHPOy
pH 7.4

0.1 M MOPS pH 7.0
40 mM sodium acetate
5 mM EDTA

250 mM Tris-HCI, pH 8.3
1.92 mM glycine
1% (w/v) SDS
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Running gel (8.0%) 4.28 ml deionized water
(SDS-PAGE) 4.65 ml 1 M Tris-HCI, pH 8.8
124 ul 10% SDS
3.34 ml 30% Acrylamide — Bis (37:5:1)
70 ul 10% APS
7 ul TEMED

Saline sodium citrate buffer 3 M NaCl

(SSC) (20x) 0.3 M tri-sodium citrate
pH 7.4

Sample buffer (5x) 62.5 mM Tris-HCI, pH 6.8

(SDS-Page) 2% (w/v) SDS

5% (w/v)p-mercaptoethanol
20% (v/v) glycerol
0.04% (w/v) bromphenol blue

Stacking Gel (5%) 2.89 ml deionized water
(SDS-Page) 1.25 ml 1 M Tris-HCI, pH 6.8
50 ul 10% SDS
830 ul 30% Acrylamide — Bis (37:5:1)
25 ul 10% APS

5 ul TEMED
Stripping buffer 0.5 M NaCl
(Western blot) 0.5 M acetic acid
TAE (50x) 2 M Tris-acetate, pH 8.0
(DNA gel) 100 mM EDTA
TE (10x) 0.1 M Tris-HCI, pH 7.5

10 mM EDTA
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2.1.11 Chemicals

All chemicals were obtained from the following coamges in pro analysis quality:
Amersham Pharmacia Biotech (Freiburg, D), BioRadirithen, D), Invitrogen (Karlsruhe,
D), Carl Roth (Karlsruhe, D), Merck (Darmstadt, [§erva (Heidelberg, D) and Sigma-
Aldrich (Deisenhofen, D).

2.1.12 Equipment

Equipment not listed in the table below was of cammaboratory standard. Particular

devices are referenced throughout the respectoteqwls.

Centrifuge RC 5C Plus Sorvall (Kendro, Harlay,
Rotors SLA3000, SLA1500, SA600 and HB-6 Sorviékiidro, Hanau, D)
Microcentrifuge 5415 D Eppendorf (Hamburg, D)
Bench-top centrifuges 5417 R and 5804 R Eppéritiamburg, D)
E.A.S.Y. UV-light documentation Herolab (Wiek| D)

Spectrophotometer Ultrospec 3000/DPV-411 printer PBAFreiburg, D)
MJ PTC-200 DNA ENGINE™ Peltier Thermal Cycler  Biozy{Hessisch Oldendorf, D)

Rotor-stator homogenizer (Kinematica, Luz€Hl)
Power Pac 200 BioRad (Munchen, D)
Cryostat CM3050 Leica (Bensheim, D)
Axiophot Zeiss (Gottingen, D)
Laser scanning microscope LSM510 Zeiss (Gatind)

2.1.13 Zebrafish

Adult (body length > 2 cm, age > 4 months) and teyag zebrafishDanio rerio, were kept

at a 14 hours light and 10 hours dark cycle anddieeld fish food and live brine shrimp
several times a day. Embryos were collected fromm4aNINH breeding colony according to
standard procedures and staged in hours postiZeatitin (hpf) at the standard temperature of
28.5°C (Kimmel et al., 1995).
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2.2 Molecular biological methods

If not otherwise indicated, standard biological hi@iques were carried out according to

standard protocols (Sambrook et al., 1989).

2.2.1 Maintenance of bacterial strains

Strains were stored as glycerol stocks (LB bro&%2v/v) glycerol at —80°C). To regrow
particular strains, an aliquot of the stock wagated on an LB agar plate containing the
appropriate antibiotic and incubated overnight &C3 Plates were stored up to 6 weeks at
4°C.

2.2.2 Production of competent bacteria

DH5a bacteria were streaked on LB agar dishes and gomemight at 37°C with constant
shaking. 50 ml of LB broth were inoculated withdanies and grown at 37°C under constant
shaking $200 rpm) until the culture had reached an optieisity (OQq of 0.35-0.45.
Growth of bacteria was stopped by a 5 min inculbastep on ice. Cells were pelleted at
1000x g for 15 min (4°C) and, after removal of thagpernatant, resuspended in 17 ml
prechilled RF1 (4°C). Following a 15 min incubatistep on ice, the centrifugation was
repeated. The cell pellet was resuspended in 4redhgled RF2 (4°C) and incubated again
for 15 min on ice. Bacteria were frozen in liquittagen in 50 — 100 pl aliquots and stored at
—80°C. Transformation capacity/efficacy of cellsswasted by a transformation with a distinct

qguantity (pg-ng) of purified supercoiled plasmid AN

RF1 RF2
100mM RbCI 10 mM MOPS (pH 6.8)
50 mM MnCb 10 mM RbCI

30 mM KOAcC 75 mM CaGl
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10 mM CaC} 150 g/l glycerol
pH 5.8 (with 0.2 M acetic acid)

2.2.3 Polymerase chain reaction (PCR)

Thein vitro amplification of DNA fragments using the polymera$ain reaction (PCR) was
performed in a MJ PTC-200 DNA ENGINE™ Peltier ThatnCycler. Standard PCR
reactions contained the following ingredients: teatggDNA (typically plasmid or first strand
cDNA), primers (flanking the region to be amplifjeddNTPs (25 mM each), DNA
polymerase buffer and DNA polymerase. Primer secg®nwere selected manually or
electronically determined with the PrimerSelectiwafe from the Lasergene software suite
(DNASTAR inc. WI, USA).

Table 1 Standard PCR cycling parameters for saldai¢A polymerases.

Taq polymerase Pfu polymerase HotStarTaq Advarage
1. 94°C-95°C for 1'-5’ 94°C-98°C for 1 95°C for 15 95°C for 1’
2. 94°C-96°C for 30”-1" 94°C-98°C for 1’ 94°C f@0"-1’ 95°C for 30"
3. Tafor30"-1 T for 3071’ Ta for 3071 Ta for 3071
4. 72°C, 1 min per kb 72°C, 2 minperkb 72°C, himer kb  68°C, 2 min per kb
5. Goto2, 25-40x Goto2, 25-40x Goto2, 25-40x Goft235x
6. 72°C for 10’ 72°C for 10’ 72°C for 10’ 72°C fao’
7. 4°C for ever 4°C for ever 4°C for ever 4°C foee
8. End End End End

PCR programs shown were general starting pointgnwising the above mentioned DNA polymerasas=T
primer annealing temperature, ' = min, ” = s.

Routinely, 50 pl reactions were performed in 0.2thih-walled tubes (Biozym, Hessisch
Oldendorf, D). Taqg and HotStarTAdONA polymerases were used for general PCR reagtion
whereas the proof-reading DNA polymerase PfuUltrdd® and the polymerase mix
Advantage™-2, containing minor amounts of a pra&afeing polymerase, were employed to
amplify DNA for overexpression constructs or fudhigth genes. In Table 1 cycling

parameters for these DNA polymerases are listed.
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Number of cycles (25 - 40) required for optimum dfigation varied depending on the
amount of starting material and the efficiency atle amplification step. A final incubation
step at the extension temperature ensured fullpldostranded molecules from all nascent
products. Following cycling, typically 5-10 pl aligts up to complete reactions were analyzed

by agarose gel electrophoresis to detect amplifreducts.

2.2.4 Nested PCR

Nested PCR is applied to prevent amplification w$pecific sequences of DNA from a pool
of very similar sequences. Two pairs of PCR prinagesused for a single locus. The first pair
amplifies the locus as seen in any PCR experiméné second pair of primers (nested
primers) binds within the first PCR product anddaroes a second PCR product that will be
shorter than the first one. Thus, if the wrong Bbaas amplified by mistake, the probability is
very low that it would also be amplified a secomdet by a second pair of primers. Nested

PCR reactions were set up using Taq and HotStar2§A polymerases as described above.

2.2.5 TA cloning

PCR products amplified with Taq, HotStarTagr Advantage™-2 DNA polymerases, were
directly subjected to TA cloning. The latter twaog@ucts are actually mixtures that contain
minor amounts of a proof-reading polymerase, but diéning was still possible. PCR
products derived from these enzymes contained diti@tal adenosine at their 3’ end, and
were subjected to TA cloning using the pGEM Easy Vector System | following the

manufacturer’'s instructions.

2.2.6 TOPO cloning

Due to the 3. 5’ exonuclease activity, a major fraction of DNpesies amplified with Pfu
DNA polymerases does not contain an additional asiee at the 3’ end. Such blunt-end PCR
fragments were cloned using the highly efficientoraia topoisomerase-I based TOPO
cloning system. PCR fragments were inserted in® pCRI-Blunt Il TOPO] vector

according to the manufactures instructions.
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2.2.7 PCR/DNA fragment purification

For purification of DNA fragments, the silica matthased High Pure PCR Purification Kit or
MiniElute™ PCR Purification Kit was used according to the ufacturer's protocol. The

DNA was eluted from the column by addition of 5058 buffer. The DNA concentration

was determined using the 1:10 — 1:100 dilutionthefeluate.

2.2.8 Restriction enzyme digest of DNA

Restriction enzyme digests were performed by intngadouble-stranded DNA with an
appropriate amount of restriction enzyme(s), trepeetive buffer as recommended by the
supplier, and at the optimal temperature for thecgjg enzyme(s), usually at 37°C. General
digests were set up as 20 pl total volume reactibos preparative restriction digests, the
reaction volume was scaled up to 100 pl. Digestti@as contained DNA, 1x restriction
buffer, the appropriate number of units of the eesipe enzyme(s) and the sufficient volume
of nuclease-free #D to bring the mix to the calculated volume. Duelycerol content the
volume of the enzyme(s) added should not exceedl dfthe total volume. After incubation
at the optimal temperature for a 1-3 hrs or ovédrhignzymes were inactivated by incubation
for 20 min at 65°C. If reaction conditions of enasnwere incompatible to each other, DNA
was digested successively with the individual ergynmBetween individual reactions, the

DNA was purified.

2.2.9 DNA agarose gel electrophoresis

To analyze restriction digests, quality of nuclaaid preparations, etc. horizontal agarose gel
electrophoresesis was performed. Gels were prepayeldeating 0.8-2.5% (w/v) agarose
(electrophoresis grade) in 1x Tris-acetate bufie&XK), the agarose concentration depending
on the size of fragments to be separated. DNA sssnplkere adjusted to 1x DNA sample
buffer and were subjected to electrophoresis af/tt in BIO-Rad gel chambers in 1x TAE
running buffer. Afterwards, gels were stained instaining bath containing 0.5 pg/mi
ethidiumbromide in 1x TAE for approximately 20 miimhermo-photographs of trans-
illuminated gels were taken, or bands were madélegi®n an UV screemA\(= 360 nm). If

desired, fragments were cut out with a scalpel.



MATERIAL AND METHODS 25

2.2.10 DNA fragment extraction from agarose gels

For isolation and purification of DNA fragments fincagarose gels, ethidiumbromide-stained
gels were illuminated with UV light and the appriepe DNA band was excised from the gel
with a clean scalpel and transferred into an Eppgntlibe. The fragment was isolated

e™ Gel Extraction Kits

utilizing Qiagen’s silica matrix-based QIAquick or MiniElut
following the manufacturer’s protocol. The fragmevras eluted from the column by addition

of 50 ul EB buffer.

2.2.11 Dephosphorylation of linerarised DNA

To prevent self-circularization of fragments by DNjase, 5-phosphates were removed
using 1 U SAP (Brimp Alkaline Fhosphatase) per 50-80 ng of linarized plasmid DNAX
SAP buffer. The reaction was incubated at 37°C2fdmin and terminated by incubation at

65°C for 15 min. The plasmid DNA was used for ligatwithout further purification.

2.2.12 Ligation of DNA fragments

Ligation of DNA fragments was performed by mixin@ Bg vector DNA with the five-fold
molar excess of insert DNA. 1 ul of T4 DNA Ligaseda2 pl of 10x ligation buffer were
added and the reaction mix was brought to a firdume of 20 pl. The reaction was
incubated either for 2 h at room temperature (gtekds) or overnight at 16°C (blunt ends).

The reaction mixture was used directly for transfation without any further purification.

2.2.13 Transformation of DNA into bacteria

2-10 pul of a ligation mixture were added to 100ficompetent DH& and incubated for 45
min on ice. After a heat shock (90 s, 42°C) anasssive incubation on ice (3 min), 800 ul
of LB broth were added to the bacteria suspensimhiacubated at 37°C for 60 min. Cells
were then centrifuged (8000x g, 1 min, RT) and shpernatant was removed. Cells were
resuspended 100 ul LB broth and plated on LB plategaining the appropriate antibiotic.

Colonies formed after incubation at 37°C for 12h16
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2.2.14 Small scale plasmid isolation (Miniprep)

4 ml LB broth (containing 100 pg/ml ampicillin 05 21g/ml kanamycin) were inoculated with
a single colony and incubated over night at 37°@ wonstant agitation. 2 ml of the culture
were transferred into a 2 ml Eppendorf tube ant$ eetre pelleted by centrifugation (12000
rpm, 1min, RT). Plasmids were isolated from thetéx@a using the GFR' Micro Plasmid
Prep Kit, according to the manufacturer’s protod@dle DNA was eluted from the columns by
addition of 50 ul EB buffer with subsequent centydtion (12000 rpm, 2 min, RT). Plasmid
DNA was stored at -20°C.

2.2.15 Large scale plasmid isolation (Maxiprep)

For preparation of large quantities of DNA, the $t&rF Plasmid Purification MAXI Kit was
utilized. A single colony was inoculated in 2 ml bBoth (containing 100 pg/ml ampicillin or
25 pg/ml kanamycin) and grown at 37°C for 8 h weétinstant agitation. Afterwards, this
culture was added to 300ml LB broth (containing 10§/ml ampicillin or 25 pg/ml
kanamycin) and the culture was incubated at 37°tB wonstant agitation overnight. Cells
were pelleted in a Beckmann centrifuge (6000x gmi, 4°C) and the DNA was isolated as
described in the manufacture’s protocol. Finalyy DNA pellet was resuspended in 500 pl of

1x TE buffer and the DNA concentration was detegdin

2.2.16 Photometric quantification of nucleic acids

DNA, RNA and oligonucleotides were measured diyedth aqueous solutions. The
concentration was determined by measuring absorjtid = 260 nm against blank and then
evaluated via factor. The linear range for measaregmwas between 0.1 and 1.0 OD (optical
density). The absorption of 1 OD is equivalent ppraximately 50 g/ml double-stranded
DNA, 40 g/ml RNA and 30 g/ml for oligonucleotidemterference by contaminants was
recognized by the calculation of ratio. The ratiDg),s0was used to estimate the purity of
nucleic acid, since proteins absorb at 280 nm. BINA should have a ratio of 1.8, whereas
pure RNA should give a value of approximately 2ABsorption atA = 230 nm reflects
contamination of the sample by substances suchadsoltydrates, peptides, phenols or
aromatic compounds. In the case of pure samplesatio ODgp230Should be approximately
2.2.
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2.2.17 Sequencing of DNA

Sequence determination of double-stranded DNA wea®pned by the sequencing facility of
the ZMNH (Dr. W. Kullmann, M. Daeumigen). Fluorestalye-labeled chain termination
products (ABI Prism Dye Terminator Cycle Sequendrepdy Reaction Kit, Perkin Elmer,
Wellesly, MA, USA) were analyzed with an ABI Pris3ii7 DNA Sequencer (Perkin Elmer).
For preparation, 0.8-1 pug of DNA was diluted in [7ddH,O and 1 pl of the appropriate

sequencing primer (10 pM) was added.

2.2.18 Precipitation of DNA

The salt concentration of an agueous DNA soluti@s wdjusted by adding 1/10 volume of
sodium acetate (3 M, pH 4.9) and 2.5 volumes ofl @hanol, -20°C were added. Samples
were mixed well, incubated on ice for 30 min andtdgtuged for 15 min (16000x g, RT). The
supernatant was removed and 800 pl of 70% ethaecd wdded for washing. For optimal
purity, the pellet was loosened from the tube durihis step. After centrifugation and
removal of the supernatant, additional wash steis 400 and 200 ul of 70% ethanol were
performed, followed by a quick 1-2 s centrifugatsiep to collect residual ethanol. This was
removed and the DNA pellet was air dried (approxetyal5 min at RT) and resuspended in

an appropriate volume of dd@ or EB buffer.

2.2.19 Total RNA isolation from zebrafish brain tissue

Total RNA was purified using the silica-gel-membatechnology adopted in Qiagen’s
RNeasyl Midi Kit system. All buffers used were provided Itge manufacturer. Adult
zebrafish brains were quickly isolated and frozetiquid nitrogen. 250 mg brain tissue was
homogenized in 4 ml buffer RLT with a rotor-statmmogenizer (Kinematica, Luzern, CH)
for 60 s at maximum speed. The total RNA was isdlatollowing the manufacturer’s
protocol. Finally, the total RNA was eluted in 200 DEPC-treated water. Integrity of the
purified total RNA was assessed by spectrophotgm@itan fromA = 200-350 nm) and

agarose electrophoresis under denaturing conditRNg samples were stored at -80°C.
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2.2.20 Denaturing RNA gel electrophoresis

Denaturating gel electrophoresis of total RNA sasphas performed according to standard
procedures (Sambrook et al., 1989). Briefly, t&®NA (30 pug in a volume of 7 pl) was
complemented with 3 pul 10x MOPS and 20 pl F/FA rRKA was denaturated by incubating
samples for 10 min at 65°C. 3 pl 10x RNA loadindfé&uwere added. A thin, low percentage
agarose gel (0.7 % agarose, length 15 cm) contahin M formaldehyde in 1x MOPS buffer
was cast and pre-run for 30 min at 100 mV. Sampie® loaded and the gel was run until
bromphenol blue had moved 3-4 cm into the gel. Bu#er was circulated from anode to

cathode every 30min.

MOPS (10x) RNA loading buffer (10x)
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 % formaldehyde (37 % solution)

2.2.21 First strand cDNA synthesis, RT-PCR

For reverse transcriptiom vitro, the RNA-dependent DNA polymerase activity andriub
dependent exoribonuclease (RNase H) activity oén®y transcriptase (RT) enzymes were
employed to produce single-stranded cDNA from RNRoutinely, Omniscript™ or
SuperScript II™ reverse transcriptases were usegrdduce first strand cDNA from 50 —
500 ng of total RNA as starting material. After demating total RNA samples for 5 min at
65°C, the following reaction was set up by adding tomponents listed below in a master
mix to the RNA solution. The first strand synthagaction was incubated for 60 min at 42°C.
First strand cDNA was stored at —20°C or directilgjected to PCR.

1x Omniscriptl RT buffer
0.5 mM each dNTP (5mM dNTPs supplied)
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0.5 uM oligo dT primer (mostly RoRi d7J)
0.2 U/ul Omniscripgtl RT (40 U/ul)

0.5 U/ul RNasinl (40 U/ul)

DEPC-treated kD to a total volume of 20 pl

2.2.22 Invitro transcription

To generaten vitro transcribed RNAs, 5-10 pg of plasmid DNA containihg desired insert
flanked by a T3, T7 or SP6 polymerase promotor wieggested with restriction endonucleases
overnight, at positions that were located 3’ of tlesignated RNA polymerase promoter and
3’'of the DNA strand to be transcribed. This way DNA polymerase transcribed only the
strand of interest and no vector-specific sequendegarized DNA was purified using the
MiniElute™ PCR Purification Kit according to manufactureristructions. In order to obtain
digoxigenin (DIG)-labeled RNA probes fom situ hybridization, transcription of the desired
template was performed with Ambion’s MEGAscHptsystem. For the generation of DIG-
labeled RNAs, the DIG-UTP mix shown below was usestiead of the NTPs provided by the
manufacturer. For double-labeling experiments figoein-labeled RNA probes were used to
differentiate different mMRNAs. In this case reaatiovere carried out using Fluorescein-12-
UTP (Roche, Mannheim, D) instead of DIG-11-UTP.

DIG-UTP mix (10x)

10 mM ATP

10 mM CTP

10 mM GTP

6.5 mM UTP

3.5 mM DIG-11-dUTP (Roche, Mannheim, D)

To generate mRNA for overexpression studies, AnbiomMMESSAGE mMACHINEM kit

was employed. In both cases, 20mvitro transcriptions were performed as recommended by
the manufacturer. After the incubation time, thepéate DNA was removed by adding 1 pl
DNase, supplied by the manufacturer, to the reaatx and incubating it for 15 min at
37°C. Generated RNAs were purified by lithium cider precipitation, analyzed on a

denaturating agarose gel and stored at —80°C.
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2.2.23 Lithium chloride precipitation

To remove unincorporated proteins and most prateitiEGAscript” and mMMESSAGE
mMMACHINE™ reactions were subjected to lithium chloride ()itecipitation. The RNA
was precipitated by adding 30 pl nuclease-free matel 30 ul LiCl precipitation solution
(each supplied by the manufacturer). The mixture @ralled at -20°C for at least 30 min and
centrifuged (15 min, 16000x g, 4°C). The superratas removed and the pellet was washed
with 1 ml nuclease-free 70% ethanol, re-centrifygad dried and resuspended in 20 pl

nuclease-free water.

2.3 Biochemical methods

2.3.1 Protein isolation from adult zebrafish brains

The brains of 10 adult zebrafish were homogeniret inl lysis buffer C | with a rotor-stator
homogenizer (Kinematica, Luzern, CH) and were subgeto constant rotary motion for 4 h
at 4°C. The homogenates were cleared by centriggéhem three times at 12000x g for 30

min at 4°C. Aliquots were stored at -20°C.

Lysis buffer C |

25 mM Tris pH 7.5

1 mMEDTA

1% NP-40

1 Complete™ Protease protease inhibitor cocktbietgdRoche, Mannheim, D)

total volume: 50 ml

2.3.2 Determination of protein concentration

The protein concentration of cell lysates was deieed using the BCA Protein Assay
Reagent Kit. Solution A and B were mixed in a ratiol:50 and 200 pl of the resulting
solution were applied to 10 pl of the cell lysatemicrotiter plates and incubated for 30 min

at 37°C. BSA standards ranging from 100 pg/ml tan@/ml were co-incubated. The
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extinction of the samples was determined in a niteroplate at 562 nm using an ELISA
reader and protein concentrations were determirged their relative extinction compared to
BSA standards.

2.3.3 Protein isolation from three day old zebrafish lanae

1 - 2 three day old zebrafish larvae were trandfésel.5 ml Eppendorf tubes, shock frozen in
liquid nitrogen and stored at -80°C until use. Skmpvere thawed on ice and 1 ul buffer C i
was added. The tissue was homogenized in the Epdetube using the glass pestle of a
0.1 ml Micro-Homogenisator (Wheaton, Millville, NOISA). The pestle was rinsed in 19 pl
1x SDS sample buffer, which were then added tchthreogenate. The samples were mixed,
and boiled at 98°C for 5 minutes. Prior to loadamgSDS polyacrylamide gels samples were

centrifuged for 2 min at 13000 rpm.

Lysis buffer C I

20mM TrispH 7.4

0.15 M NacCl

0.5 % NP-40

1 Complete™ Protease protease inhibitor cocktbletgdRoche, Mannheim, D)

total volume: 50 ml

2.3.4 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Separation of proteins was performed by meanseotiitbcontinuous SDS polyacrylamide gel
electrophoresis (SDS-PAGE) using the Mini-Protdlagystem (BioRad, Minchen, D). Gel
concentrations were 8% for the running gel and ®¥otiie stacking gel. The heights of
running and stacking gel were 4.5 cm and 0.8 cspaetively. Combs were either for 10 or
15-wells with a thickness of 0.75 mm. After complgblymerization of the gel, the chamber
was assembled as described in the manufactureteqal. The entire homogenate from one
three day old zebrafish was used to load one gekgicand the gel was run in 1x running
buffer at constant voltage of 140 V until the prelted entered the running gel and then at
160 V until the bromphenol blue line had reachexahd of the gel. Gels were then subjected
to Western blotting.
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2.3.5 Western blotting

Proteins were transferred from a SDS gel onto a HRXNO Nitrocellulose Transfer
Membrane (Schleicher & Schill, Dassel, D) using Mhiai-Protean Il system. The blotting
sandwich was assembled as described in the mautdest protocol. Proteins were
transferred electrophoretically in 1x blotting karffat constant voltage (80 V for 90 min at
4°C). The BenchMark™ Pre-Stained Protein Ladder uwsesl as a molecular weight marker

and to control the efficiency of the electropharétansfer.

2.3.6 Immunological detection of proteins on nitrocellulede membranes

After electrophoretic transfer, the membrane wasoneed from the sandwich, placed with the
protein-binding site upwards into a glass vesselshed once in PBST and incubated in
blocking buffer for 1 h at room temperature. Aftards, the primary antibody was added in
the appropriate dilution overnight at 4°C. The @ignantibody was removed and membranes
were washed three times for 10 min with PBST. Tpprepriate secondary antibody was
applied for 1 h at RT. The membrane was washedhdlgeee times for 10 min with PBST and
immunoreactive bands were visualized using the mre#t chemiluminescence (ECL)

detection system.

2.3.7 Immunological detection using enhanced chemiluminesnce (ECL)

The immunocomplex composed of nitrocellulose membiaound protein, primary antibody

and secondary antibody coupled with horse-reddesbhxpdase (HRP) was detected using the
ECL Western Blotting Detection Reagents. The memibraas soaked for 1 min in detection
solution (1:1 mixture of solutions | and Il). Thelstion was removed and the blot was placed
between two foils. The membrane was exposed to 8eliR X-ray film (Kodak, Stuttgart,

D) for varying time periods.
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2.4 Morphological methods

2.4.1 Microinjection into freshly fertilized zebrafish eggs

Freshly fertilized eggs were harvested and distefkcwith 1x HBSS (Invitrogen,
Karlsruhe,D) containing 0.5% PFA. Eggs were washede times with 1x HBSS and
arranged in a line in a petri dish containing 2%rage in 1x PBS. To visualize the amount of
injected liquid, 0.5 pl of 5% rhodamine dextrany™ 10000) were added to a 3 ul aliquot of
morpholino, MRNA, or Danieau solution. A glass rojpette (3 um, GB 150F-8P, Science
Products GmbH, Hofheim, D) was filled with the reeqd solution by capillary force and
attached to a micromanipulator. RNA was injectethvd Picospritzer (PLI-100, Medical
systems Corp., Greenvale, USA) at 6 psi and 90inestty into the yolk of 1 - 4 cell staged
eggs. Injected eggs were incubated in 1x HBSS d&°€8until the desired developmental

stage was reached and embryos were subjected notyp& analysis.

2.4.2 Whole mount mRNA in situ hybridization (WMISH)

To detect the expression patterns of mRNAs in 1&4#4zebrafish embryos, non-radioactive
whole mount in situ hybridization was performed. liEyos at the desired developmental
stages were deeply anesthetized in 0.1% aninobeazm ethyl methyl ester (MS222, Sigma-
Aldrich, Deisenhofen, D), dechorionated and fixedermight in 4% PFA at 4°C. The

following day, the embryos were washed 4 times WIBST and incubated in 100% methanol
for 30 min at —20°C. Methanol was removed by subjgcthe embryos to a descending
methanol series (75, 50 and 25% methanol in PB&grwards embryos were washed twice
in PBST. To achieve sufficient penetration of mRpbes, embryos were digested with 1.4
pg/ml recombinant Proteinase K (Roche, MannheimnBST for 10 min at RT, followed

by two wash steps in 2 mg/ml glycine in PBST. Enolsrywere post-fixed in 4% PFA for 20

min at RT and subsequently washed 4 times with PBSiemove residual PFA. Embryos
were prehybridized in hybridization buffer at 554 at least 3 hours. Hybridization with the
DIG-labeled probes occurred at 55°C overnight. [Heled probes were diluted 1:250-
1:4000 in hybridization buffer. After hybridizatipembryos were washed twice in with 2x
SSCT containing 50% formamide for 30 min, followleg a washing step in 2x SSCT for

15 min and two washing steps with 0.2x SSCT fon®0. All washing steps were executed at

55°C. To prevent unspecific binding of the anti-DMB-conjugated antibodies, embryos were
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incubated for 30 min in 1% w/v Blocking Reagent ¢Re, Mannheim, D) in PBST. Anti-
Digoxigenin-AP antibodies (Roche, Mannheim, D) wdilated 1:2000 in Blocking Reagent
and applied overnight at 4°C. To remove unboundady, embryos were washed 6 times in
1x PBST for 20 min. The washing solution was rengoard the signal was developed in the
dark with SIGMA FAST™ BCIP/NBT tablets (Sigma-Aldrich, Deisenhofen, Djtili the
reaction product became visible under a stereosuoe. Sense probes were developed in
parallel under the same conditions as the antispriges and did not show any labeling.
Finally, embryos were washed 3 times in 1x PBS @dedred in an ascending glycerol series
(30, 50 and 70% glycerol in 1x PBS). The yolk saels removed and embryos were mounted
in 70% glycerol.

Whole mount hybridisation buffer

5 ml deionized formamide

2.5 ml 20x SSC

10 pl Tween 20

100 pl 100 mg/ml yeast RNA (Sigma Aldrich, Deisefamp D)
2.38 ml DEPC-HO

10 pl 50 mg/ml heparin

For double labeling with immunohistochemistry SIGNFAST™ Fast Red TR/Naphthol AS-
MX tablets (Sigma-Aldrich, Deisenhofen, D) were dige yield a red precipitate. The sense

probes served as negative controls and did not sheignal.

Double in situ hybridization was performed with tN&P1a probe labeled with fluorescein
and the islet-1/-2 probes labeled with digoxygeagnording to previously published protocols
(Jowett, 2001). Embryos were simultaneously incedbawith the probes and sequentially
detected with Anti-Fluorescein-AP (Roche, Mannheild) and Anti-Digoxygenin-AP

antibodies. NRP1a probes were developed with SIGMST™ Fast Red TR/Naphthol AS-
MX tablets and, after inactivation of the alkalipkeosphatase with 0.1 M glycine-HCI, 0.1%
Tween 20, pH 2.2, islet-1/-2 probes were develapitld SIGMA FAST ™ BCIP/NBT tablets.

Specificity of the labeling was tested by omittihg islet probes, which did not yield a brown

precipitate.
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2.4.3 mRNA in situ hybridization (ISH) on cryosections

To perform non-radioactive detection of mMRNAs, T4 gections were cut from fresh-frozen
tissue on a cryostat and mounted on glas slidess@ébtions were fixed in 4% PFA overnight.
The next day, sections were washed 3 times in 13, Reated with 0.1 M HCI for 20 min,
acetylated in 0.1 M triethanolamine containing @&2&cetic anhydride and dehydrated in an
ascending ethanol series. Finally, sections weral@@d and prehybridized for 3 hours at
37°C with hybridization mix. Hybridization with thBIG-labeled probes occurred at 55°C
overnight in humid chambers. DIG-labeled probesewdiiuted 1:250 - 1:4000 in hybridiza-
tion buffer. After hybridization, sections were \ad twice in 0.2x SSC at 55°C, followed by
three washing steps in 0.2x SSC containing 50% danide (each 90 minutes at 55°C). To
prevent unspecific binding, sections were incubatdalocking buffer for 30 min before Anti-
Digoxigenin-AP antibodies (Roche, Mannheim, D)utkd 1:2000 in blocking buffer, were
applied overnight at 4°C. To remove unbound antjbasdctions were washed twice in DIG-
buffer 1 for 15 min. The washing solution was reeawand the sections were equilibrated for
5 min with DIG-buffer 3. The signal was developadhe dark with DIG-buffer 3 containing
0.35 g/l 4-nitroblue tetrazolium chloride (NBT, R@; Mannheim, D), 0.175 g/l 5-bromo-4-
chloro-3-indolyl phosphate (BCIP, Roche, Mannheid),and 0.25 g/l levamisole (Sigma-
Aldrich, Deisenhofen, D) until signals became Jmsilunder a stereomicroscope. Sense
probes, developed in parallel under the same dondifs the antisense probes, did not show

any labeling. Finally, sections were washed in BSRand coverslipped.

Hybridisation buffer 10x “Grundmix”

25 ml deionized formamide 2ml1MTrispH 7.5

5 ml 10x “Grundmix” 200 ul 0.5 M EDTA

3.3 ml 5M NacCl 2 ml 50x Denhardt’s solution
2.5ml2M DTT 2 ml tRNA (25 mg/ml)

4.7 ml DEPC-HO 1 ml poly A-RNA (10 mg/ml)
10 ml dextransulfate 2.8 ml DEPG®I

DIG-buffer 1 Blocking buffer

100 mM Tris 1% (w/v) Blocking Reagent
150 mM NaCl 0.5% (w/v) BSA

pH 7.5 in DIG-buffer 1
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DIG-buffer 3
10 mM MgCh
100 mM Tris
100 mM NacCl
pH 9.5

2.4.4 Whole mount immunohistochemistry (WMIHC)

To detect the expression patterns of proteins H24.@&pf zebrafish embryos, whole mount
immunohistochemistry was performed. The chorionaroials at the desired developmental
stages were removed and yolks were opened usindimeodforceps. Afterwards, embryos

were fixed in 4% PFA containing 1% (v/v) DMSO fds #in at RT. Embryos were washed in
1x PBS and incubated with blocking buffer to prevanspecific binding of the primary

antibody for 30 min at RT. Primary antibodies wdileted in blocking buffer and applied to

the embryos overnight at 4°C. Unbound primary aaibwas removed by three washing
steps with 1x PBS for 15 min each. To visualizenamy antibodies, fluorescence- or HRP-
labeled secondary antibodies were diluted 1:208lanking buffer and applied to the embryos
overnight at 4°C. Unbound secondary antibody wasokeed by three washing steps with 1x
PBS for 15 min each. To visualize the HRP signaisbryos were incubated in 0.5 mg/ml
diaminobenzidine in 1x PBS for 20 min at 4°C. Thevmish precipitate was developed by
adding 1/10 volume of a 0.035%,®} solution in 1x PBS. After 5 - 10 min, the staining
solution was removed, embryos were washed 3 timdx iPBS and cleared in an ascending

glycerol series (30, 50 and 70% glycerol in 1x PEShbryos were mounted in 70% glycerol.

2.4.5 Microangiography

Microangiography was performed as previously descti(Lee et al., 2002; Goishi et al.,
2003). Briefly, FITC-dextran (Sigma-Aldrich, Deidesfen, D) in 75 mM NacCl solution was

injected into the sinus venosa, which results lrelimg of the entire vascular system. For
fluorescent microscopy, a FITC filter was used. rAish embryos were visualized with an
Olympus SZX12 stereomicroscope and photographex@si Olympus DP11 digital camera.
These experiments were carried out by Michael Klagss group at the Children's Hospital
and Harvard Medical School, Boston, USA.
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2.4.6 Quantitative analysis of trunk ventral motor growth

Anti-tubulin labeled peripheral nerves were anallygewhole-mounted 24 hpf embryos. Only
the ventral motor nerve was clearly visible at @tisge, because the dorsal motor nerve was
obscured by the underlying spinal cord and no ax@wsgrown into the specific pathway of
the medial motor nerve at that stage. Only therabd®? pairs of motor nerves were scored,
because all of these had grown beyond the ventigé ®f the notochord into the ventral
somite in uninjected embryos at 24 hpf. Trunk heqsents were scored as abnormal when
nerves were branched at or above the ventral efigheonotochord. This is to exclude
naturally occurring branching that is sometimeseobsd ventral to the notochord. We also
scored trunk hemisegments as abnormal when nemestmncated (i.e. did not grow beyond
the horizontal myoseptum), more than one anti-inbuhmunolabeled axon fascicle exited
the spinal cord (multiple exits) and when tubulmmunopositive cells were present in the
ventral motor pathway. Embryos were scored as taffieby the respective phenotypes when
more than one of 24 nerves were aberrantly branoheduncated, and at least one of 24
hemisegments showed multiple exits of nerves ortahtlin positive cells in the ventral
somite. Embryos were scored as severely affecteldrdnyching when more than two of the
motor nerves were aberrant. For each treatmemaat two and for most treatments three or
more experiments were performed. Values for afteetmbryos are given as mean * standard

error of the mean (SEM). Statistical analyses wienge using Fisher’s exact test.

2.5 Cloning and analysis of plexinA3

To identify predicted genes, partially cloned seqes were subjected to a BLAST/SSAHA
search of the zebrafish genome using the Ensemldralsh Genome Browser
(http://www.ensembl.org/Danio_rerio/). Homology sdees were performed using BLAST
(Altschul et al., 1990) located at http://www.ncibm.nih.gov/BLAST/. Alignments of the
deduced amino acid sequences of the novel plexigéi®& were done using the ClustalW
method implemented in the BioEdit suite availabteotigh http://www.mbio.ncsu.edu/
BioEdit/bioedit.ntml. The modular architecture betprotein was predicted by searching the

Protein Families Database of Alignments and Hidilkiemkov Models (Bateman et al., 2000)
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and the transmembrane domain was predicted usmgltansMembrane Hidden Markov
Model (TMHMM) algorithm (Sonnhammer et al., 1998).



RESULTS 39

3 RESULTS

3.1 NRP1lais expressed in trunk motor neurons

Zebrafish NRP1a was first described as a moleawelved in angiogenesis (Lee et al.,
2002). Expression was found in cell clusters inuaetral spinal cord which appeared to be
motor neurons (Lee et al., 2002; Yu et al.,, 2004ydhkamp et al., 2004; Martyn and
Schulte-Merker, 2004). To confirm these findinggression of NRP1a mRNA was analysed
in the trunk during the outgrowth of motor axonsitbgitu hybridization. Digoxigenin (DIG)-
labeled sense and antisense probes for NRPla mRbi& generated from a plasmid
containing the full length gene (Lee et al., 200t from Michael Klagsbrun) using the
MEGAscript™ system according to the manufacturer’s instrustiand in situ hybridization

was performed in 16 hpf and 24 hpf embryos.

At 16 hpf, embryos show conspicuous expressionRiPMNa mRNA in small clusters of cells
at the ventral edge of the spinal cord consistetit thie position of primary motor neurons in

the trunk. There was also expression in the dasaéct of the spinal cord, in the hypochord

and in putative angioblasts in the ventral sonfiteqfi et al., 2003) (Fig. 6).

Fig. 6 Expression of NRP1a in the trunk of embrgonébrafish at 16 hpf. A: In a lateral view of aok
mounted 16 hpf embryo at mid-trunk level (rostmaldft) NRP1a mRNA is expressed in the dorsal $mioed
(asterisks), in motor neurons (mn) and in the hippot (arrow). Arrowhead indicates expression inapue
angioblasts. B: In a cross section through thektran16 hpf, expression is obvious in the dorsahapcord
(asterisks) and the motor neurons (mn). Bar in25sm; bar in B = 25 um.
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At 24 hpf, expression of NRP1a mRNA in the posite@drmotor neurons was strongest in the
youngest, most caudal trunk segments. This indicatelevelopmental down-regulation of
NRP1a mRNA in more mature rostral trunk segmentpré&ssion in the dorsal spinal cord
and in the ventral somite was strongly reduceddah@ (Fig. 7A). Hybridization with sense

probes did not yield any signal (Fig. 7B).

A B

Fig. 7 Expression of NRP1a in the trunk of embrgonebrafish at 24 hpf. A: In a lateral view of tteudal
trunk of a 24 hpf embryo, expression of NRP1a éuced in the dorsal spinal cord, but is still stram motor
neurons (mn) and in a forming blood vessel (arr@v)in situ hybridization with an NRP1a sense mRptabe
did not yield a signal (age and orientation as nBar in B = 50 um for A and B.

To directly demonstrate that expression of NRP1dN#kh the ventral spinal cord occurred
in primary motor neurons, NRP1a mRNA was doubleliedh together with probes for islet-1,
a marker for RoP and MiP (Inoue et al., 1994), istet-2, a marker for CaP and VaP (Appel
et al.,, 1995; Tokumoto et al., 1995) by in situ tigization. This goes beyond previous
studies in which motor neurons were identified doyyposition (Lee et al., 2002; Yu et al.,
2004; Bovenkamp et al., 2004; Martyn and Schultekde 2004). Islet-1 and islet-2 probes
have been described (Tokumoto et al., 1995). Bathgs were applied simultaneously and
developed in brown to label all primary motor nexwoDeveloping the NRP1a signal in the
same embryos (n = 19) in red yielded double labeé#id, with no cells detectable that were
only labeled in red (Fig. 8D). Omitting the islebpes as a negative control yielded only cells
labeled in red (Fig. 8A, n = 17 embryos). Thus NRF expressed only in primary motor
neurons in the ventral spinal cord. The NRP1la $iged) appeared to be weaker in the most

rostral islet-1/-2 labeled cell, suggesting lowgpression of NRP1la in RoP. This was also
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found when NRP1a was labeled together with islatehe (n = 15). As expected, there were
cells caudal to the double labeled cells that wety labeled for NRP1a (Fig. 8B). These
were probably CaP and VaP, the most caudal primmextpr neurons, which are not labeled
by the islet-1 probe. Conversely, double labelihyjBP1la with islet-2 alone (n = 17) yielded
double labeled cells and cells that were only lkedbébr NRP1a rostral to the double labeled

cells (Fig. 8C). This is because islet-2 only labéaP and VaP, but not the two most rostral

primary motor neurons RoP and MiP.

Fig. 8 Double labeling of NRP1a (red) and isleRl(brown) mRNAs at 24 hpf. Lateral trunk views ah®wn,
rostral is left. In A, the islet probes were omdttén B, the NRP1a probe was combined with the-iklprobe
and in C with the islet-2 probe. In D, the NRPlalg was combined with both probes. Arrows indicatis
labeled in red only (NRP1a). Arrowheads indicatelide labeled cells and open arrowheads cells |dbaidy
in brown (islets). Bar in D = 12.5 um for A-D.

Double labeling of NRP1a mRNA and tubulin protehowed a close apposition of ventral
motor nerves to the NRP1a positive somata, furdleenonstrating that NRP1a positive cells
are motor neurons (Fig. 9). Taken together, theselts suggest expression of NRP1la in

VaP, CaP, MiP and to lower levels in RoP.
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Fig. 9 Double-labeling of motor neuron somata axona in zebrafish embryos at 24 hpf. A lateral vigiwa
whole-mounted 24 hpf embryo is shown at caudalktrieéwvel. NRP1a mRNA is labeled in red and tubulin
protein in brown. Anti-tubulin immunopositive motaxons (ax) can be seen to emerge from NRP1a mRNA
labeled motor neurons (mn). Rohon-Beard neuron8)Rre labeled by the anti-tubulin antibody, but by the
NRP1a in situ hybridization probe. Bar = 25 um.

3.2 Expression of putative NRP1a ligands and other coeceptors

Sema3A2, one of the two Sema3A homologs in zelrafssa putative ligand for NRP1la
and/or plexinA3. The probe for detecting Sema3A2 been described (Roos et al., 1999).
Similar to NRP1la, sema3A2 was also most stronglyressed in caudal trunk segments,

where it was found in the posterior half of eacinge (Roos et al., 1999) (Fig. 1F).

Fig. 10 Expression of sema3A2 in the trunk of erobiy zebrafish at 24 hpf. An a lateral view of the caudal
trunk of a 24 hpf embryo (rostral is left), Sema3i82xpressed in the caudal half of trunk myotolaeows).
Bar = 50 pm.
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Fig. 11 Expression patterns of the receptor compisndlRP1a and L1.1 (blue) and their potential ldgn
sema3Al (orange), sema3A2 (red) and VEGF (greendianmarized for CaP in one trunk hemisegment.

Other putative NRP1la ligands, such as sema3Al df@dF/are also expressed during the
outgrowth of primary motor axons (Fig. 11). Sema3ARNA is located in the dorsal and
ventral somite, with a gap of expression at thezieotal myoseptum (Shoji et al., 1998) and
VEGF mRNA is found in the ventromedial somite (lgaet al., 1998). L1.1, one of the two
L1 homologs in zebrafish and a putative co-recefdorNRP1la, is expressed in primary

motor neurons (Tongiorgi et al., 1995) (Fig. 11).

3.3 Morpholinos to NRP1a induce errors in the growth ofprimary motor

axons

To analyze the function of NRP1a in motor axon oaugh, the expression of NRP1la was
reduced by specific morpholinos. The efficiencyNdiRP1la morpholinol (Lee et al., 2002),
has previously been demonstrated. Labeling of aemtrotor nerves with an antibody to
tubulin at 24 hpf revealed three major types ofri@t®ns in the growth of these nerves after

application of ImM NRPZl1a morpholinol (Fig. 12).
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Fig. 12 NRP1la morpholinos induce aberrations ofnpry motor nerves. A-F: Lateral views of anti-tubul
labeled whole-mounted 24 hpf embryos at mid-travels are shown (rostral is left). In uninjectedbeyos (A)

or those injected with 1 mM NRP1a 4mm morpholinmfd, B), single unbranched motor nerves (arrows in
A,B) grow ventrally out of the spinal cord. Injemti of 1 mM NRP1a morpholinol induced branchingdas in

C), a second exit point for motor axons per henmsag (arrows in D) or anti-tubulin labeled cellatlappear

to have migrated out of the spinal cord along thayway of the ventral motor nerve (arrows in Ejedtion of 1
mM NRP1a morpholino2 also induced aberrant bramctanrow in F) of the ventral motor nerve. Bar i 25

pm for A-F.

Embryos (n = 53) were affected by aberrant bramghoh ventral motor nerves (79.4%
affected embryos, P < 0.0001 against all contratg)ltiple exits points of ventral motor
nerves (77.6% affected embryos, P < 0.0001 agailhstontrols), or ventrally displaced
neuronal somata (63.4% affected embryos, P < 0.@@2inst all controls), compared to
7.9%, 7.9% and 13.9% for the respective phenotypesntrols injected with a morpholino
in which 4 bases were mismatched (1 mM NRPla 4mmphoino, n = 64, Table 2).
Percentages of embryos with aberrations differed algnificantly from those in uninjected
embryos, in embryos injected with a standard comrorpholino at 2 mM and in embryos
injected with buffer for all phenotypes (Table 2aking all three phenotypes together, 35.1%
(438 of 1247) analyzed hemisegments in 53 embrygrs @wbnormal.
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3.4 Phenotypes after injection of 1ImM NRP1a morpholinol

3.4.1 Aberrant branching

Instead of growing ventrally from the spinal corsl @ single nerve towards the ventral
myotome in an unbranched way (Fig. 12A,B), 40.7%hefnerves in affected hemisegments
were aberrantly branched (Fig. 12C). Most of tHaseches (69.6%) were directed caudally.
This nerve branching could be due to axonal bramgchiith one axonal branch remaining on
the midsegmental pathway, or due to one of the gmynmotor axons taking an aberrant
course. Rostrally (20.2%) and bilaterally (10.2%prithed nerves were observed less
frequently. On average, 4.2 £ 0.4 (SEM) hemisegsientbryo had aberrant branches in

affected embryos.

3.4.2 Mutiple exit points of ventral motor nerves

Instead of exiting the spinal cord only in one gosiin the middle of each hemisegment,
nerves in 35.6% of the affected hemisegments shamastly one additional exit point, with
a nerve of variable length growing ventrally (FI¢D). This second nerve either ran parallel
to the main nerve or joined it at variable posiii@m the somite. In those segments in which
the segment borders could be visualized in diffemémterference contrast, it was possible to
determine where additional nerve exit points weraled. Most of the additional exit points
were found in the posterior half of the somites.7%4), 22.4% were located in the anterior
half of the somite and 2.9% of the hemisegmentsauilitional exit points rostral and caudal
to the midsegmental pathway. On average, 3.7 hi@mMisegments/embryo showed multiple

exits in affected embryos.

3.4.3 Ventrally displaced neurons

In several of the affected hemisegments (18.7%);talulin positive neuronal somata were
found in the midsegmental pathway outside the $miaed in contact with the nerve (Fig.
12E). This was almost never observed in controldigplaced cell in 84 uninjected embryos).

Most of these cells were dorso-ventrally elongatkuhg the nerve, giving the impression of
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having migrated out of the spinal cord along thevee On average, 2.5 + 0.3

hemisegments/embryo showed ventrally displacedomsun affected embryos.

Truncations were rare, amounting to 5.0% of allredi®ns. This corresponds to 6.3% +
3.0% affected embryos, which was not significadif§erent from uninjected controls (1.8%
+ 1.2%; P > 0.05).

3.5 The effect of NRP1a morpholinol was dose-dependent
Injecting increasing concentrations of NRP1a molipbd revealed a dose-dependent effect

of the morpholino on aberrant motor axon growthsi®s are summarized in Table 2.

Table 2 Morpholinos to NRP1a induce aberrant véntitor nerve growth.

Embryos with Embryos with Embryos

aberrant ventral  multiple exits of  with

motor nerve ventral motor displaced
Injection type n branching (%) nerves (%) neurons (%)
Uninjected 96 6.5+3.4 23+1.1 14+1.4
Vehicle 41 48+4.8 24+24 0.0+0.0
Standard control MO (2 mM) 54 48+4.38 16+1.6 3.2+16
NRPla 4mm MO (1 mM) 65 79+3.2 79+3.2 13.9+6.2
NRPla MO1 (0.1 mM) 70 18.0+3.7 11.0+4.7 98+7.6
NRPla MO1 (0.25 mM) 34 179+2.1 27.0 £20.4 ** 179+2.1
NRPla MOL1 (0.5 mM) 178 50.5+£7.2 *** 60.5 £ 6.4 *** 56.8 £ 5.5 ***
NRPla MO1 (1 mM) 53 794 £6.2 ** 77.6 £3.9 *** 63.4 £8.9 **
NRPla MO2 (0.25 mM) 38 128+7.2 13.1+1.9 5.0£5.0
NRPla MO2 (1 mM) 53 50.6 £4.9 *** 126+4.0 56+5.6
NRPla MO2 (2 mM) 69 35.6 £ 14.4 *** 21.7 £0.5* 29+0.1

Morpholino doses are indicated in brackets. n = lmen® of embryos analyzed. MO = morpholino, NRP1a
MO1/MO2: morpholinol/2 against NRP1a, NRP1a 4mm M®@rpholino with 4 mismatched bases based on
NRP1a morpholinol, * = P < 0.05, * = P < 0.01, ** P < 0.001 (Fisher’'s Exact Test) tested agailist a
controls.

NRP1la morpholinol had no significant effect on va@niotor nerve branching at 0.1 mM
and 0.25 mM (18.0% and 17.9% affected embryos, #0=and n = 34, respectively), but

significantly increased the number of embryos aitlerrant ventral motor nerve branching at
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0.5 mM (50.5%, n = 178, P < 0.0001 against all g} and 1 mM (see above), compared to
uninjected controls (6.5% affected embryos, n 5 86jfer injected embryos (4.8% affected
embryos, n = 41), embryos injected with standardrob morpholino at 2 mM (4.8% affected
embryos, n = 54) and embryos injected with NRPlan4dmorpholino at 1 mM (7.9%
affected embryos, n = 65). Multiple exits of vehtreotor nerves were significantly increased
at 0.25 mM (27.0% affected embryos, P < 0.01 agaifiscontrols), at 0.5 mM (60.5%
affected embryos, P < 0.0001 against all contraig) 1 mM (see above), but not at 0.1 mM
(11.0% affected embryos) compared to all contr@l8% of uninjected embryos, 2.4% of
embryos injected with vehicle, 1.6% of embryos dtgel with 2 mM standard control
morpholino and 7.9% of embryos injected with 1 mMMLa 4mm morpholino). At 0.1 mM
and 0.25 mM, displaced neurons were found in 9ah®17.9% of the embryos respectively,
which was not significantly more than in all comgréuninjected: 1.4%, vehicle injected: 0%,
standard control morpholino injected: 3.2% and N&RMm morpholino injected: 13.9%),
whereas at concentrations of 0.5 mM and 1 mM, tleguency of this phenotype was
significantly increased to 56.8% (P < 0.0001 agaatiscontrols) and 63.4% of the embryos,

respectively.

3.6 A second morpholino to NRP1a induces similar phengpes in a dose-

dependent manner

A second morpholino to NRPla (NRPla morpholino2hof-overlapping sequence with
morpholinol also induced aberrant ventral motov@dsranching (Fig. 12) and additional
exits of ventral motor nerves, but not displacedraes (Table 2). At 0.25 mM, NRP1la
morpholino2 was ineffective with 12.8% of embryasH38) showing aberrant ventral motor
nerve branching and 13.1% of embryos showing malegits of ventral motor nerves. At 1
mM, 50.6% of the embryos were affected by abewantral motor nerve branching (n = 53),
which was significantly more than in all controB & 0.0001 against all controls). This
percentage was not increased by a higher concemntrat 2 mM (35.6%, n = 69, P < 0.001
against all controls). The frequency of multipleitexof ventral motor nerves was not
significantly different from all controls at 1 mM.Z2.6%), but at 2 mM (21.7%, P < 0.05
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against all controls). Thus, NRP1la morpholino2 torédd most of the effects of NRP1la

morpholinol on motor axon growth, but was lessatiffe than NRP1a morpholinol.

3.7 Overexpression of NRP1a mRNA

3.7.1 Generation of a NRP1a mRNA overexpression construct

RNA overexpression leads to an ectopic expresditimeodesired protein in almost every cell
of the developing embryo. Cells, which normally miat express the gene of interest e.g. a
receptor for repulsive guidance cues are forceéxiaress this gene and their axons may
respond to their environment in a way that diffexam wildtype embryos thereby giving
insights into the protein’s function, for exampkes(Shoji et al., 1998). Furthermore, cells
which normally express the designated gene aredote synthesize higher amounts of the
protein which also can give information about tmet@n’s function. Last but not least the
presence of an exogeneous mMRNA can compensatentiokdown effects of a morpholino

and thus rescue the phenotypes cause by the morphol

An overexpression vector containing the full lengéguence of NRP1a was generated in the
following manner. Total brain polyA mRNA was is@dt and reverse transcribed with an
oligodT primer. Proofreading PCR was performed gighre polymerase Advantade2 and
primers NRP1Clal low and NRP1Clal up. The obtaipeaduct was inserted into the Clal
site of the overexpression vector pCS2+MT (Rupplgtl994), in frame with a C-terminal
myc-tag. In vitro synthesis of capped mRNA from linearized pCS2+MT-NRP1la construct
was carried out using Ambion’s mMessage mMactrend polyA tailing kits. The mRNA
was precipitated with LiGI and the RNA concentration was determined

spectrophotometrically. Concentrations betweendlzapg/pl were used for injections.

3.7.2 Overexpression of NRP1a mRNA has no effect on mot@xon outgrowth

Expression of myc-tagged NRPla protein translatemimfthe injected mRNA was
demonstrated by immunohistochemistry (Fig. 13AB)e outlines of individual cells were
most strongly labeled, suggesting that the exogepootein was associated with the plasma

membrane. With progressing development, less protsgs detectable. The protein was
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detected at 5 hpf in 16 of 17 embryos, at 16 hpt iof 10 embryos, at 18 hpf in 3 of 10
embryos and at 24 hpfin 1 of 19 embryos. The mRIN& expressed throughout the embryos
in a mosaic pattern i.e. the mRNA was not expredsedll cells (Fig. 13A). This is

commonly observed with this type of mMRNA overexpres study (McWhorter et al., 2003).

Fig. 13 Overexpression of NRP1la mRNA. A)B:lateral views of 16 hpf whole-mount embryos frakis left,
dorsal is up; yolk sac has been removed) myc-tagfiRB1a mRNA is expressed in a mosaic pattern (&). N
signal is observed in uninjected animals (B). Tieeit in A shows that outlines of cells are mosingnently
labeled, suggesting membrane-associated expresibe exogenous protein. Bar in B = 250 um for AbBr
ininset =10 um.

Analyzing motor axon outgrowth with anti-tubulin mnunolabeling in 24 hpf embryos
indicated that injection of the NRP1a mRNA alond ha significant effect on the growth of
ventral motor nerves in the trunk (10.4% of NRP1RNA injected embryos displayed
branched nerves vs. 6.5% in uninjected control&6/NRP1la mRNA injected embryos had
multiple exits of motor nerves vs. 2.3% in uningettontrols; 0% of NRP1a mRNA injected
embryos had displaced neurons vs. 1.4% in unirgectatrols; n = 36 NRP1a mRNA

injected embryos).
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3.7.3 The effect of NRP1a morpholinos can be partially recued by NRPla

MRNA overexpression

To show the specificity of the observed effectsnafrpholinos to NRP1a, NRP1a mRNA and
NRPZla morpholinol were co-injected to rescue thephwino induced phenotype. Paired
experiments, in which 0.5 mM NRPla morpholinol wagcted either alone or in
combination with the NRPla mRNA, were performed. IR morpholinol is not
complementary to the sequence of the overexpressinstruct and can, thus, only bind to
endogenous NRP1a mRNA.

Table 3 Overexpression of NRP1a mRNA partially vescthe motor axon phenotype.

Embryos with severe Embryos with Embryos

aberrant ventral multiple exits of  with

motor nerve ventral motor displaced
Injection type n branching (%) nerves (%) neurons (%)
NRP1a MO1 (0.5 mM) 133 42.3+6.8 65.9+6.0 62.9 £5.1
NRPl1a MO1 (0.5 mM) + . - .
NRP1a mRNA 140 34.1+6.2 46.5+4.0 40.3+5.1

Morpholino doses are indicated in brackets. n = memof embryos analyzed, NRP1a MO1: morpholinol
against NRP1a, * = P < 0.05, ** = P < 0.001 (Fishé&xact Test).

In these experiments, the proportion of affecteidhats was significantly reduced for severe
aberrant branching (> 2 branched nerves per ani2aB% affected animals with NRPla
morpholinol vs. 34.1% in co-injected animals, P .823), for multiple exits (65.9% in

NRP1a morpholinol injected vs. 46.5% in co-injecadnals, P < 0.0001) and for displaced
neurons (62.9% in NRPl1la morpholinol injected vs3%0in co-injected animals, P =
0.0002) (Table 3). Thus, all three observed motmmaphenotypes in NRP1a morpholinol

injected animals could be partially rescued by expression of NRP1a mRNA.

3.7.4 NRP1la morpholino2 efficiently suppresses detectaliy of the myc-tagged
NRPla mRNA

The sequence of NRP1a morpholino2 overlaps withNR#1a overexpression construct.

Therefore the activity of the morpholino could lested by co-injecting NRP1a mRNA and
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morpholino2 followed by immunohistochemistry useng anti-myc antibody. Co-injection of
NRPla mRNA with 0.5 mM NRP1la morpholino2 suppreststdctability of the myc epitope
in 23 out of 25 embryos (Fig. 14C), whereas in@ctif the overexpression construct alone
led to detectability of the myc epitope in 20 oti26 embryos at 5 hpf (Fig. 14B). Uninjected
embryos did not show any myc-labeling (n = 16, BEgA). Thus, NRP1a morpholino2 binds

to the injected NRP1a mRNA and suppresses itslatms.

Fig. 14 Expression of myc-tagged NRP1a mRNA is kadcby NRP1a morpholino2. A,B,C: Myc-labeling of
cells in zebrafish at 5 hpf. A’,B’,C": Phase comtraf the corresponding section. No signal is obesrin
uninjected animals (A,A’). Myc-tagged NRP1a mRNAditectable after injection of NRP1a mRNA (B,B'utb
not after co-injection of NRP1a mRNA and NRP1a rhofimo2 (C,C’). Bar in C' = 25 um for A-C'.

3.8 Trunk structures and other axon trajectories appeaed unaffected in

NRP1la morpholino treated embryos

To exclude that the effect of the morpholino treatitwas secondary to possible alterations
of trunk morphogenesis, several structures wereldabafter application of 1 mM NRP1la
morpholinol, which had the strongest effect on r@nmotor nerves, and patterns were

compared with those in uninjected embryos.
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The notochord, which underlies the pathway of \@ntrotor axons, and the spinal floor plate
were labeled with antibodies to chondroitin suka{Bernhardt and Schachner, 2000) and

appeared normal (Fig. 15A,B; n = 22 NRP1a morpledlimjected embryos).

In double labeling experiments, vertical myosepéeled with antibodies to tenascin-C
(Bernhardt et al., 1998; Schweitzer et al., 20@ppeared normal in segments in which motor
axons, labeled with anti-HNK-1 antibodies, grew radetly (Fig. 15C,D; n = 6 NRPla

morpholinol injected embryos).

Fig. 15 Trunk structures appear normal after imjgcbf 1 mM NRP21a morpholinol. Lateral views of wo
mounted 24 hpf embryos at mid-trunk levels are sh@wstral is left). Notochord (nc) and spinal fiquate
(fp), labeled with an anti-chondroitin sulfate #atily (A,B), vertical myosepta (arrowheads), labeléth an
anti-tenascin-C antibody (red) and ventral motasrexlabeled with an anti-HNK-1 antibody (green)¥z.as
well as muscle pioneer cells (mp) at the horizontgbseptum, labeled with an antibody to engrailed eentral
motor axons labeled with an anti-tubulin antiboByH), did not show systematic differences betweenjected
embryos (A,C,E) and those injected with 1 mM NRmPderpholinol (B,D,F). Arrows in D and F indicate
aberrant branches of ventral motor nerves. Bar inZ5 pm for A,B; bar in D = 25 um for C,D; barkn= 25
pm for E,F.

At the horizontal myoseptum, an important choicéenpdor growing motor axons in the

trunk, double labeling of muscle pioneer cells (Meon et al., 1997) with antibodies to the
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engrailed protein and motor axons with anti-tubw@intibodies (Fig. 15E,F; n = 16 NRPla
morpholinol injected embryos) indicated normal efightiation of muscle pioneer cells in
segments with aberrant motor axons. For each fapelattern analyzed, 10 to 24 uninjected
control embryos were used as a reference. Thustatibes in motor axons were probably
not caused by aberrations in trunk structures, saghvertical myosepta, notochord and

muscle pioneer cells at the horizontal myoseptum.
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Fig. 16 Other neurons and axons in the head amIspord are not affected by NRP1a morpholinoletat
views of 24 hpf whole-mounted embryos at mid-tr@AkB,E,F) or head (C,D) levels are shown (rostsdkift).
A,B: Labeling Rohon-Beard (RhB) and motor neuroms) with an antibody to islet-1 indicates compagabl
numbers of these cell types in uninjected embrydsafd those injected with 1mM NRP21a morpholino). (B
Whereas Rohon-Beard neurons and most motor nearerfeund in their correct locations, one immunadgpees
cell (arrow) is displaced ventral to the spinal ccan B. C,D: Anti-tubulin labeling of the dorsoventral
diencephalic tract (dvdt) and the posterior comusgpc) reveals no significant differences betwesinjected
embryos (C) and those injected with 1 mM NRP1la molipol (D). E,F:Labeling of commissural primary
ascending interneurons in the spinal cord with 3#0 antibody indicated normal positioning of soanat
(CoPA) and contralateral axons (arrowheads), wiidntually join the dorsal longitudinal fasciclelfE) in
uninjected embryos (E) and those injected with 1MiRP1a morpholinol (F). Bar in B = 25 um for A,Br lia

D =25 um for C,D; bar in F = 25 pm for E,F.

The presence and normal positioning of motor neungas controlled with an antibody to
islet-1/-2 proteins (Becker et al., 2002). In endsrynjected with 1 mM NRP1a morpholinol,
immunopositve cells in the ventral spinal cord wéabeled at a density that was not
significantly different from that in uninjected dool embryos (60.3 * 3.4 cells in segments 5-
7 of 6 NRPla morpholinol injected embryos vs. 58.2.1 cells in segments 5-7 of 6

uninjected embryos, Fig. 16A,B). The only exceptwas occasional labeling of single cell



RESULTS 54

nuclei ventral to the spinal cord in some hemisegsé-ig. 16B). These ectopic cells reflect
the presence of the anti-tubulin antibody labeledtsan the somitic pathway of motor nerves.
Therefore, these cells may be motor neurons thdt rhegrated out of the spinal cord.

Intensely labeled large nuclei of putative RohomBlecells in the dorsal spinal cord were
located in their normal position and density (26 8.0 Rohon-Beard cells in segments 5-7 of
6 NRP1a morpholinol injected embryos vs. 25.7 tRo6on-Beard cells in segments 5-7 of

6 uninjected embryos).

Trajectories of other axons were also analyzeaitntabulin labeled embryos. In the head of
embryos injected with 1 mM NRPl1a morpholinol, threnpinently visible dorso-ventral

diencephalic tract and the posterior commissureanga normal (n = 12; Fig. 16C,D). In the
spinal cord, Rohon-Beard cells, the dorsal longitaldfascicle and the medial longitudinal
fascicle, peripheral processes of Rohon-Beard msuras well as trigeminal neurons and
axons appeared normal as compared to uninjectedyesfn = 21; not shown). MiP and
RoP primary motor axons could not be evaluated,almse their trajectories are not

discernable in anti-tubulin immunohistochemistry.

The 3A10 antibody to a neurofilament-associatedgmapecifically labels somata and axons
of the Mauthner neurons in the brainstem and thenngigsural primary ascending
interneurons in the spinal cord at 24 hpf, simiathe CON1 antibody (Bernhardt et al.,
1990). In embryos injected with 1 mM NRPla morpmoli (n = 11), the Mauthner neurons
were normally positioned and sent their crossedsvioto the spinal cord in a manner that
was indistinguishable from uninjected controls (nl&; not shown). Large commissural
primary ascending interneurons were also normaldlgated in the dorsal spinal cord,
projected ventrally, crossed the midline and pitej@dn the contralateral dorsal longitudinal
fascicle, as in uninjected controls (Fig. 16E,H)u3, several other axon trajectories were not

affected by the injection of NRP1a morpholinol.

3.9 Formation of primary motor nerves does not depend 1o the presence

of blood vessels

Injection of NRP1a morpholinol also disturbs thenfation of blood vessels in the trunk so

that aberrations in motor axon growth could be sdaoy to the loss of blood vessels (Lee et
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al., 2002). To analyze if motor axons would growheir normal pathway in the absence of
blood vessels in the trunk, morpholinos to VEGFjolhis known to inhibit blood vessel
development (Nasevicius et al., 2000; Lee et &Q22, were injected. Injection of 1 mM

VEGF morpholino did not induce ventral motor axdemations (2.5% embryos with ventral

motor nerve branching, 1.7% embryos with multiplatse of ventral motor nerves or
displaced neurons, n = 49) (Fig. 17B,D) (Table 4).

Fig. 17 Differential effects of different morphotia on blood vessel and on motor axon developmetheitrunk

of 24 hpf embryos. Lateral views of whole embryahjscted to microangiography are shown in A,C,E.
Fluorescence of yolk sacs is near the injectiom aitd does not indicate the presence of blood lgeddél-
trunk levels of embryos labeled with anti-tubulimibodies subsequent to microangiography are shownD,F
(rostral is left). In uninjected embryos, the trurdsculature (A, arrow) and ventral motor nervey ¢Bvelop
normally. In embryos injected with 1 mM VEGF moriho trunk vessels fail to develop (C), but moterves
grow normally (D). In embryos injected with 1 mM RRa morpholinol, no trunk vessels are labeled (H) a
ventral motor nerves grow abnormally (F). ArrowHnndicates a branched ventral motor nerve. B& in250
pm for A,C,E; bar in F = 25 pum for B,D,F.

To analyze the effect on blood vessels and motansxn the same set of embryos,
microangiography was performed on uninjected ensyo= 7), on embryos injected with

1mM NRP1a morpholinol (n = 8), and on embryos tgeéavith 1 mM VEGF morpholino (n

= 11) before labeling of motor axons with an aobtilin antibody. In all uninjected embryos,
blood flow through axial trunk blood vessels ati2dould be detected by microangiography
(Fig. 17A). At this developmental stage, intersegtakevessels are just beginning to form
(Childs et al., 2002) and are not filled by micrgegraphy. However, there was no blood
flow through axial vessels in VEGF morpholino anBMLa morpholinol injected embryos

(Fig. 17C,E). Subsequent analysis of ventral matam growth revealed that aberrations of
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ventral motor nerves were only present in thosergosbinjected with NRP1a morpholinol
(Fig. 17B,D,F). Thus, primary motor axons can gaosrectly in the absence of normal blood

vessel differentiation in the trunk, as shown inGFEEmMorpholino injected embryos.

3.10 Morpholinos to potential NRP1a ligands had no effdcon motor axon

growth when injected alone

To determine the contribution of potential NRP1gafids to the motor axon phenotype
observed after NRPla morpholino treatment, morpbslito potential ligands of NRPla

were injected (Table 4).

Table 4 Morpholinos to potential NRP1a ligands eodeceptors are non-effective.

Embryos with Embryos with Embryos

aberrant ventral  multiple exits of  with

motor nerve ventral motor displaced
Injection type n branching (%) nerves (%) neurons (%)
Uninjected 96 6.5+3.4 23+1.1 14+1.4
Vehicle 41 48+4.8 24+24 0.0+0.0
Standard control MO (2 mM) 54 48+4.38 16+1.6 3.2+16
Sema3Al MO (2 mM) 47 14.0+14.0 10.0+5.0 1.8+1.8
Sema3A2 MO (2 mM) 43 149+3.7 3.3+3.3 6.7 £6.7
VEGF MO (1 mM) 49 25+25 1.7+£1.7 1.7+£1.7
L1.1 MO (2 mM) 51 49+34 9.8+6.7 0.0+0.0

Morpholino doses are indicated in brackets. n =lmen of embryos analyzed. MO = morpholino, testpirest
all controls (Fisher's Exact Test).

Similar to injecting VEGF morpholinos, injection oforpholinos to the sema3A homologs
sema3Al and sema3A2 had no significant effecthiergtowth of ventral motor axons when
injected at a concentration of 2 mM (sema3Al molipbo 14.0% embryos with aberrantly
branched ventral motor nerves, 10.0% embryos witltiphe exits of ventral motor nerves,
and 1.8% embryos with displaced neurons, n = 4ha8&2 morpholino: 14.9% embryos
with aberrantly branched ventral motor nerves, 38%bryos with multiple exits of ventral

motor nerves, and 6.7% embryos with displaced meino = 43). There are several potential
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NRP1a ligands expressed in the trunk, which mayexhiindantly and could compensate for

the reduction in the expression of single ligasdgh as VEGF, sema3Al and sema3A2.

3.11 VEGF, sema3Al and sema3A2 morpholinos act synergisally with
NRP1la morpholino

Compensation might not be possible if the availghaf NRP1a was reduced in experimental
embryos and thus, experiments were performed whdR@la expression was slightly
reduced by injecting 0.1 mM NRP1a morpholinol, acamtration that is ineffective on its
own to elicit a motor axon phenotype, in combinatwath 1 mM VEGF, 2 mM sema3Al or
2 mM sema3A2 morpholinos, which also did not afi@ctor axon outgrowth when injected

alone. Results are summarized in Table 5.

Table 5 Synergistic effects of NRP1a morpholinofhvpiotential ligands and co-receptors.

Embryos with Embryos with Embryos

aberrant ventral  multiple exits with

motor nerve of ventral motor  displaced
Injection type n branching (%) nerves (%) neurons (%)
NRPla MOl + VEGF 4mm MO 81 0.0+0.0 7.2+0.8 5.2+3.7
NRPla 4mm MO + VEGF MO 71 23.0+7.2 12.8+4.8 0.0+0.0
NRPla MO1 + VEGF MO 61 442 +15.1 ** 151+£3.1 31.8+3.1 ***
NRPla 4mm MO + Sema3Al MO 76 19.7+5.1 9.8+4.6 2817
NRPla MO1 + Sema3Al MO 62 34.3+8.2 175+ 35 30.4 +18.2 ***
NRPla 4mm MO + Sema3A2 MO 66 10.8+5.8 13.0+4.6 0.0+£0.0
NRPla MO1 + Sema3A2 MO 80 32.2+89 ¥ 184+7.1 9.7 £3.7 **
NRPla 4mm MO +L1.1 MO 49 42+24 0.0+0.0 23+23
NRPla MO1 +L11.1 MO 47 11.5+7.8 8.7+21 7.0+7.0

Morpholino doses are indicated in the text. n = bara of embryos analyzed. MO = morpholino, NRP1alMO
morpholinol against NRP1a, NRPla 4mm MO: morpholvith 4 mismatched bases based on NRPla
morpholinol, VEGF 4mm MO: morpholino with 4 mismag¢d bases derived from the VEGF morpholino,
** = P <0.01, * =P < 0.001 (Fisher's Exact Tgst
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NRP1a NRP1a NRP1a
+VEGF +Sema3A1 +Sema3A2

branching

displaced '
neuron

Fig. 18 Sub-threshold concentrations of NRP1a naipbl in combination with VEGF, sema3Al or sema3A2
morpholinos induce aberrant growth of motor nentegeral views of anti-tubulin labeled whole-mouht24
hpf embryos at mid-trunk levels are shown (rosisdeft). Combinations of NRP1a morpholinol with GE
(A) or sema3A2 (D) morpholinos induce aberrant materve branching (arrows in A,D), whereas dispdace
neurons in the path of the ventral motor nerveo(@srin B,C,E) occur after combination of NRP1a nhmipnol
with VEGF (B), sema3ALl (C) or sema3A2 (E) morpho$inBar in E = 25 um for A-E.

Co-injections of NRPla morpholinol with either VEGH sema3A2 morpholinos
significantly induced motor axon branching (+ VEGkorpholino: 44.2%, n = 61, P =
0.0032; + sema3A2 morpholino: 32.2% affected emfyryo= 80, P = 0.0008) (Fig. 18A,D)
and displaced neurons (+ VEGF morpholino: 31.8%; @.0001; + sema3A2 morpholino:
9.7%, P = 0.0082) (Fig. 18B,E) compared to comimnatwith 0.1 mM NRP1la 4 mismatch
morpholino (+ VEGF morpholino: 23.0% embryos witheerant branching and 0% embryos
with displaced neurons, n = 71; + sema3A2 morplolih0.8% embryos with aberrant
branching and 0% embryos with displaced neurors66), but not multiple exits of motor
nerves (+ VEGF morpholino: 15.1% vs. 12.8% congwibryos; + sema3A2 morpholino:
18.4% vs. 13.0% control embryos). The combinaticth 8ema3A1 morpholino showed only

a significant increase of the percentage of embwitis displaced neurons (30.4%, n = 62,
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P < 0.0001) (Fig. 18C) compared to the control coiion (2.8%, n = 76) whereas no
significant differences were found regarding materve branching (34.3% vs. 19.7%) and
multiple exits (17.5% vs. 9.8%).

As an additional control, sub-threshold concendregiof NRP1a morpholinol (0.1 mM) were
injected in combination with a 4 base mismatch i@mhorpholino for VEGF (1 mM), which

did not elicit aberrant growth of motor axons (OPbbeyos with aberrant ventral motor nerve
branching, 7.2% embryos with multiple exits of vahtnotor nerves, and 5.2% embryos with
displaced neurons, n = 81). The synergistic effettserved in the experiments with sub
threshold amounts of morpholinos indicate a couatidn of VEGF as well as of sema3Al

and sema3A2 signaling to the correct outgrowtthefientral motor nerve in the trunk.

3.12 Efficiency of morpholinos against putative NRP1a fjands

The activitities of the sema3Al and sema3A2 moipbsl| were tested using myc-tagged
reporter constructs co-injected with the morpholaicmverlapping sequence. Sema3Al and
sema3A2 overexpression constructs, were genenadgdPCR products, containing only the
first ~300bp of the coding sequence including therpholino binding site using primers
sema3Ab/Bam-5 and sema3Ab/Cla-3' for sema3Al anidgrs sema3Aa/Bam-5 and
sema3Aa/Cla-NEW-3'for sema3A2. Each PCR product glased into the overexpression
vector pCS2+MT (Rupp et al., 1994), in frame witl-@erminal myc-tag using the Clal and
BamHI restriction sites of the vector. Capped mRNds synthesized from these constructs
with the mMMESSAGE mMACHINEY kit according to the manufacturer’s instructiofer
the sema3A2 construct polyA tailing was requirethereas the myc-tagged protein of the
sema3Al construct was sufficiently detectable inhpd embryos without polyA tailing.

Concentrations of mMRNA between 1 and 2 pg/ul weegldor injections.

Injecting the sema3Al construct alone induced proéxpression in 19 of 21 embryos.
Protein expression was not detectable in any ofLlhembryos co-injected with the mRNA
and the sema3Al morpholino. After injection of s@ma3A2 construct, 9 of 10 embryos
expressed the protein compared to 0 of 7 embryemjected with the mRNA and the
sema3A2 morpholino. This indicates specific bindiofy morpholinos to sema3Al and

sema3A2.
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The efficiency of the VEGF morpholino has previguséen demonstrated (Nasevicius et al.,
2000).

3.13 L1.1 morpholino does not co-act with NRP1a morphaho

The cell recognition molecule L1.1 (Castellani bf 2000), which is expressed in primary
motor neurons (Tongiorgi et al., 1995) (Fig. 1%)aipotential co-receptor for NRP1a and was
tested for interaction with NRP1la. Injection of Limorpholino alone had no significant
effect on the growth of ventral motor axons whegedted at a concentration of 2 mM (4.9%
embryos with aberrant ventral motor nerve branchth§% embryos with multiple exits of
ventral motor nerves, and 0% embryos with displasearons, n =51) (Table 4). Injecting a
concentration of 2 mM L1.1 morpholino in combinatwith the sub-threshold concentration
of NRP1a morpholinol (0.1 mM) did also not inducgignificant increase of either aberrant
branching of ventral motor nerves (11.5% vs. 4.28bryos co-injected with 0.1 mM NRP1la
4mm morpholino, n = 49 and 47 respectively), ofitioidal exits of ventral motor nerves
(8.7% vs. 0% embryos co-injected with 0.1 mM NRRBbam morpholino) or of displaced
neurons (7.0% vs. 2.3% embryos co-injected withrOM NRPl1a 4mm morpholino) (Table
5). This indicates that in the context of primargtor axon outgrowth, L1.1 may not play a

major role.

3.14 Efficiency of the morpholino to L1.1

To demonstrate the efficiency of the morpholinoLthl 3-day old uninjected and L1.1
morpholino-injected zebrafish were homogenized lahd protein was analyzed by Western
blot. The entire homogenates from single larvaeewesed to load one gel pocket of a SDS-
polyacrylamide gel. Stripping the filters and rdgrg them with an anti-tubulin antibody

served as a loading control.
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Fig. 19 Western blot analysis of single 3-day athrafish larvae indicates decreased L1.1 immuntvésan

bands at 180 kD and 110 kD, in embryos injecteti @imM L1.1 morpholino (lanes 3 and 4) and thos¢ tiad
received 0.5 mM L1.1 morpholino (lanes 5 and 6jnpared to uninjected controls (lanes 1 and 2).-Artulin
labeling of a band at 60 kDa served as a loadimgrab

In uninjected zebrafish, L1.1 protein was represgridy two bands, one thick band at 110
kDa and a thinner band at 180 kDa, which are amand in adult zebrafish brain
homogenates. In animals injected with 2 mM of Limbrpholino, detectability of L1.1
protein was reduced compared to uninjected aninhgksction of 0.5 mM L1.1 morpholino
also led to a reduction of L1.1 protein, but tooweér extent than injection of 2 mM L1.1
morpholino. Thus, L1.1 morpholino efficiently resascL1.1 protein expression in a dose-

dependent manner.

3.15 Cloning of PlexinA3 cDNA

Members of the plexinA family have been describedh& signal-transducing components of
semaphorin3A/neuropilin signaling complex (Rohmakt 2000). To isolate the zebrafish

plexinAl cDNA, degenerate RT-PCR with oligonucldetiprimer sequences based on the
conserved sequences of human and mouse plexinAlparéermed using the Consensus-
Degenerate Hybrid Oligonucleotide Primer (CODEH@Rgram (Rose et al., 1998).
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zebrafish 1 RSL ISVLT[ETNVAFPM L SEREEVT! NDTEL THLYVHRNTGEVFVGARNR EJRSHe TGP EDNAXCYPPPSYRACI[O ML S
nouse 1 pTVARIPLLEFTI G- - - - - - (O Ne R rra Y T TH AVHRY TGEVFVGAINR EARAHY TR EDNARCYPPPS Fg ¥
huran 1 pSVARILLL[FLAVGE- - - - - - e NS - iDL THVHRY TGEVRVGAINR SIRAHY TRy EDNARCYPPPSYR

zebrafish 101 S NKLLLYDYAENRL IAACGS| W =DL FKL GEPHHRKEHYL SGANESD (GDDDCDL KKKKKEGSREZI [€AR| [Be SIS IS
nouse 93 P 3 BDl FKL GEPHHRKEHYL SGAGHZD} I\YE-------- (oY ez SNl FYQJAYDCKSEYFPTLSS
hunan 92 SV DNENKLLL(§DY; QGNCQFLRL{PDL FKL GEPHHRKEHYL SGAGE[RD | NE-------- GESHL AYQUAYDGKSEYFPTLSY
zebrafish 201 DES: MFSLVYQDEFVSSQ Kl PSDTLS8YPAFDI YGFESRRYFLTLQLDTQRT®YOVAIGEKFFTSKI VRMCEND PRGG
nouse 185 (ABDEPSEPVFSLVYQDEFVSSQ Kl PSDTLSRYPAFDI YYRYGHYSA YFLTLQLDTCSTREDWACGEKFFTSKI VRMJAED = [€eS
hunan 184 (BSDEPSABM-SL VYQDEFVSSQ Kl PSDTLSRYPAFDI YY[RY SA YFLTLQLDTCOTREDWACEKFFTSKI VRMO€D 3 (€8S
zebrafish 301 KOS SRGEAYSARYKHREEK Yo Nel SERSoVEE\IESece NI EI e RSN L AMg! NSCYRCGEGNLEL PW.LNKELPCI NTP G
nouse 285 GVEYRLVGSAZE GREL AQAL GYEADEDVL FJl FSQCKNRANPPRET(NL CLFTLSS R @SCYRCEqJLALPW.LNKELPCI NTPRQ i
hunan 284 'GVEYRLV CREL AQAL GQYEADEDVL FJl FSQCKNRASPPRETINLCLFTLS R OSCYRCEQ L”LPV\LLNKELPO NTP N
zebrafish 401 DigecAVENezKeel GRPL[ZEPOE TDGVASVAAYT YERHSVWHYGTRSQ | (RYN€eVPPPSENGL| =GSPI LRDO DY S
nouse 385 QG\geeRVENeozKeeh GEPL{WADS TDGVASVAAYT Y[g 8HSVVFRGTRSG Y/ OeS- - - - QDA OCGSP| LRONN BH S
human 384 G\gechYi\e Keel GHPLWADSTDGVASVAAYTYa@HSWHIGTRSG Noer- - oot EVGsPl LROMIFSPO] S
zebrafish 501 SEL PVESCSQYSSOICL GSGDPHCGACVL g\ SKEASE| S HES KJ® P SVS YKV, PNLS SEL
nouse 481 SeL PVEIIASQYRSCAACL GSGDPHCGACVL (0 5] R=EACK P SK(el QVI P S P SEV
hunan 480 SeLP CEQY[@STYACL GSCDPHCOACVL [3ig! R=EACK P ISKeVQVRYRE SP TL P

zebrafish 601 ESP eQ LONSEEIIRDVPS! eYeDKl S GENFRRIDFVFYI LQSA SSHEONNSNTRE| (INNVASOSIZOSERSS
nouse 581 SSEA| LIRPSEEL RePSIESIROEL QT LJREHEAT! LS DFVFYI ANese SYPOgWCKYR ISHPHEOSIZ® SV HS
human 580 ANEAVLAPSEEL L @PSERIQEL RALYJREHEAT BETG AorvEYNCSYL osd Sad(POgWCKYR SEaRFCSFQEGRVES
zebrafish 701 CP PSS DL \YPAGRAYEPETL RARNL POPQSGOKNYECVZNNQGAYOREPAVRFNSSORQCQ C)EWCO R, DF SEVWDGDFPI DKPSSIY)
nouse 681 GCP PeeDNL | PIETL RANNL POPQSGOKNYECVRYQGRE, WAVRENSSS\0 86 5 YEGPEFCOUERDFSY\VWDCGDFP| DKPESH
human 680 CP FSCRLEI [FVE PITL RANNL POPQSGOKNYE RVIOERQUE S G Ea COlI=RDF S VWDCGDFPI DKPES
zebrafish 801 ISCGE.CLKADS] eWs| ADKKOL K Z @ SAE| WVHe e ZNARCSHPRI SPLIGPKEGGTRVTI [EGENL G [0V REMIZRVAG
nouse 781 AD eel's| SEHRe CPA ¢ WHES® (€ARCSHPRI PLUGPKEGGTRVTI \YGENLGLIEREY[€ERVA(J
hunan 780 ADE els| SEHR® CP WVHES® (IRCSHPRI PLYGPKEGGTRVTI Y GRNL G [BSREY(CRARRVA(J
zebrafish 901 NEENPAAASY BRSO E=SHVESRECdER\/ERe| [€3e]) QUG PEFSEVIRPENGPYSGGTRL TI SGigl DAGIAVTVgWYe=ECH
nouse 880 RCNSIRFIIEY\SAERI VO=VEESL \Y&SPPy 'ELWGDCS QSe(H PSRGPIASGGTRLTI SGRSLDAGSRVTVRI G
human 879 xeNs| PARY SSRRYeEY =S 2 sprRcAYEL QYcocsa BEQ TEOQY PR3 GPASGGTRLT! 54 S| DAGSZVTV] q
zebrafish 1001 [g¥ OV/T[EPEASESGPSS) [l DA S- DTRY! DPNESHINEPNS] | NGSTER | PNVRAKY(€G | @SLVBSVI¥T
nouse 980 [mg @] SE\STLEPSQSPI BHANESNTGVI B TVTHLISE TS RENEeSHIS| PRVRAKYRG! deY/AND L
hunman 979 (& Ol SELSTLEPSQAPI BRANJISSPGLI DPIVAIREEPYVS! | NGSTIA PRVRA dl deY/AND L
zebrafish 1100 [SLAZEN YTKREAPESE\[gEvSZes| [eRVSALLI MNGT PNPUFEPLGYAGH GSERNLKGKNLI PgARGN] MUl G
nouse 1080 [eKAZENFL GHPQPRACCEZ M SSeEs] D VOAARS RS. PBPSFEPL G €3 LKGKNLI PAAAGSS L[Ke
human 1079 RKReIFLGrRPCPRACRE s Se s MeRYOT PRPRFEPL RaG I ka1 ARG A d
zebrafish 1200 SOHEesSEDL [feceRYY MYEER=YSPE [YSDSTIRINZA | (€l € (NA! [WAVL [NAYKRKTIRDADRTLKRL QL QVDNL ESRVAL ECKEAFAEL
nouse 1180 T[eRNe»SiE eReRY\V\/RYeeR=F\\ € LARRZAL TL PAVYGWAAGCGHEL L[BAI 1Y VLIYAYKRKT@DADRT L KRL QL QVDNL ESRVAL ECKEAFAEL|
hunan 1179 TeHKesSy CROPYY VRV CER=F\\ [€ ISAERARINZANVMVEL CELL{RAI A AYKRKT@DADRT L KRL QL QVDNL ESRVAL ECKEAFAEL]
zebrafish 1300 [e)v] DVl PFLIEYRTYIWRVIYFPG E=HPVL KEL DSPIANVEKAL RLH W\ FELTFI HTLEAQ RDRG L 1eR
nouse 1280 [(ezell CleVel PFLBYRTYIAVRVIEFPG ~HPVLKELW'NVEKALRLF SIR7AFEL TFI HTLEAQ RDRG OSEL
hunan 1279 [e]s] D=Vl PFLBYRTYARVEFPG EﬂHPVLKEL PRNVEKALRLH SIARYLTFI HTLEAQ RDR( ALCSRE
zebrafish 1400 R LKQLLADL| EKNLENENHPKL LLRRTESVAEKML TNWFTFLLHRFLKECAGEPL FL YCAI KQQVEKGPI DAl TGEARYSLSEDKLI RQQ DYK
nouse Pt lOmATER KQLLADL| EKNLESINNHPKLLL RRTESVAEKML TNWFTFL L HNFL KECAGEPL FEL YCAI KQQVEKGPI DAl TGEARYSLSEDKLI RQQ DYK]
hunan pcyimATEN KQLLADL| EKNL BSINNHPKL LL RRTESVAEKM.TNWFTFL L HYFL KECAGEPL FHBL YCAI KQQVEKGPI DAl TGEARYSLSEDKLI RQQ DYK]
zebrafish 1500 plMeI = eI=RPVKVLNCOY TQYKDKLLDA ABDVDL EWVRQCRERI | LQDEDYTTKI E RENLLAHYQVTDGSL VAL V6K
nouse 1480 pHHe ESEENe Y PVKVLNCDS| TQAKDKLLOVYKG PYSQRPRA RQGRVARI | LQDEDRTTKI E SVINSWAZ (e vaEs eSTRVAYRY PN
hunan 1479 pEHe ENEESIe Y PVKVLNCDS| TUAKDKLLOYVYKG PYSQRPINAEDVDL EWRQGRIIIRI | LQDEDYTTKI E RENSL AHYQVTDGSL VAL ViEKI
zebrafish 1600 OYSINDY ANSEISESESRZSSIEEE TSSSEVSIEESINRY| (IEv 6= TR AR DOREGDRGSKWSE! YLTRLLATKGTLQKFVDDLFETVFY
nouse IO OVSAYNVANSFTFTRSL SRYESL L RAASSPDSL RSRAPMETPDQEAGT KL WHL DgREGDRGSKWSE! YLTRLLATKGTLQKFVDDLFETVFY
hunan YA I OVSAYNVANSFTFTRSL SRYESL L RASSPDSL RSRAPMETPDOEYGT KL WHL DgREGDRGSKWSEI YLTRLLATKGTLQKFVDDLFETVFY
PA-L I LRI I A [Ol T AHRGSAL PLAI KYM-DFL DEQADNRQ JIDPDVRHTVKSNCL PLRFW/NVI KNPQFVFDI HKNSI TDACL SWAQTFMDSCSTSEHRL GKDSPSNKLL YA
nouse NI T AHRGSAL PLAI KYMFDFL DEQADERQ EDPDVRHTWKSNCL PLRFW/NVI KNPQFVFDI HKNSI TDACL SWAQTFMDSCSTSEHRL GKDSPSNKLL YA
hunan YAl T AHRGSAL PLAI KYMFDFL DEQADSRQ EDPDVRHTVKSNCL PL RFVWNVI KNPQFVFDI HKNSI TDACL SWAQTFVDSCSTSEHRL GKDSPSNKLL YA
zebrafish 1800 [NEIENGSRERAGRNISKYPSIE e VoINTRV e SR NzG\ | Kl <HEC SGSS

nouse g OlI<Dl PNYKSWERYYRDI AKMAS| SDQDVDAYLVEQSRL HA <{&EQ] SSSS

hunan KN RKDl PNYKSWERYYRDI ”KI\ASI SDQDVDAYLVEQSRLHA S <HEC]] SSOS

Fig. 20 Zebrafish plexinA3 shares structural horg@e with plexinA3 proteins of other vertebratesps. The
deduced amino acid sequence of zebrafish plexisAgigned with mouse and human plexinA3. Black gray
shading represents identical and similar aminosac&spectively.

Total RNA from adult zebrafish brains was isoladed reversely transcribed using the nested

oligo dT anchor primer RoRi d7, followed by PCR using primers plexinU2-5 and
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plexinY1-3’, yielding a 850 bp partial plexin fragmt, which was cloned and sequenced.
Based on this sequence, a 3’ nested PCR was cauteslith a combination of two nested 3’
oligo dT coupled adapter primers Ro and Ri and twested 5 gene-specific primers
plexinNla-5 and plexinN2a-5’, located in the m&tend of the newly cloned plexin
fragment. The nested PCR product was cloned andeseing revealed, that the 1020 bp
plexin fragment contained 390 bp of 3' UTR and ®0of the 3’ coding region of the plexin
gene. To obtain the full-length plexin cDNA, theggence of the nested PCR product was
used to search the Ensembl Zebrafish Genome Bro®abjecting the short plexin sequence
to a BLAST/SSAHA search revealed that the codirggore of the nested PCR fragment was
highly homologous to the 3’ region of a 5496 bms@ipt (ENSDARTO00000020604) of the
gene ENSDARGO00000016216 located on chromosomelt&dafebrafish genome. Homology
searching of the database using BLAST (Altschuélet 1990) revealed that the 5496 bp
transcript was most closely related to human andsa@lexinA3 and that the 5’ region,

containing the start codon, was not included intthescript.

To identify the 5’ region of zebrafish plexinA3,etlzebrafish EST database was screened
using BLAST (Altschul et al., 1990) and the 520E®T clone 24185179 was obtained. This
520 bp EST clone contained 260 bp of plexinA3 5’'UTle start codon followed by 100 bp
of novel 5’coding region and 260 bp overlappinghvitie 5’ region of the 5496 bp plexinA3
transcript. The full length plexinA3 gene was argdl using the proof-reading polymerase
PfuUltra and primers Plexin5496Chr8-5'5 and PleA®@&Chr8-3’, based on the 5'- and 3’
UTR regions of the predicted sequence, yielding206p PCR fragment, which was cloned

and sequenced using sequencing primers based preitieted sequence (see Appendix).

Full length plexinA3 encodes a deduced protein 82lamino acids. The start codon was
predicted from the presence of stop codons pregetiia N-terminal end of the deduced
protein. The general domain structure of zebrafiExinA3, comprising a Sema domain,
followed by three MRS_(Mt Related_®quence) domains, four IPTim{munoglobulin-like

fold shared by IBxins and Fanscription factors) motifs and the highly congerintracellular

SP (&x Rexin) domain at the C-terminus, is identical tattbf homologs in other vertebrate
species. The transmembrane domain of zebrafishn@8xwas located between the TPT

motifs and the SP domain and comprised amino d@d4$-1263. Alignment of the zebrafish
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molecule with those of human (Maestrini et al., @98nd mouse (Kameyama et al., 1996)

plexinA3 indicated significant structural homologmmong the three molecules (Fig. 20).

Table 6 Zebrafish plexinA3 is related to other merstof the plexinA subfamily.

zPlexA3 zPlexA4 mPlexAl mPlexA2 mPlexA3 mPlexA4 hPlexAl hPlexA2 hPlexA3 xPlexA dPlexA

zPlexA3 100 60 67 61 73 61 67 61 73 68 39
zPlexA4 100 62 66 58 79 62 67 59 62 39
mPlexAl 100 62 65 63 95 63 66 84 39
mPlexA2 100 59 67 63 96 59 62 39
mPlexA3 100 59 66 59 94 64 37
mPlexA4 100 63 67 59 63 39
hPlexAl 100 63 66 83 39
hPlexA2 100 59 63 39
hPlexA3 100 64 38
xPlexA 100 39
dPlexA 100

Pair-wise comparisons show high percentage of arairid identities of zebrafish plexinA3 and idemtifi
plexinAs of other species. Numbers indicate peamgmmiof amino acid identitydrosophila plexinA was added
as an outgroup. Plex, Plexin; z, zebrafish; m, mpbhshuman; xXenopus; d, Drosophila.

The highest overall identity of amino acid sequene@s found between the zebrafish gene
and human as well as mouse plexinA3 (73%, Tablel'eg. degree of amino acid identity
between the zebrafish protein and other plexinAgins (excepDrosophila plexinA, which
served as an outgroup) was between 60% and 68%e(Babln Xenopus only one A-type
plexin has been identified, which is most closehated to plexinAl from other species (Ohta

et al., 1995).

A phylogenetic tree using the Clustal method (Claegh al., 2003) was constructed with
known plexinAs from human, mouse, zebrafish Xadopus species an®rosophila plexinA
as an outgroup. The novel zebrafish plexinA3 segezh with its species homologs as

expected from pair-wise comparisons (Fig. 21).
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Fig. 21 Multiple comparisons in a phylogenetic tgreup zebrafish plexinA3 with plexinA3 homologsdther
vertebrates. Drosophila plexinA was added as agroup. The scale bar represents 10 substitutiond @@
amino acids. z, zebrafish; m, mouse; h, humaXperopus; d, Drosophila.

3.16 PlexinA3 is expressed in primary motor neurons

To test whether the novel zebrafish plexinA3 codldhction as a co-receptor for
semaphorin/neuropilin signaling in motor axon oawgh, plexinA3 mMRNA expression was
analyzed by in situ hybridization. Digoxigenin (DHabeled antisense and sense probes
specific for plexinA3 mRNA, were obtained from theCR-Blunt Il TOPQOI vector
containing the complete plexinA3 ORF plus additidsizand 3’ untranslated regions. In situ

hybridization was performed in 16 and 24 hpf zabraémbryos (Fig. 22).

In 16 hpf embryos, diffused reactivity of plexinA3RNA was found in the nervous system,
including trigeminal sensory ganglion neurons, bmath and spinal cord. In a higher

magnification, cell clusters at the ventral edgehaf spinal cord, which seemed to be motor
neurons, could be detected (Fig. 23A). InteresyinglexinA3 was also expressed outside the

nervous system in ventral regions of the tail.
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Fig. 22 Expression pattern of plexinA3 in embryopébrafish. Lateral views of whole-mounted 16 hpf énd
24 hpf (B) embryos are shown (rostral is left) A: 16 hpf, plexinA3 mRNA is expressed in the nerveystem
within defined regions of the trigeminal ganglidnid), the hindbrain (arrow in A) and in cell cless in the
ventral spinal cord (asterisks). The insert in Awh a magnified view of these cell clusters whippear to be
motor neurons (asterisks). At 16 hpf plexinA3 iscakxpressed in tail regions outside the nervosgesy
(arrowhead). B: At 24 hpf plexinA3 is expressedha telencephalon (tc), the epiphysis (epi), tlggmentum
(teg), the hindbrain (hb) and in the spinal corst€esks). Outside the nervous system, plexinA3 MRS
found in the developing heart (arrow in B). BaBirr 100 um for A and B; bar in insert = 25 um.

At 24 hpf, plexinA3 was expressed in various regiohthe nervous system with structures
of the telencephalon, epiphysis and tegmentum beiogt prominent (Fig. 22B). Strong

expression was also found in the hindbrain antemieart.

PlexinA3 was detectable in the spinal cord (FigBRand a higher magnification of a caudal
trunk region revealed expression in cells clusatrthe ventral edge of the spinal cord (Fig.
23A). These cells were similar in number and positio the cells expressing NRP1la
suggesting that plexinA3, like NRP1a, is expresagutimary motor neurons. Also similar to
NRPla (Lee et al., 2002) (Fig. 7A), PlexinA3 mRNAsxfound in tail regions ventral of the
notochord, outside the nervous system, identictd thie position of tail angioblasts involved
in blood vessel formation (Fig. 23A). Embryos teshwith the sense probe did not show any
labeling (Fig. 23B).
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Fig. 23 Expression of plexinA3 in the trunk of eydmic zebrafish at 24 hpf. A: In a lateral viewtbé caudal
trunk of a 24 hpf embryo plexinA3 mRNA is expresgedells in the ventral spinal cord in the positiaf motor
neurons (mn) and outside the nervous system imt@ataegion of the tail (arrow). B: In situ hybizdtion with
a plexinA3 sense mRNA probe did not yield a sigagle and orientation as in A). Bar in B = 25 um#Aoand
B.

3.17 Morpholinos against plexinA3 are active in vivo

To test whether a lack of plexinA3 would influertbe growth of motor axons, fertilized eggs
were injected with two anti-sense morpholinos oh-+awerlapping sequence, designated
plexinA3 morpholinol and plexinA3 morpholino2, tthibit the translation of plexinA3. The
efficiency of both PlexinA3 morpholinos was testeg co-injection of 1 mM plexinA3
morpholinol or morpholino2 with a myc-tagged 420pbgxinA3 mRNA contruct containing
the first 330 bp of the coding region plus 5’'unsiated regions including the binding sites
for both morpholinos. The plexinA3 mRNA was tramsthin vitro and injected into zebrafish
eggs. Expression was analyzed in 16 hpf embryosnbyunohistochemistry using an anti-

myc antibody.

In 38 of 43 embryos, injected with plexinA3 mRNAyerexpression could be detected (Fig.
24B), whereas none of 30 uninjected embryos shawgd expression (Fig. 24). PlexinA3
morpholinol was co-injected with plexinA3 mRNA ardppressed protein expression of
plexinA3 mRNA in 27 of 29 embryos (Fig. 24C), whaseco-injection of PlexinA3
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morpholino2 with plexinA3 mRNA resulted in suppriessof plexinA3 mRNA expression in
31 of 33 embryos (Fig. 24D). Thus, both plexinA3rpiwlinos efficiently bind to their target

sequence in vivo.

Fig. 24 Expression of a short myc-tagged plexinABNA fragment is inhibited by plexinA3 morpholinol1/2
Embryos at 16 hpf were labeled with the anti-mytikerdly. The myc-epitope is not detectable in urdtgd
animals (A). Embryos injected with the plexinA3 mRNMonstruct show diffuse expression of the mRNA,
suggesting an intracellular localization of the tpho (B). Co-injection of plexinA3 mRNA with plexik8
morpholinol (C) or plexinA3 morpholino2 (D) aboleshdetectability of the myc-epitope. Bar in D = 300
for A-D.

3.18 Reduction of plexinA3 expression leads to aberranbranching and

multiple exits of primary motor axons

Axon growth in plexinA3 morpholino injected embryass analyzed at 24 hpf using the
anti-tubulin antibody (Fig. 25). Injection of ImMeminA3 morpholinol led to abnormal
growth of primary motor axons in 28.9% (471 of 1pHhalyzed hemisegments in 68

embryos. Aberrations of ventral motor nerves, whielwve normally grown one unbranched
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nerve beyond the ventral edge of the notochorddatd (Fig. 25A,B), can be grouped into
two categories. Nerves were either abnormally bradc(Fig. 25C,D) or hemisegments

showed an additional nerve exiting the spinal ¢bid. 25E,F).

For embryos that had received 1 mM plexinA3 morptadl, these phenotypes were analyzed
in more detail: 34.8% of the nerves in affected isegments showed aberrant branching
(Fig. 25C). The vast majority of these branches9®) were directed caudally. Rostrally

(5.0%) and bilaterally (3.3%) branched nerves vodrgerved less frequently. On average, 3.4

+ 0.2 hemisegments/embryo showed aberrant branahiaijected embryos.
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Fig. 25 PlexinA3 morpholinos induce aberrant bramghand multiple exits of primary motor nerves. A-F
Lateral views of anti-tubulin labeled whole-mount24 hpf embryos at mid-trunk levels are shown (edgs
left). In uninjected embryos (A) or those injecteith 1 mM plexinA3 5mm morpholino (5mm, B), single
unbranched motor nerves (arrows in A,B) grow vadiytraut of the spinal cord. Injection of 1 mM pled3
morpholinol induced branching (arrow in C) or aoset spinal exit point for motor axons per hemisegme
(arrows indicated additional nerves in D). Injentiof 1 mM plexinA3 morpholino2 also induced abetran
branching (arrows in E) of the ventral motor neavel additional nerves exiting the spinal cord (asdn F).
Bar in F = 25 pm for A-F.

In 63.5% of the affected hemisegments mostly orttiadal nerve of variable length grew
ventrally from an additional exit point in the veadtspinal cord (Fig. 25D). The additional
nerve ran parallel to the main nerve or joined Waiable positions dorsal of the horizontal

myoseptum. In 67.5% of the hemisegments showingdiaddl exit points, it was not possible
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to determine whether the additional nerve emanftad the spinal cord in the rostral or
caudal half of a segment, because it grew clogbedasegment border, which could not be
visualized. In the remaining 32.5% of hemisegmevits multiple exits of motor nerves, the
additional nerve could be localized in the antenorposterior half of the somite and the
frequency of rostral or caudal exits points coudddalculated. Most of these additional exit
points (72.8%) were located in the posterior hathe somites, whereas 25.1% were found in
the anterior half of the somite and 2.1% of the isegments had additional exit points rostral
and caudal to the main nerve. This indicates tltatitimanal nerves originate from the
posterior half of the trunk segments, rather thamfthe anterior part. On average, 4.7 = 0.4

hemisegments/embryo had multiple exits in affeetaibryos.

Ventrally displaced neurons and truncations weraoat never found after injection of
plexinA3 morpholino. Only 0.2% of all aberrationeens displaced neurons and 1.5% of
aberrations were truncations. This corresponds.4801+ 1.4% embryos with displaced
neurons and 1.7% * 1.7% embryos with truncatiorsclvwas not different from uninjected
controls (displaced neurons: 0% + 0%; P > 0.05dations: 4.8% + 3.0%; P > 0.05).

3.19 Aberrations induced by plexinA3 morpholinol are dos-dependent

PlexinA3 morpholinol was injected at concentratioaaging from 0.1 mM to 1 mM.
Aberrant growth of motor nerves was observed inoaeedependent manner (Table 7).
Injecting 0.1 mM or 0.25 mM plexinA3 morpholinolddnot lead to significant differences in
aberrant branching of ventral motor nerves (16.8% 26.0% affected embryos, n = 63 and
n = 53, respectively) compared to uninjected cdsaifb.7 % affected embryos, n = 50), buffer
injected embryos (11.5% affected embryos, n = BB)bryos injected with standard control
morpholino at 2 mM (4.8% affected embryos, n = &4)i embryos injected with plexinA3
5mm morpholino at 1 mM (13.8% affected embryos,51¥ In contrast, injection of 0.5 mM
and 1 mM plexinA3 morpholinol significantly increaisthe proportion of embryos with
branched nerves (43.2% and 63.8% affected embnya$5 and n =68, P < 0.01, P < 0.001,

respectively) compared to all controls.



RESULTS 71

Table 7 Morpholinos to plexinA3 induce aberranttvainmotor nerve growth.

Embryos with Embryos with

aberrant ventral multiple exits of

motor nerve ventral motor
Injection type n branching (%) nerves (%)
Uninjected 50 1.7+17 49+3.0
Vehicle 53 11.5+7.3 4424
Standard control MO (2 mM) 54 48+4.8 16+1.6
PlexinA3 5mm MO (1 mM) 51 13.8+5.3 12.0+0.3
PlexinA3 MOL1 (0.1 mM) 63 16.8+5.8 19.7+4.8
PlexinA3 MO1 (0.25 mM) 53 26.0+10.4 17.5+5.2
PlexinA3 MOL1 (0.5 mM) 65 43.2+14.7 ** 56.0 £11.7 ***
PlexinA3 MOL1 (1 mM) 68 63.8+7.3 ** 93.9£2.7
PlexinA3 MO2 (1 mM) 66 829165 94.7 £2.5 ***

Morpholino doses are indicated in brackets. n = lmen® of embryos analyzed. MO = morpholino, plexinA3
MO1/MO2: morpholinol/2 against plexinA3, plexinABnEh MO: morpholino with 5 mismatched bases based
on plexinA3 morpholinol, * = P < 0.01, ** = P <001 (Fisher’'s Exact Test) tested against all cisitr

At 0.1 mM and 0.25 mM, multiple exits were found 18.7% and 17.5% of the embryos
respectively, which was not significantly more tharall controls (uninjected: 4.9%, vehicle
injected: 4.4%, standard control morpholino injdct&.6% and plexinA3 5mm morpholino
injected: 12.0%), whereas at concentrations ohtMband 1 mM, the percentage of embryos
with multiple exits of motor nerves was significignincreased to 56.0% and 93.9% of the

embryos, respectively (P < 0.001 against all cdsfiar both concentrations).

3.20 A second morpholino to plexinA3 induces the same photypes as

plexinA3 morpholinol

To exclude that aberrations caused by plexinA3 imalipol are non-specific, a second
morpholino to plexinA3, called plexinA3 morpholino&as used to knockdown the protein
levels of plexinA3. PlexinA3 morpholino2 was noneohapping with the sequence of
morpholinol and was designed against a regiondutpstream than plexinA3 morpholinol.
Injection of 1 mM plexinA3 morpholino2 resulted the same phenotypes observed after
injection of plexinA3 morpholinol: branching of uesd motor nerves (Fig. 25E) and

multiple exit points (Fig. 25F). Using 1 mM plexiBAmorpholino2 significantly increased
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the frequencies of ventral motor nerve branching98% affected embryos, n = 66) and
multiple exits (94.7 % affected embryos) compaiea@lt controls (Table 7). Thus a second

morpholino against plexinA3 recapitulates aberratimduced by plexinA3 morpholinol.

3.21 Cellular differentiation of trunk structures other axon tracts were not

affected by plexinA3 morpholino injections

The effect of the plexinA3 morpholinos could bem®tary to potential changes of important
spinal cord or trunk structures, which was assedsedbbeling relevant structures with

specific antibodies.

Fig. 26 Trunk structures appeared unaltered affiectiion of 1 mM plexinA3 morpholinol. Lateral vievof
whole-mounted 24 hpf embryos at mid-trunk levels ahown (rostral is left) labeled with an antibady
chondroitin sulfates. Vertical myosepta (vm) (A,B)e surface of the notochord (nc) and spinal fiolate (fp)
(C,D) are indistinguishable in uninjected (A,B) guldxinA3 morpholinol injected embryos (B, D). BarD =
25 um (applies to A-D).

Trunk structures were visualized with antibodiesctondroitin sulfates labeling vertical

myosepta, spinal floor plate and the notochordaserf(Bernhardt and Schachner, 2000) at
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24 hpf. Immunolabeling of chondroitin sulfates weasltered in embryos injected with 1 mM
plexinA3 morpholinol (n = 11, Fig. 26B,D) compareduninjected embryos (n = 13, Fig.
26A,C).

The presence of neurons and axon trajectories walyzed in the spinal cord, where the
somata of motor neurons are located (Fig. 27). i$le¢ antibody (Becker et al., 2002), was
used to reveal the location of primary motor nearand Rohon-Beard neurons (Fig. 27A,B).
After injection of 1 mM plexinA3 morpholinol (n =51 Fig. 27B) somata of motor and

Rohon-Beard neurons were normally distributed i $pinal cord compared to uninjected

control embryos (n = 14, Fig. 27A).

Fig. 27 Other neurons and axons in the spinal acedunaffected by plexinA3 morpholinol. Lateralseof 24
hpf whole-mounted embryos at the level of the dpawaid are shown (rostral is left). A,B: Labelinglfon-
Beard (RhB) and motor neurons (mn) with an antibtmlyslet-1 indicates comparable numbers of thedke c
types in uninjected embryos (A) and those injectéith 1mM plexinA3 morpholinol (B). C,D: Labeling of
commissural primary ascending interneurons (ColRAhé spinal cord with the 3A10 antibody indicatedmal
positioning of somata (CoPA) and contralateral axdarrowheads), which eventually join the dorsal
longitudinal fascicle (DLF) in uninjected embryo€)(and in those embryos injected with 1mM plexinA3
morpholinol (D). Bar in D = 25 pm for A-D.

The neurofilament antibody 3A10 was used to demmatesthat the somata of commissural
primary ascending interneurons were located inrthermal positions in the dorsal spinal

cord. Their axons grew ventrally, crossed the malind projected in the contralateral dorsal
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longitudinal fascicle (Fig. 27C,D) in embryos injed with 1 mM plexinA3 morpholinol (n =
14, Fig. 27D) indistinguishably from uninjected tmfs (n = 13, Fig. 27C). Additionally, the
3A10 antibody labels the somata of Mauthner neyrpasitioned in the brainstem, and their
axons crossing the midline and extending into thimad cord, and no differences were
observed comparing 1 mM plexinA3 morpholinol-inggtembryos (n = 14) with uninjected

embryos (n = 13; not shown).

Fig. 28 The horizontal myoseptum appeared norntaf afijection of 1 mM plexinA3 morpholinol. Lateral
views of whole-mounted 24 hpf embryos at the lenfethe horizontal myoseptum are shown (rostrakft).|
Tenascin-C expression (red) at the horizontal myse and ventral motor axons (green) labeled witlasati-
HNK-1 antibody (A,B) and muscle pioneer cells (napXhe horizontal myoseptum, labeled with an amlybim
engrailed and ventral motor axons labeled with ati-tabulin antibody (C,D) did not show systematic
differences between uninjected embryos (A,C) arabeahinjected with 1 mM plexinA3 morpholinol (B,D).
Arrows in B and D indicate aberrant branches otnamotor nerves. Bar in D = 12.5 um for A-D.

The horizontal myoseptum is an important choiceoregvhere trajectories of primary motor
axons diverge to grow into different regions of thamite (Eisen, 1994). Expression of
tenascin-C at the horizontal myoseptum (Fig. 28AjBYlicated by immunolabeling with
antibodies to tenascin-C (Bernhardt et al., 199&hw®itzer et al., 2005), did not differ

between segments in which axons, labeled with th@HNK-1 antibody in the same
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embryos, were abnormally branched in 1 mM pleximA@rpholinol-injected embryos (n =
15, Fig. 28B) and uninjected embryos (n = 14, B@A), where ventral motor axons grew

unbranched.

Double immunohistochemisty of muscle pioneer cellsich are located at the level of the
horizontal myoseptum in 24 hpf embryos and werel&bwith an antibody to the engrailed
protein (Melancon et al.,, 1997) and ventral moteaors visualized with anti-tubulin
antibodies (Fig. 28C,D) revealed that muscle piowedls differentiated indistinguishably in
embryos injected with 1 mM plexinA3 morpholinol dFi28D; n = 25) and uninjected
embryos (Fig. 28C; n = 28), although abnormal bnarg occurred in plexinA3
morpholinol-injected embryos (Fig. 28D).

These observations suggest that plexinA3 morphblingction did not affect differentiation
of the trunk or growth of some axon fascicles attteoneurons other than primary motor

nerves.

3.22 Sema3Al and sema3A2 morpholinos act synergisticalyith plexinA3

morpholinol

The two homologues of semaphorin3A, sema3Al ancdh38@ are ligands that might signal
through plexinA3. Morpholinos against sema3Al aetha3A2, each at 2 mM, did not
induce aberrant growth of ventral motor axons (s%amorpholino: 14.0% embryos with
aberrantly branched ventral motor nerves, 10.0%rgosbwith multiple exits of ventral
motor nerves, n = 47, sema3A2 morpholino: 14.9%rgasowith aberrantly branched ventral
motor nerves, 3.3% embryos with multiple exits ehiral motor nerves, n = 43) (Table 4).
However, co-injections of 2mM sema3Al or sema3AZpholinos with 0.1 mM plexinA3
morpholinol induced significant aberrations of motxon growth such as branching
(sema3Al: 60.2% affected embryos, n = 77, sema3B2% affected embryos, n = 54) and
multiple exits (sema3Al: 37.8% affected embryoana®@A2: 52.3% affected embryos)
compared to embryos co-injected with 0.1 mM plex3n2mm morpholino in combination
with 2mM sema3A1 morpholino (20.2% with aberrariihanched ventral motor nerves and
19.0% embryos with multiple exits of ventral moteerves, n = 58), which served as a

control for both combinations (Table 8). These itssshow that both ligands, sema3Al and
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sema3A2, contribute to the correct outgrowth of tlemtral motor nerves probably by

signaling through plexinA3.

Table 8 Synergistic effects of plexinA3 morpholineith potential ligands and co-receptors.

Embryos with Embryos with

aberrant ventral  multiple exits of

motor nerve ventral motor
Injection type n branching (%) nerves (%)
PlexinA3 5mm MO (0.1 mM) + Sema3A1 MO (2 mM) 58 20.2+4.8 19.0+0.2
PlexinA3 MO1 (0.1 mM) + Sema3Al MO (2 mM) 77 60.2+9.6** 37.8+£95 *
PlexinA3 MO1 (0.1 mM) + Sema3A2 MO (2 mM) 54 339179 * 52.3 £ 4.8 ***
PlexinA3 MO1 (0.1 mM) + VEGF MO (0.1 mM) 89 295+7.8 34.0+5.1 *
PlexinA3 MO1 (0.1 mM) + NRP1a MO1 (0.1 mM) 88 215+10.6 27.9+14.7
PlexinA3 MO1 (0.1 mM) + L1.1 MO (2 mM) 48 11.6+4.7 13.3+4.7

Morpholino doses are indicated in brackets. n = len® of embryos analyzed. MO = morpholino, plexinA3
MO1: morpholinol against plexinA3, plexinA3 5mm M@iorpholino with 5 mismatched bases based on
plexinA3 morpholinol, NRP1a MO1: morpholinol againgkP1la, * = P < 0.05, ** = P < 0.001 (Fisher’s
Exact Test) tested against PlexinA3 5mm MO (0.1 mMBema3Al MO (2 mM).

3.23 Co-injection of VEGF and plexinA3 morpholinos induwces multiple

exits of motor nerves

Since VEGEF is a ligand for NRP1la present in thekranvironment, it might also function
through plexinA3. Indeed, sub-threshold experimentth ineffective concentrations of
VEGF and plexinA3 morpholinos revealed, that a cimaton of plexinA3 morpholino at 0.1
mM and VEGF morpholino at 1 mM induces multiplets)af motor nerves (34.0% affected
embryos, n = 89) at a frequency significantly diéf& from the control combination of 0.1
mM plexinA3 5mm morpholino and 2mM sema3Al morpholi However, branching of
ventral motor nerves (29.5% affected embryos) wais significantly different from this

control (Table 8). Thus, it seems that VEGF mightleast partially, participate in plexinA3

mediated signaling.
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3.24 Sub-threshold experiments of plexinA3 and the potdral co-receptors

NRP1la or L1.1 fail to show synergistic effects

Morpholinos to both, plexinA3 and NRP1a induce edo&r branching and multiple exits of
ventral motor nerves. Thus plexinA3 could be a exeptor of NRP1la necessary for the
signal transduction of sema3A in motor axon outghowo test this hypothesis, NPR1a and
plexinA3 morpholinos were co-injected at sub-thoméghconcentrations that did not elicit
aberrant motor axon growth when injected alone i@2b Table 7). Co-injections of NRP1la
morpholinol with plexinA3 morpholinol, each at @M, did not induce ventral motor axon
branching (21.5% affected embryos, n = 88) or mldtiexits (27.9% affected embryos)
compared to embryos co-injected with 0.1 mM plexdahBmm morpholino and 2mM

sema3Al morpholino, which served as a control @&l

Another potential co-receptor for NRP1a and plexdnéthe cell recognition molecule L1.1,
which is also expressed in primary motor neuronswéier, co-injection of 2 mM L1.1
morpholino together with 0.1 mM plexinA3 morpholihdoth of which have no effect when
injected alone at these concentrations, did notease aberrant growth of motor nerves
(branching: 11.6% affected embryos, multiple exit8:3% affected embryos, n = 48) at a
significant frequency compared with embryos injdcteith 0.1 mM plexinA3 5mm
morpholino and 2mM sema3Al (Table 8). Thus, coetgms of sub-threshold
concentrations of NRP1a and L1.1 morpholinos withf@M plexinA3 morpholinol are not

sufficient to induce aberrant growth of primary mroaxons.
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4 DISCUSSION

Expression of NRP1la and plexinA3 in motor neura@neacessary for the correct outgrowth
of ventral motor nerves in embryonic zebrafish. &ygrstic effects of injecting morpholinos

to NRP1la or plexinA3 together with morpholinos be fpotential ligands VEGF, sema3Al
and sema3A2 suggest a role of NRP1a and plexinABt@grating signals of several ligands

in the trunk environment.

4.1 ldentification of a plexinA3 homolog in zebrafish

The full length cDNA of plexinA3 was cloned using@mbination of PCR-based techniques.
The structure of plexinA3, comprising a Sema domtiree MRS (Mt Related_®quence)
domains, four IPT_(hmunoglobulin-like fold shared byldéXins and_Tanscription factors)
motifs and a highly conserved intracellular SBX$exin) domain, is identical to that of
other A-type plexin molecules, indicating that tblened molecule is a member of the
plexinA subfamily. Other subgroups of the pleximfly contain less than three or atypical
MRS motifs or potential cleavage sites for furikeliconvertases, which distinguishes them

from A-type plexins.

PlexinA3 in zebrafish shares 73% amino acid idgntith human and mouse plexinA3. The
observed degrees of amino acid identities are athevexpected range for related recognition
molecules in phylogenetically distinct species. Example, the zebrafish L1-homologs L1.1
and L1.2 share only about 40% amino acid identity \Wwuman L1 (Tongiorgi et al., 1995).
Zebrafish plexinA3 and plexinA4 share approximat@§% amino acid identity and
compared to other members of the plexinA familyjraoracid identity ranges between 60%
and 68%. This indicates an overall high degreeamhdlogy within the plexinA subfamily.
For identification of novel plexins in zebrafiskegénerate primers based on known plexinAl
sequences were used, but the obtained plexin tuoo¢do be plexinA3. This may be
explained by comparing the zebrafish plexinA3 amawd sequence with sequences of
human and mouse plexinAl, as well denopus plexinA, which is the only identified
plexinA in Xenopus to date and is th¥enopus homolog of plexinAl (Ohta et al., 1995). The

degree of amino acid identities between zebrafigxipA3 and plexinAl homologs is
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between 67% and 68%, which is only slightly lesmntkthe 73% amino acid identity between
zebrafish plexinA3 and mouse and human plexinA8icating that plexinA3 and plexinAl
are closely related and degenerate primers wersuffitient to distinguish between the two

plexins.

To confirm that the newly cloned plexin sequengaesents zebrafish plexinA3, the entire
ORF of the molecule was amplified from zebrafisaibicDNA by PCR. To avoid unspecific
binding of primers in conserved regions and thogldication of other plexin homologs, the
primers used for this PCR were located in 5’ andir@ranslated regions of the hypothetical
plexinA3 gene, which are known to be less consethiad the coding sequences of members
of the same gene family. All amplified PCR produstse sequenced twice or more. Thus the

obtained sequence was verified several times.

Due to genome duplication events that involved dachromosome sections in ray-finned
fish, the zebrafish genome often contains two pfenammalian orthologs (Postlethwait et
al., 1999). For example, mammalian sema3A, neumpibind L1 all have two homologs in
zebrafish (Tongiorgi et al., 1995; Roos et al., 399alloran et al., 2000; Yu et al., 2004;
Bovenkamp et al., 2004; Martyn and Schulte-MerRé04). A second paralog of plexinA3 in
zebrafish may exist but a search of the zebrafsmome (Ensembl) did not identify any
additional gene. Searching the database for plesgmglted in a large number of plexin-
related sequences, none of which was likely to &mlpg of plexinA3. To date, only two
other members of the plexin family have been charaed, plexinA4 and plexinD1 in
zebrafish and neither for plexinA4 nor for plexinphralogs have been described (Yeo et al.,
2004; Torres-Vazquez et al., 2004).

4.2 PlexinA3 is expressed in the zebrafish embryonic neous system

PlexinA3 mRNA was detected in distinct regions lo¢ tentral nervous system at 24 hpf,
including the telencephalon, epiphysis, tegmenttngeminal sensory ganglion neurons,
hindbrain and spinal cord. At 16 hpf, plexinA3 mRN# also detectable in the nervous
system, but the expression pattern is more difthe® in 24 hpf embryos. In mammals,
plexinA3 is the most ubiquitously expressed plefamily member within regions of the

developing nervous system that are known to corsmaphorin-responsive neurons (Cheng
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et al., 2001). This finding is in agreement witte throad expression patterns of zebrafish

plexinA3 observed in this study.

4.3 PlexinA3 and NRP1la are expressed by primary motoreurons during

motor axon growth

The expression patterns of NRP1la and plexinA3 mRNsng early trunk development
were analyzed using in situ hybridization. The rdisition of NRP1la mRNA has been
previously described (Lee et al., 2002; Bovenkangl.e 2004; Martyn and Schulte-Merker,
2004; Yu et al., 2004). In these studies, exprassioNRP1a mRNA in motor neurons has
been identified judged by position. Applying them®a probe that was used by Michael
Klagsbrun and colleagues (Lee et al.,, 2002) comdftrnthe expression of NRPla in cell
clusters at the ventral edge of the spinal cordulilelabeling of these NRP1la expressing
cells with an antibody to acetylated tubulin, whish specific for neurons showed that
tubulin-positive ventral axons exited from NRPlaige somata. Double-labeling
experiments with probes for islet-1 and islet-2jollare common markers for primary motor
neurons (Inoue et al., 1994; Appel et al., 199%unooto et al., 1995), revealed, that the cells
in the ventral spinal cord expressing NRP1a are ialst-positive, indicating that these cells

are motor neurons.

The two islet mMRNAs detect different subtypes ofary motor neurons. Islet-1 specifically
labels MiP and RoP while islet-2 is only found imR”Cand VaP. Double labeling with the
NRP1la probe revealed that NRPla expression is etecthble in the most rostral motor
neuron indicating that NRP1a is only expressed iy, aP and VaP, but not in RoP. Thus,

axon guidance of the lateral motor nerve is propabt mediated by NRP1a.

PlexinA3 mRNA in the trunk has been located in ckikters at the ventral edge of the spinal
cord at 24 hpf, and their number and distributittorsyly suggests that these cells are motor
neurons. NRP1a, L1.1 and L1.2, which are potenbtaleceptors for plexinA3 are expressed
in the same subset of cells (Tongiorgi et al., 19%® et al., 2002; Bovenkamp et al., 2004;
Martyn and Schulte-Merker, 2004; Yu et al.,, 200§eming the possibility of local

interactions between those molecules.
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Both, NRP1a and plexinA3 appear to be expresspdnmary motor neurons in 16 hpf and 24
hpf embryos before and during motor axon growtthantrunk, which occurs between 18 and
33 hpf. This is in agreement with a functional rimienotor axon guidance. At 24 hpf NRP1a
expression is only detectable in the most caudgbns of the trunk whereas plexinA3 is also
present in putative motor neurons of more rostegingeents. This observation could be an
indication for distinct roles of the two moleculebere, at later time points, plexinA3 is still

required, but not NRP1a.

4.4 Morpholino injections probably directly affect motor neurons

Several observations suggest that the effects wdxdeafter injection of morpholinos were
directly due to reduced NRP1la or plexinA3 exprassio the motor neurons, rather than
being secondary to alterations of the trunk or @paord environment. Two morpholinos of
non-overlapping sequence show very similar effddtswever, both plexinA3 morpholinos
induce the same phenotypes at similar rates, whé¢neasecond NRP1a morpholino was only
sufficient to reproduce the branching and multipiets effects observed after injection of
similar concentrations of NRP1a morpholinol, butdisplaced cells. This was probably due
to a lower efficiency of NRP1a morpholino2, whictasvalso demonstrated by the overall
lower frequencies of aberrations. Differences ificieincy of distinct morpholinos to the
same mRNA are common and have been observed fer atblecules, e.g. tenascin-R
(Becker et al., 2003).

Vertical and horizontal myosepta formed and diffiéigged correctly in NRP1a and plexinA3
morpholino injected embryos as indicated by tema€cilabeling of vertical myosepta and
labeling of muscle pioneer cells at the horizontgloseptum, a critical choice point for
growing motor axons, with an antibody to engrai(dtelancon et al., 1997). This suggests
that the somitic pathway of motor axons was notsgjsochanged in morpholino injected

embryos.

Even though NRPla and plexinA3 mRNAs are expressethe dorsal spinal cord in
uninjected embryos at 16 hpf, the organization e spinal cord appeared unaltered in
morpholino injected embryos at 24 hpf. Labelinghwihe 3A10 antibody indicated correct

positioning of commissural primary ascending mateurons and their axons in the dorsal
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spinal cord. Mauthner axons in the ventral spirmabovere also unaffected by morpholino
injections. Immunolabeling with an antibody to tsl¢-2 proteins indicated normal densities
and positioning of Rohon-Beard cells and motor aesy with the notable exception of those
putative motor neurons that had migrated out ofsghieal cord in NRP1a morpholino treated
embryos. Thus, motor axon aberrations were probadiysecondary to effects on the spinal
cord organization. Several other axon trajectorsgh as the dorso-ventral diencephalic
tract, the posterior commissure in the head, oipperal axons of Rohon-Beard neurons all
appeared normal, indicating that there was no gdimed alteration of axon growth in

morpholino injected embryos. However, defects oPMnd RoP axons cannot be excluded,

because these could not be selectively labeled.

All three effects of NRP1a morpholino knock downulcb also be partially rescued by
overexpression of NRP1la mRNA. This argues thatefffiect of the morpholino is due to
reduced NRPl1a mRNA levels. The fact that the resgas not complete may best be
explained by the mosaic expression of NRP1la prafer mRNA injection. Moreover, the
fact that during late phases of axon growth (24,hmfotein expression from the exogenous
MRNA could hardly be detected by immunohistochemwigtr the myc epitope indicates
diminished abundance of the exogenous protein dsyeas develop. A similar incomplete
rescue of motor axon phenotypes by mRNA overexmedss also been observed by others
(McWhorter et al., 2003). Overexpression of the ptate open reading frame of plexinA3
(5679 bp) was not possible since several attengitisdfto clone the large full-length gene
into the overexpression vector. Similar problemsuoed for the overexpression of tenascin-

C, which has an open reading frame of 5133 bp (8ither et al., 2005).

4.5 Motor axons and trunk vessels develop independently

In addition to affecting motor axon growth, morghok to NRP1la inhibit blood vessel
formation (Lee et al., 2002), which was confirmedthis study. However, the motor axon
phenotypes observed after NRP1a morpholino injecti® probably independent of altered
blood vessel formation. This is suggested by theepkation that treatment with a morpholino
to VEGF inhibits the formation of the vasculature the trunk, but does not detectably

influence the outgrowth of the ventral motor ner8ema3A1 morpholinos also affect blood
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vessel formation in the trunk (Shoji et al., 200Bjt the morpholino used here had no
detectable effect on motor axons when injectedealdhus, early motor axon development is

probably independent of blood vessel formation.

4.6 NRPla and plexinA3 in primary motor neurons may bereceptors for

repellent signals in the somite environment

Three different phenotypes were observed aften@mn of NRP1a morpholino and two of
these were also induced by plexinA3 morpholino: &mmwn of both genes induced
branching of ventral motor nerves and additional/@e exiting the spinal cord, whereas the
ventral migration of putative motor neurons outtloé spinal cord was only observed after
injection of NRP1a morpholinos. Branching of thextval motor nerve was either due to one
of the three primary motor axons taking an aberpath, or due to axonal branching of a
primary motor axon. This cannot be differentiated anti-tubulin labeled preparations.
However, this result clearly shows axon growth itgaitories normally not invaded. This is
also true for multiple exit phenotypes and is imeagnent with the notion that NRP1a and
plexinA3 are receptors for axon-repellent sign&@&egng et al., 2001; Bagri and Tessier-
Lavigne, 2002). Reducing NRP1a or plexinA3 expmsginay release axons from these

repulsive signals.

Interestingly, the majority of nerve branches wdnected into the posterior part of the
somite after injection of NRPla and plexinA3 morohms (NRPla: 69.6%, plexinA3:
81.9%). Additional exit points from the spinal cavére also most frequently observed in the
posterior part of the somite (NRPla: 74.7%, plexdnA2.8%). Transcripts for the potential
NRPla and plexinA3 ligand sema3A2 are concentratetie posterior part of the somite
(Roos et al., 1999) provoking the speculation Haha3A2 acts as a repulsive guidance cue
through NRP1a and plexinA3. However, other poténigands of NRP1a show a different
distribution. Sema3Al is expressed in the dorsdh\amntral somite, leaving a corridor at the

horizontal myoseptum that is free of sema3A1l trapsc

Overexpression of the putative NRP1la ligands serhad@fl sema3Az2 in transgenic animals
or by mRNA injections both induced truncations ehtral motor nerves (Roos et al., 1999;

Halloran et al., 2000). This can be considered raptementary phenotype to the abnormal
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axon branching and multiple exits observed in NRRBRfd plexinA3 morpholino treated
animals. Similar complementary phenotypes are alserved when the function of axon-
repellent chondroitin sulfates is analyzed in thethpray of the ventral motor nerve.
Enzymatic removal of these glycostructures induglesormal branching of ventral motor
nerves, whereas injecting a chondroitin sulfatetanexleads to nerve truncations (Bernhardt
and Schachner, 2000). Therefore, the excessivetigrofsprimary motor axons observed in
this study, further supports the hypothesis thatPli&k and plexinA3 are receptors for

repellent semaphorin ligands in the somite enviremm

Overexpression of NRP1a mRNA alone did not induserrations in ventral motor nerves
while in transgenic mice, overexpression of NRPHuges abnormal sprouting and
defasciculation of nerves (Kitsukawa et al., 1996)s possible that the dose of NRP1la
protein that was reached in our experiments wasawdao induce such effects, or that these

would occur only later, when secondary motor ajomsthe nerves.

After injection of NRP1a morpholino, dorso-ventyalongated cells are found along the
ventral motor nerve pathway. The fact that thesepic cells were labeled by antibodies to
the neuronal marker tubulin and to islet-1, a madfenotor neurons in zebrafish (Tokumoto
et al.,, 1995), suggests that ectopic cells wereomoéurons. Their shape and position is
suggestive of a scenario in which these cells rtegraut of the spinal cord along the motor
axon pathway. One possible explanation for thisphge is that normally, repulsive signals
from the somite restrict motor neuron somata todpimal cord and that this repulsion is
released under conditions of reduced NRPla expressmterestingly, this phenotype is

reminiscent of motor neurons exiting the ventrahapcord after the ablation of so-called
boundary cap cells at the motor axon exit pointcimcks. The molecular signals from

boundary cap cells are unknown (Vermeren et abD320njection of plexinA3 morpholino

did not lead to abnormal positioning of neuronshi@ somite, suggesting that the restriction

of neurons to the spinal cord is not dependentiexinpA3 signaling.

4.7 Multiple guidance cues are present in the trunk enwvonment

Synergistic effects of morpholinos to sema3Al, sti2aand VEGF in combination with

sub-threshold concentrations of NRP1a or plexinABpholino suggest that these molecules
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are interdependent in vivo. The fact that morptowkmock down of individual ligands was
ineffective suggests that some of these potenigdntls for NRPla or plexinA3 act
redundantly and may substitute for each other pegrents in which morpholinos to only a
single ligand were injected. It is speculated, giatilar redundant effects are the reason for
the more severe abnormalities in peripheral prigest of sensory neurons found in
neuropilin-1 knockout mice compared to the same,l&ss severe, phenotypes in sema3A
knockout mice where other neuropilin-1 ligands migampensate for the loss of sema3A
(Kitsukawa et al., 1997).

The observation that, when injected alone, VEGFpmolino had a severe effect on blood
vessel formation but no detectable effect on mat@ns indicates that the VEGF signal is
indispensable for angiogenesis, but not for axaswtir. Nevertheless, VEGF appears to
contribute to the guidance of motor axons as rexkah co-injection experiments with

NRPla morpholino. The same is true for sema3Al secha3A2. However, not all

combinations of morpholinos tested elicit all ofetlphenotypes observed when NRPla
expression alone is knocked down at above thresbot@entrations (Table 5) and the
multiple exit phenotype is not elicited by any @ktcombinations, suggesting some non-
overlapping functions of additional ligands. Foample, sema3D has been shown to signal
through NRP1la in the developing zebrafish CNS (Waminet al., 2004) and the class 3
semaphorin sema3G (Halloran et al., 1998; StevewsHalloran, 2005), which may act

through NRP1a, is expressed in adaxial cells obtmite during motor axon development.

Interestingly, co-injections of VEGF morpholinos tivi NRPla morpholinos induced

phenotypes similar to those of co-injecting semaphamorpholinos with NRP1la

morpholinos (branching and ventrally migrating sglleven though mRNAs for VEGF and
individual sema3A homologs are all differentiallypeessed in the somite environment (Fig.
11). Moreover, VEGF and semaphorins have beenibdesicas functional competitors in the
vascular system (Miao et al., 1999) and VEGF hasnbeeported to promote neurite
outgrowth in vitro (Sondell et al., 2000; Bocker-fféet et al., 2002; Rosenstein et al., 2003),
whereas sema3A mostly repels axons (Bagri and dresavigne, 2002; He et al., 2002).
Disturbing the interactions of different ligandstviNRP1a on motor axons in vivo may
destabilize a complex axon guidance system. Thistabdization may then result in

comparable phenotypes. Similarly, overexpressiahraarpholino knock down of sema3Al
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both inhibit the formation of blood vessels in thenk of embryonic zebrafish (Shoji et al.,
2003).

Although NRP1a or plexinA3 morpholinos cause alv@rmaotor axon growth, there is still a
large population of unaffected axons. Only 35.1%28r9% of all segments analyzed are
affected after injection of NRP1a or plexinA3 moophos, respectively. Truncations were
rarely found and although ventral motor nerves &lagbrmal branches, the remaining part of
the nerve still grew in its correct position afkgrockdown of NRP1a or plexinA3. There are
multiple guidance cues present in the somite, whiey act independently but result in
similar responses for motor nerves growing outhef $pinal cord. Some of these (sema3Al,
sema3A2 and VEGF) may act through NRP1la as showmsrstudy, whereas others, such as
chondroitin sulfates or tenascin-C (Bernhardt andaShner, 2000; Schweitzer et al., 2005)
may act on the axons in a different way. The presemd parallel action of multiple guidance
cues in motor axon outgrowth is not unique to zitdna but has also been recognized in
other vertebrates (Tannabhill et al., 2000; Schnmeade Granato, 2003).

4.8 Sema3A signals through plexinA3

Contradictory findings have been described in tterdture arguing whether sema3A can
bind to plexinA3 or not. In vitro studies in traasfed COS cells showed, that plexinAl or
plexinA2, but not plexinA3 mediate a contractiospense (considered to be the equivalent
of growth cone collapse in neuronal cells) to seina8 sema3F when co-expressed with
neuropilin-1 (Takahashi and Strittmatter, 2001)gasging that plexinA3 does not interact
with sema3A. However, the significance of thesealists for normal physiological responses
of neurons to sema3A and sema3F in vivo was notwhknbut has been investigated by
analysis of the plexinA3 knockout mouse, which eded, that responses of sympathetic
ganglion neurons to sema3A are at least partialpaired in these mice (Cheng et al., 2001).
The same neurons completely lose their repulsigspamses to sema3F, suggesting stronger
repulsive effects for sema3F and plexinA3 signathman for sema3A and plexinA3 signaling.
The results obtained from the present study ingligahat plexinA3 sema3A morpholinos act

synergistically to induce aberrations of motor axangrowth, are in agreement with the in
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vivo results from Cheng et al., 2001 and furthemdestrate that plexinA3 is a functional

receptor for sema3A in vivo.

Responses to sema3F are completely and responsesn&BA are partially dependent on
plexinA3 (Cheng et al., 2001). The strong effedisasved after knockdown of plexinA3 may
thus be a result of disrupting the signal from mitv@n on ligand acting through plexinA3,
for instance sema3F. Two sema3F homologs have dderad in zebrafish, but so far, their
expression and function has only been charactenezedanial neural crest migration (Yu and

Moens, 2005). Whether sema3F is expressed in tirafigh trunk is currently unknown.

4.9 PlexinA3 and NRP1a may not be co-receptors but fution in parallel

pathways

Primary motor neurons express NRP1la and plexinA8ckdown experiments with NRP1a
and plexinA3 morpholinos result in partially ovgntang phenotypes, and both molecules
seem to be receptors for the same ligands as tedid®y the sub-threshold experiments with
sema3Al, sema3A2 and VEGF. These findings couldeeibe explained by a direct
interaction of NRPla and plexinA3 or by parallgjrsiling of the two receptors through

different co-receptors resulting in similar phempay.

Co-injection experiments of NRP1a and plexinA3 nmmimos, both at concentrations that
did not induce aberrant growth of motor nerves wingacted alone, did not show any

synergistic effects of the two morpholinos. Thusseems that the two molecules act in
different pathways where a slight reduction of NRR1 one receptor complex and plexinA3
in another does not lead to synergistic effectsingle morpholino injections. Instead, both
receptor complexes are compromised slightly, bey #re still functional. This interpretation

is in agreement with the results form other studieswing that sema3A binds preferentially
to neuropilin-1 and sema3F has a higher affinityrfeuropilin-2 (Chen et al., 1997; Giger et
al., 1998; Takahashi et al., 1998). Furthermoren@e recent study demonstrated that
neuropilin-1 associates preferentially but not egilely with plexinA4 and neuropilin-2 with

plexinA3 (Yaron et al., 2005) supporting a modelengha receptor complex composed of
neuropilin-2 and plexinA3 mediates axon repulsigh dema3A whereas sema3F signals

preferentially through a receptor complex compasfaaeuropilin-1 and plexinA4.
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Thus, it is likely that NRP1a and plexinA3 functionparallel pathways and their signaling
and binding partners are other plexins and neunspirespectively. Other A-type plexins
have been demonstrated to be potential bindingngestfor neuropilin-1 in mammals
(Takahashi and Strittmatter, 2001; Suto et al.,32Qind their, yet unidentified, zebrafish

homologs may be functional co-receptors for NRPlmotor axon guidance.

Since neuropilin-2 forms a receptor complex witexuhA3 in mice (Yaron et al., 2005) it
might also be a component of the plexinA3 receptamotor axon outgrowth in zebrafish.
Zebrafish homologs of neuropilin-2, designated N&R2d NRP2b, as well as a second
homolog of neuropilin-1, NRP1b, have been cloned their expression patterns have been
described (Lee et al., 2002; Yu et al., 2004; B&aemp et al., 2004; Martyn and Schulte-
Merker, 2004). Strong expression in motor neursmgjlarly to NRP1a expression, has not
been demonstrated, but it is possible that wealkg@ression levels might have been
overlooked. Alternatively, plexinA3 might bind se&#faindependently of neuropilins. For
instance, a class 3 semaphorin, sema3E has rebesttyshown to bind directly to plexinD1
and neuropilins are not required to mediate theecédf of sema3E in patterning the

vasculature (Gu et al., 2005).

4.10PlexinA3 might function outside the nervous system

Co-injection of plexinA3 and VEGF morpholinos reedl in a significant increase in the
frequency of multiple exits suggesting that VEGgnsiling requires plexinA3. Similarly, the
sub-threshold experiments with NRP1la and VEGF sHaivat VEGF acts through NRP1a
and plays a role in restricting neurons and axanghe spinal cord. VEGF has been
previously described to promote neurite outgrowthvitro (Sondell et al., 2000; Rosenstein
et al., 2003), but in these studies VEGF-R2 (Flkva} identified as a receptor component to
mediate intracellular signaling. It is possiblettl&GF acts through plexinA3 in motor axon
outgrowth in zebrafish, but since statistical tgstsduced only low significance (Fishers
Exact test: P = 0.026, compared to co-injectioplekinA3 5mm morpholino and sema3Al
morpholino), more specific control experiments, suas co-injection of sub-threshold
concentrations of VEGF and plexinA3 5mm morpholings addition, in vitro binding

studies, would be required to confirm interactibesveen VEGF and plexinA3.



DIsSCUSSION 89

Interestingly, there was also expression of ple8mARNA outside the nervous system in the
heart and in non-neuronal regions of the tail. €hsvel findings support the hypothesis that
plexinA3 might participate in heart and blood vésdevelopment, similar to zebrafish
plexinD1, which mediates sema3A dependent intersetgh vessel patterning (Torres-
Vazquez et al., 2004). In the mouse, plexinD1 gamace sema3A and sema3C binding to
neuropilin-1 (Torres-Vazquez et al., 2004). To dateevidence has been found, that plexins
form receptors for VEGF that function in axon guide. However, VEGF and sema6D have
been reported to signal through complexes contgimilexinAl and VEGF-receptor2 in
cardiac morphogenesis (Toyofuku et al., 2004). Aeapimember of the plexinA subfamily,
plexinA2, plays a role in cardiac neural crest dewament, probably by mediating sema3C

signals (Brown et al., 2001).

4.111L1.1 may not play a role in primary motor axon guicance

Several findings suggest that L1.1 does not playuaial role during primary motor axon

outgrowth, even though the protein is expressedrowing motor axons. Injection of L1.1

morpholinos does not induce aberrant growth of moésves, even at high concentrations of
up to 2 mM. This concentration of the morpholinmast completely abolishes detectability
of L1.1 protein for up to three days post fertitiva as shown by Western blot analysis in
3-day old zebrafish demonstrating that the morpioolis functional. Additionally, co-

injection of L1.1 morpholino with the sub-threshadncentration of NRP1a morpholino did
not affect motor axon outgrowth. It is possibletthd.2, which is the second zebrafish
homolog of L1 and, like L1.1, is expressed in mateurons (Tongiorgi et al., 1995), could
compensate for the loss of L1.1. A potential rdle&2 in motor axon guidance has not been

investigated in this study.

4.12 NRP1la and plexinA3 receptors integrate multiple gjnals

In combination experiments with plexinA3 and sema3/orpholinos, the frequency of
aberrantly branched ventral motor nerves (60.2%9 gher than the frequency of multiple

exits of motor nerves (37.8%) whereas combinatioplexinA3 with sema3A2 morpholinos
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induced the multiple exit phenotype (52.3%) rattiemn the branching phenotype (33.9%)
(Table 8). Since comparable numbers of embryos tested, differences in the frequency of
different phenotypes are reflected in the degresighificance that is much stronger for
frequencies above 50% (P < 0.001), whereas freqgebelow 40% showed a low degree of
significance (P < 0.05). Thus, it seems that knoekd of plexinA3 combined with sema3A1
knockdown induces primarily abnormal branching, mas the combination with sema3A2
causes preferentially multiple exits of motor narv@able 9). Combined injections of
plexinA3 and VEGF morpholinos also show only a Idegree of significance (P = 0.026)
suggesting that VEGF may contribute to prevent iplelexits of nerves but does not seem to

play a major role (Table 9).

Table 9 Overview of phenotypes induced by singleamnbined morpholino injections.

receptor ligand branching multiple exits displacedheurons
NRPla / +++ +++ +++
NRPla + sema3Al - - +++
NRPla + sema3A?2 +++ _ 4+
NRPla + VEGF ++ — 4+
plexinA3 / +++ +++ _
plexinA3 + sema3Al +++ + _
plexinA3 + sema3A2 + +++ -
plexinA3 + VEGF - + -

Shown are statistical significances obtained fraghé’s Exact tests against appropriate controks.Pr< 0.05,
++ =P <0.01, +++ = P < 0.001.

Injection of NRP1a morpholinos results in threerpgtgpes that are only partially reproduced
in sub-threshold experiments with potential liganfise combination of NRP1a morpholino
with sema3A1 morpholino does not induce branchingpoltiple exits, but displaced neurons
and the combination of NRP1a morpholino and sema®agholino leads to branching and
displaced neurons (Table 9). Knockdown of VEGF ambination with NRPla induces

branching and displaced neurons (Table 9). Thesdtseare summarized in Fig. 29.



DISCUSSION 91

plexinA3 NRP1a ?

multiple exits branching displaced cells
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aberrant motor axon growth

Fig. 29 A model for primary signaling pathway arzkbaations induced by the loss of different compsién

the outgrowth of trunk motor axons. Semaphorins ®GF signal through NRP1a (blue) and plexinA3
(yellow) receptors. Morpholinos against variousatigs (sema3Al: orange, seama3A2: red, VEGF: green,
unknown ligand: brown) expressed in the somite remvnent result in different types of motor axonraéions.
Colors of arrows indicate the identity of the ligathey originate from. Thickness of arrows représdhe
degree of significance, observed for the corresjponeffect of the morpholino injection. Injectiotisat resulted

in low levels of significance (P < 0.05) have beenitted for clarity.
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5 SUMMARY

Neuropilin is the ligand-binding component of a eptor complex for axon-repellent
semaphorins, whereas plexin is the signal-tranaducomponent. Neuropilin-1, a receptor
for class 3 semaphorins and vascular endothel@ityy factor (VEGF), functions both in
angiogenesis and axon growth. In zebrafish, nelinepa and a novel zebrafish plexin,
homologous to mammalian plexinA3, are strongly egped in primary motor neurons in the
trunk during motor axon development. Reducing tkgression of neuropilin-1a or plexinA3
using anti-sense morpholino oligonucleotides induaberrant branching of ventral motor
nerves and additional exit points of motor nerwesnf the spinal cord. A third phenotype,
ventral migration of neurons out of the spinal caldng the motor axon pathway was only
found after knockdown of neuropilin-1a. Morpholinmsneuropilin-1a or plexinA3 induced
aberrations of motor axons in a dose-dependent enamrunk structures and other axons in
the spinal cord and head appeared unaffected bygntrpholino treatment. The phenotypes
induced by the neuropilin-1la morpholino could bertiply rescued by co-injecting
neuropilin-la mRNA. In addition, neuropilin-la mbghino treatment disturbed normal
formation of blood vessels in the trunk of 24 hoowost-fertilization (hpf) embryos, as shown
by microangiography. Morpholinos to VEGF also dibd formation of blood vessels, but
did not affect motor axons, indicating that corriecmation of blood vessels is not needed for
the growth of primary motor axons. Morpholinos tbet semaphorin3A homologs
semaphorin3A1 and semaphorin3A2 also had no effecinotor axon growth. However,
combined injections of neuropilin-1la morpholinoaatoncentration that did not elicit axonal
aberrations when injected alone, with VEGF, semdaph®Al or semaphorin 3A2
morpholinos synergistically increased the proportaf embryos showing aberrant motor
axon growth. Similarly, injection of sub-threshadncentrations of plexinA3 morpholino in
combination with semaphorin3Al, semaphorin3A2 or GFE morpholinos, reproduces
phenotypes observed after injection of plexinA3 phaiino alone. Thus, neuropilin-1la and
plexinA3 may integrate signals from several ligaimdprimary motor neurons and are needed
for proper segmental growth of primary motor neruezebrafish. These findings suggest
that interactions of multiple ligands with neurapila and plexinA3 play a role in the

patterning of peripheral nerves in zebrafish.
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7  APPENDIX

7.1 Abbreviations

W “without”, diameter

u micro (10°)

x g g-force

°C grad celsius

aa amino acid

A adenine

Amp ampicillin

ATP adenosine triphosphate

bp base pairs

BSA bovine serum albumine

C Cytosine

cDNA complementary deoxyribonucleic acid
CTP cytosine triphosphate

Da dalton

dATP 2’-desoxyadenosinetriphosphate
dCTP 2’-desoxycytidinetriphosphate
DEPC diethylpyrocarbonate

dGTP 2’-desoxyguanosinetriphosphate
DMSO dimethylsulfoxide

DNA deoxyribonucleic acid

DNase desoxyribonuclease

dNTP 2’-desoxyribonucleotide-5’-triphosphate
dpf days post fertilization

DTT dithiothreitol

E. coli escherichia coli

Fig. Figure

EDTA ethylendiamintetraacetic acid

g gramm



APPENDIX

HEPES
hpf
IPTG
Kan

kb

LB

min
MO
MOPS
MRNA

Nt
OD
ORF

PAGE
PBS
PCR
rpm
psi
RNA
RNase
RT

SDS

TABS
TE

guanosine

human, hour

2-(4-(2-Hydroxyethyl)-piperzino)-ethansulioarcid

hours post fertilization
isopropyl{3-D-thiogalactoside
kanamycin
kilo base pairs
litre
Luria Bertani
milli (10°%)

minute
morpholino
(4-(N-morpholino)-propan)-sulfonic acid
messenger ribonucleic acid
nano (10), number of animals
nucleotide(e)
optic density

open reading frame

pico (10"

polyacrylamide gel electrophoresis
phosphat-buffered saline
polymerase chain reaction
rounds per minute

pounds per square inch
ribonucleic acid

ribonuclease

room temperature

second

sodium dodecyl sulfate
thymine

annealing temperature

(N-tris(Hydroxymethyl)methyl-3-aminopropanefsnic acid

tris-EDTA
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TEMED N,N,N’,N’-tetraethylenamine

Tet tetracycline

Tm 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

7.2 Morpholino sequences

L1.1 MO1

NRP1la MO1
NRP1la 4mm MO1
NRP1la MO2
PlexinA3 MO1
PlexinA3 5mm MO1
PlexinA3 MO2
Sema3Al MO
Sema3A2 MO
VEGF MO

VEGF 4 mm MO

5'-ATGAAAACAGCCCCGACTCCAGACA-3
5'-GAATCCTGGAGTTCGGAGTGCGGAA-3’
5'-GATCCAGGAGTTCGGACOTGCCGAA-3
5'-GATCAACACTAATCCACAATGCATC-3’
5-ATACCAGCAGCCACAAGGACCTCAT-3’
5'-ATACCACACCCAGAACGACCTGAT-3’
5-AGCTCTTCCCTCAAGCGTATTCCAG-3’
5'-AAAAATCCCAACAAGGTAATCCATG-3
5-GTACAATCCACCACAAGTAGTCCAT-3’
5'-GTATCAAATAAACAACCAAGTTCAT-3

5-GTAACAATTAAACAACCAT GTTGAT-3'
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7.3 Primer sequences

Codehop plexin primer

plexinU2-5  5-CCCGATACTCCCTGTCCGA(AG)GA(AGCT)AAAG(CT) -3’
plexinY1-3' 5-GCAGAGGCAGGCAGTTGG(AT)(CT)TTCCAAGCIG(CT)(AG)T-3'

Nested PCR primer

RoRi dTi7 5-ATCGATGGTCGACGCATGCGGATCCAAAG
CTTGAATTCGAGCTC(T) 3

Ro 5-ATCGATGGTCGACGCATGCGGATCC-3

Ri 5'-GGATCCAAAGCTTGAATTCGAGCTC-3

plexinNl1la-5’ 5'-CAGACCAGCGGGAAGGAG-3

plexinN2a-5’ 5-GCACTCTGCAGAAGTTTGTGG-3

pCS2+MT primer

NRP1Clal low 5'-CGATCGATGCGCTTCCGAGTACGAGTTCTGT-3
NRP1Clal up S'-CGATCGATATGCATTGTGGATTAGTGTTGATCG®
Plexin/Cla-3’ 5'-GCATCGATCCAGCAGCAATTTGTTGAC-3’
Plexin/Bam-5'2 5'-GTGGATCCACCACTGAGACAGCAAAAG-3
Sema3Aa/Bam-5’ 5-CTGGATCCAGCACCATGGATTACCTTG-3’

Sema3Aa/Cla-NEW-3" 5-CCATCGATCGCGTTTGGAAGGTGTGGC-3

Sema3Ab/Bam-5’ 5-CTGGATCCATGGACTACTTGTGGTGGATTG-3
Sema3Ab/Cla-3’ 5'-GCATCGATCTCGTCGAGAAGGTGAAGAA-3’
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Plexin full-length primer

Plexin5496Chr8-5'5
Plexin5496Chr8-3’

5-TGCGATAAGGACAGAGAGGCTCTTC-3
5'-TCCCAGAAAGATGGATATTTCCTTCCAT’

Plexin sequencing primer

PlexinChr8-seg5'1
PlexinChr8-seq5'2
PlexinChr8-seq5’3
PlexinChr8-seq5'4
PlexinChr8-seq5’5
PlexinChr8-seq5’6
PlexinChr8-seq5’7
PlexinChr8-seq5’'8
PlexinChr8-seq5'9
PlexinChr8-seq5’10
PlexinChr8-seq5’11
PlexinChr8-seq5'12
PlexinChr8-seq3'1
PlexinChr8-seq3'5
PlexinChr8-seq3'7
PlexinChr8-seq3'8

5-TTCTCACCAGACCGG-3’
5-TCTACGGGTTCTCCAG-3
S-TCTCTGCCGTGGTTG-3
5-TACACAGCTGAGTGTG-3
5-TCACATTGCGAGCCC-3’
5'-TCAGAGCCAAATATGGAG-3
5-CTCTCACGTTGCCTG-3
5'-AACAGCTGCTAGCCG-3’
5'-ACTGACCAGAATCATCC-3’
5'-ACAAGAGGCAGATCAC-3’
S-TGGAGTTCGCTGTAAC-3’
5'-CATGGCAACGAGTTCAA-3’
5'-AACCGCAGGAACTGG-3’
5-TGTGGCGATATTTACACC-3
5-ACTCGACTGAAGCTCG-3
5-AATCATCACTCGCTGTTC-3
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7.4 Full length coding sequence of plexinA3

ATGAGGTCCTTGTGGCTGCTGGTATTTTCCTTCTCTGTTTTGACTGGGACCAACATGGCATT
TCCAATGATTCTGTCGGAGCGCCCTGAAGTCACCGGGAGCTTCAAGGTTAAAGACACGAGTC
TCACTCACCTCACAGTGCACCGCAAAACTGGTGAGGTGTTCGTGGGTGCTATAAACCGAGTC
TACAAGCTTTCTGCCAATCTCACCGAAACGCGTTCTCACCAGACCGGTCCCGTGGAAGACAA
CGCCAAGTGCTATCCACCCCCCAGTGTACGAGCTTGCACGCAGAAACTGGAGTCTACAGACA
ACGTCAACAAATTGCTGCTGGTTGATTATGCGGGCAACCGTCTGGCGGCCTGTGGAAGCATC
TGGCAGGGCGTGTGCCAGTTCCTGCGGTTGGAAGATCTGTTCAAGCTTGGTGAACCACATCA
CCGTAAAGAGCACTACCTCTCGGGAGCCAAAGAGTCTGATGGGATGGCTGGAGTCGTGGTGG
GTGATGATGACGGAGACTTGAAGAAGAAAAAGAAAGGTGGCAGTCGACTCTTCATTGGTGCT
GCAATCGATGGCAAATCAGAGTATTTTCCAACCCTCTCTAGCCGTAAACTGGTGGCGGATGA
GGAAAGTGTTAACATGTTCAGTTTGGTCTACCAAGATGAGTTTGTGTCTTCTCAAATCAAGA
TACCTTCAGACACCCTCTCTCAGTATCCCGCATTTGATATCTACTACGTCTACGGGTTCTCC
AGCCGGACTTACATCTATTTCCTCACTTTGCAACTGGATACTCAGCTCACTCAGGTGGATGT
GACGGGGGAGAAGTTCTTCACCTCAAAAATAGTCCGCATGTGCTCCAATGACACTGAGTTTT
ACTCCTACGTAGAGTTCCCGCTTGGGTGCACCAAGGATGGCGTGGAATACAGACTTGTTCAA
GCTGCCTACAAGCATCGTCCTGGAAAGATTCTGGCACAGGCTTTGGGCCTGTCTGAGGATGA
GGATGTCCTGTTCGTGATCTTCTCCCAGGGTCAGAAGAACAGGGCTAACCCACCGAGAGAAA
CAGTGCTGTGCCTCTTCACACTGCACCAGATTAACCTGGCCATGCGAGAGAGGATCAAGTCA
TGCTACCGCGGAGAGGGAAAGCTGTCTCTGCCGTGGTTGCTCAACAAGGAGCTGCCTTGCAT
TAATACGCCCAAGCAGATTGGTGATGATTTCTGCGGCCTGGTCTTGAATCAGCCCCTTGGGE
GATTGATGGTGATCGAGGGCATTCCTCTGTTTGACGACCGCACTGACGGCATGGCATCAGTG
GCTGCATACACATACGGAGACCATTCGGTGGTGTTTGTGGGCACTCGCAGCGGCCACCTCAA
GAAGATTCGAGTGAATGGTGTTCCTCCGCCGTCAGAAAACGCTTTGCTGTACGAGACCGTGA
CCGTTGTGGAGGGAAGCCCCATCCTGAGGGACATGGTGTTCAGTCCAGACTATCAGTACATC
TATCTGCTGAGCGACAAACAGGTGAGTCGTCTGCCGGTGGAGAGCTGTTCTCAGTACAGCAG
CTGTAAGACGTGTCTGGGCTCTGGAGATCCTCACTGCGGCTGGTGTGTCCTGCATAACAAGT
GCTCCAGAAAGGAGGCCTGTGAGAAGTGGGCCGAGCCGCTTCACTTCAGTACAGAGCTGAAG
CAGTGTGTGGACATTACCGTCACTCCGGATAACATGTCTGTGACCTCCGTGTCTACACAGCT
GAGTGTGAAGGTGGCGAACGTCCCGAACCTCTCTGCGGGGGTGACGTGTGTGTTTGAGGAGC
TCACCGAGAGTCCAGGAGAAGTGCTGGCTGAAGGACAAATCCTCTGCATGTCCCCTTCCCTT
CGGGACGTCCCGTCTGTCACTCAGGGATATGGCGATAAACGGGTCGTGAAGCTTTCTCTGAA
GTCCAAAGAGACGGGGCTCAAATTCATCACCACCGACTTCGTCTTCTACAACTGCAGCGTTC
TGCAATCGTGTTCATCGTGTGTTAGCAGTTCTTTCCCTTGCAACTGGTGTAAATATCGCCAC
ATCTGCACTAATAATGTAGCCGAGTGCTCTTTCCAGGAAGGTCGGGTGAGCAGTGCAGAGGG
CTGCCCACAGATTTTGCCCAGCAGTGACATCCTGGTACCGGCGGGGATCGTTCGGCCAATCA
CATTGCGAGCCCGAAACTTGCCCCAGCCTCAGTCTGGACAGAAGAACTATGAGTGCGTCTTT
AACATCCAGGGAAAAGTGCAGCGTATTCCTGCGGTCCGCTTCAACAGTTCCTGCATCCAGTG
TCAGAACACCTCGTACTGGTATGAAGGGAACGAGATGGGGGATCTGCCTGTGGATTTCTCCA
TCGTGTGGGACGGTGACTTTCCCATCGACAAACCCTCATCCATGAGAGCTCTCCTGTATAAG
TGTGAGGCTCAGAGGGACAGCTGTGGACTATGTCTGAAGGCTGACAGCACATTTGAGTGTGG
CTGGTGTTTGGCCGATAAGAAGTGTCTCCTAAAGCAACACTGTCCATCAGCCGAACACAACT
GGATGCATCAGGGACGACGCAACATTCGCTGCAGCCATCCGCGCATTACCAAGATTCGTCCT
CTGACGGGCCCGAAAGAAGGAGGCACACGCGTCACCATTGAAGGGGAGAATCTGGGGCTGCA
GGTTCGAGAAATCACTCACGTGCGTGTGGCTGGAGTTCGCTGTAACCCTGCTGCAGCTGAAT
ACATCAGCGCTGAGAGGATTGTGTGTGATATGGAGGAGTCCCTGATGTCCAGTCCTCCCGGA
GGTCCGGTGGAGCTGTGTATCGGAGACTGCAGCGCTGAGTACAGGACTCAATCCACACAGAC
TTACTCCTTTGTGATGCCGAGCTTCAGTCGAGTGCGCCCTGAGAAAGGCCCGGTGTCCGGLG
GGACGAGGCTGACCATCTCAGGCCGACATCTGGACGCCGGCAGCGCTGTGACCGTGTTTTTG
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GCCCAGGAGGAGTGTCTGTTCGTCAGGAGGACGGTGCGTGAGATTGTGTGTGTGACGCCTCC
ATCAGCTTCAGGATCTGGACCTTCATCTGTGAAGCTGTTTATTGATAAAGCAGAGATCACCA
GCGACACCCGCTACATCTACACTGAAGACCCAAATATCTCCACCATCGAGCCCAACTGGAGC
ATCATCAACGGCAGCACAAGCCTCACGGTCACAGGAACCAACCTGCTCACCATTCAGGAGCC
CAAAGTCAGAGCCAAATATGGAGGAGTGGAGACCACAAACATCTGTAGTCTGGTCAATGACT
CTGTGATGACGTGCTTGGCTCCGGGCATCATCTACACTAAACGTGAGGCTCCAGAAAGCGGC
GTTCACCCGGACGAGTTCGGCTTCATCCTGGATCACGTCTCTGCCCTCCTCATCCTCAACGG
GACTCCGTTCACTTACTATCCCAACCCGACCTTTGAACCTCTTGGGAATGCCGGGATTCTGG
AGGTCAAACCAGGATCACCCATCATCCTGAAGGGCAAGAACCTGATTCCTCCTGCGCCTGGG
AACATCCGTCTGAATTACAGCGTGACGATCGGAGAAACGCCCTGCCTGCTAACAGTCTCTGA
ATCTCAGCTGCTCTGCGATTCGCCAGATCTGACCGGAGAACAGCGAGTGATGATTCTTGTCG
GCGGTCTGGAATATTCCCCCGGAATGCTTCACATTTATTCGGACAGCACTCTCACGTTGCCT
GCCATCATCGGGATCGGAGCAGGTGGAGGAGTCCTCCTCATCGCCATCATCGCTGTGCTCAT
CGCTTACAAGCGCAAGACGCGGGACGCCGACCGCACACTCAAACGCCTGCAGCTGCAGATGG
ACAACCTGGAGTCCCGGGTTGCGCTGGAGTGCAAGGAAGCATTCGCTGAGCTGCAGACAGAC
ATCCAAGAGCTGACGAATGACATGGACGGTGTGAAAATCCCTTTCCTGGAGTATCGTACCTA
CACCATGAGAGTGATGTTCCCTGGCATCGAGGAGCACCCGGTTCTGAAGGAGCTGGACTCTC
CAGCTAATGTGGAGAAGGCCCTGCGCTTGTTCAGTCAGCTGCTGCACAACAAGATGTTCCTG
CTGACCTTCATCCACACGCTGGAGGCGCAAAGGTCCTTCTCCATGCGGGATCGTGGCAATGT
GGCCTCCCTCCTCATGGCGGCACTGCAGGGACGGATGGAGTACGCCACTGTGGTTCTCAAAC
AGCTGCTAGCCGACCTGATCGAGAAGAACTTGGAGAACCGAAACCACCCTAAACTACTGCTT
AGACGAACTGAATCTGTGGCAGAGAAGATGCTCACCAACTGGTTCACGTTCCTTCTGCACCG
CTTCCTCAAGGAGTGTGCGGGCGAGCCTCTGTTTATGCTGTACTGTGCTATAAAACAGCAGA
TGGAGAAAGGCCCCATAGACGCCATCACAGGAGAGGCCAGATACTCCCTGAGCGAAGACAAG
CTCATCCGACAGCAAATCGACTACAAGCAGCTGACGCTGATGTGTATTCCTCCTGAAGGAGA
AGCCGGGACAGAAATCCCTGTTAAGGTGCTAAACTGTGACACGATCACTCAGGTGAAGGACA
AGCTGTTGGACGCTGTTTATAAAGGCATCCCGTACTCGCAGAGACCACAGGCGGACGACATG
GACCTGGAATGGCGGCAGGGTCGACTGACCAGAATCATCCTCCAAGATGAAGACGTCACCAC
AAAGATCGAGAGCGACTGGAAGAGACTGAACACACTGGCACATTACCAGGTGACAGATGGGT
CTTTGGTGGCTTTGGTTCAGAAGCAAGTATCCGCTTACAACATCGCCAACTCTTTCACGTTC
ACTCGCTCTCTCAGTCGATACGAGAGCCTCTTGAGGACGTCCAGTAGTCCAGACAGCCTGCG
CTCCAGGGCTCCCATGATCACTCCTGACCAGGAAACGGGTACCAAACTCTGGCACCTGGTGA
AGAACCATGAGCATGCAGACCAGCGGGAAGGAGACCGCGGCAGCAAGATGGTGTCTGAGATT
TACCTCACACGCTTACTAGCTACCAAGGGCACTCTGCAGAAGTTTGTGGACGATCTGTTTGA
GACGGTCTTCAGTACAGCTCACCGCGGCAGCGCTCTCCCGCTGGCCATCAAATACATGTTITG
ATTTCCTGGATGAACAGGCGGACAAGAGGCAGATCACCGACCCAGACGTACGGCACACCTGG
AAGAGCAACTGCCTTCCTCTGCGGTTTTGGGTCAACGTGATCAAAAACCCTCAGTTTGTGTT
TGACATCCACAAGAACAGTATTACAGATGCCTGTCTGTCGGTGGTGGCTCAGACATTTATGG
ACTCCTGCTCCACGTCTGAGCATCGTCTGGGAAAAGACTCTCCGTCAAACAAACTGCTCTAC
GCTAAAGACATCCCCAACTACAAGAGCTGGGTGGAGAGATATTACCGTGACATCAGCAAGAT
GCCAAGTATCAGTGATCAGGATATGGATGCCTATCTGGTCGAGCAGTCTCGTCTCCATGGCA
ACGAGTTCAACACACTGAGCGCGCTCAGTGAACTGTATTTCTACATCAACAAGTACAAAGAA
GAGATTTTGACAGCGCTGGACAGAGACGGTTACTGTCGCAAACACAAGCTACGACACAAACT
GGAACAAGCCATTAACCTGATGTCTGGCAGCAGCTGA
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