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Abstract

This study explored why lesioned retinal ganglion cell (RGC) axons regenerate successfully in the
zebrafish optic nerve despite the presence of Rtndb, the homologue of the rat neurite growth
inhibitor RTN4-A/Nogo-A. Rat Nogo-A and zebrafish Rtn4b possess characteristic motifs (M1-4)
in the Nogo-A-specific region, which contains delta20, the most inhibitory region of rat Nogo-A.
To determine whether zebrafish M1-4 is inhibitory as rat M1-4 and Nogo-A delta20, proteins
were recombinantly expressed and used as substrates for zebrafish single cell RGCs, mouse hippo-
campal neurons and goldfish, zebrafish and chick retinal explants. When offered as homogenous
substrates, neurites of hippocampal neurons and of zebrafish single cell RGCs were inhibited by
zebrafish M1-4, rat M1-4, and Nogo-A delta20. Neurite length increased when zebrafish single
cell RGCs were treated with receptor-type-specific antagonists and, respectively, with morpholi-
nos (MO) against S1IPR2 and S1PR5a—which represent candidate zebrafish Nogo-A receptors. In a
stripe assay, however, where M1-4 lanes alternate with polylysine-(Plys)-only lanes, RGC axons
from goldfish, zebrafish, and chick retinal explants avoided rat M1-4 but freely crossed zebrafish
M1-4 lanes—suggesting that zebrafish M1-4 is growth permissive and less inhibitory than rat M1-
4. Moreover, immunostainings and dot blots of optic nerve and myelin showed that expression of
Rtn4b is very low in tissue and myelin at 3-5 days after lesion when axons regenerate. Thus,
Rtn4b seems to represent no major obstacle for axon regeneration in vivo because it is less inhibi-
tory for RGC axons from retina explants, and because of its low abundance.
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neuron intrinsic properties which favor growth (Stuermer, 2010;

Neurons in the central nervous system (CNS) of mammals fail to regen-
erate axons after injuries due to inhibitory components in their envi-
ronment and intrinsic conditions which reduce the growth capacity. In
the CNS of fishes, however, axons do regenerate and restore func-

tional connections due to a growth-permissive environment and

*The first three authors contributed equally to the study

Stuermer, Bastmeyer, Bahr, Strobel, & Paschke, 1992). A major impedi-
ment of axon regeneration in mammals is CNS myelin and myelin-
associated axon growth inhibitors (Schwab, 2010) which can even
block the elongation of fish axons (Bastmeyer, Beckmann, Schwab, &
Stuermer, 1991). The major inhibitor in mammalian CNS myelin is
Nogo-A/RTN4-A, the longest transcript of the reticulon (rtn)-4 gene
(Schwab, 2010). Nogo-A has two inhibitory stretches: Nogo-66 in the
C-terminal reticulon homology domain (RHD) and delta20 in the so-
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called Nogo-A specific N-terminal region (NSR, Figure 1; Shypitsyna,
Malaga-Trillo, Reuter, & Stuermer, 2011). The receptor for Nogo-66 is
Nogo-receptor 1 (NgR1) in complex with accessory proteins (Fournier,
GrandPre, & Strittmatter, 2001; Mandemakers & Barres, 2005)
whereas Nogo-A delta20 binds to the G-protein coupled receptor
(GPCR) sphinosine-1-phosphate receptor 2 (S1PR2), which is associ-
ated with tetraspanin and other (unpublished) co-receptors (Kempf
et al., 2014; Thiede-Stan & Schwab, 2015).

How does this compare to the situation in fish? In contrast to
mammals, fish CNS myelin is comparatively growth permissive. This
was shown by experiments using either optic nerve tissue sections or
myelin fractions from the fish in comparison to sections and myelin
from the rodent CNS. In these assays, fish CNS myelin was crossed by
axons (Bastmeyer et al., 1991; Carbonetto, Evans, & Cochard, 1987
Vanselow, Schwab, & Thanos, 1990) whereas mammalian CNS myelin
inhibited growth of fish retinal ganglion cell (RGC) axons as well as
mammalian DRG axons (Caroni & Schwab, 1988; Wanner et al., 1995).
However, it has more recently been recognized that zebrafish possess
RTN4-A/Nogo-A homologues, namely Rtn4a and Rtn4b (rtn-6) (Die-
kmann et al., 2005; Shypitsyna et al., 2011) which are widely expressed
in the zebrafish CNS (Pinzon-Olejua, Welte, Abdesselem, Malaga-Trillo,
& Stuermer, 2014) including optic nerve and CNS myelin (Welte, Engel,
& Stuermer, 2015). Both proteins have a conserved C-terminal reticu-
lon homology domain (RHD), the hallmark of this gene family (Die-
kmann et al., 2005; Oertle et al., 2003). A comparative study revealed
that the Nogo-66 region is highly conserved and present in the RHD of
zebrafish Rtn4a. Nogo-66 binding to the Nogo receptor (NgR) surpris-
ingly promotes neurite growth (Abdesselem, Shypitsyna, Solis, Bodri-
kov, & Stuermer, 2009) whereas rat Nogo-66 and NgR-mediated signal
transduction inhibits growth (Fournier et al, 2001). The N-terminal
regions of zebrafish Rtnd4a and -b differ from each other (Shypitsyna
et al, 2011). The N-terminus of zebrafish Rtn4a is short (Diekmann
et al, 2005) and is homologous to the RTN4B isoform (Shypitsyna
et al., 2011), whereas the N-terminus of zebrafish Rtn4b shares some
similarity with rat Nogo-A/RTN4-A (Figure 1; Shypitsyna et al., 2011).
In particular, four short motifs—termed M1-4—were found to be con-
served between fish Rtn4b in several teleost species and mammalian
RTN4-A (Figure 1a). Three of these motifs are located within the
delta20 region which is the most inhibitory portion of the mammalian
RTN4-A/Nogo-A protein (Oertle et al., 2003; Schwab, 2010; Shypit-
syna et al, 2011). M1 lies outside of the delta20 region at the N-
terminal side. The motifs M1, M3, and M4 are conserved in zebrafish
whereas the M2 region does not fully match the motif profile (Shypit-
syna et al., 2011) (Figure 1a). For recombinant protein expression we
chose a region comprising M1-4 in the rat and the corresponding
region in the zebrafish gene which we term M1-4. We anticipated that
rat M1-4 is as inhibitory (or more) as delta20, and asked whether M1-
4 of zebrafish Rtn4b may likewise be inhibitory. Moreover, zebrafish
possess members of the S1PR family (Gu, Forostyan, Sabbadini, &
Rosenblatt, 2011; Kai, Heisenberg, & Tada, 2008; Matsui et al., 2007)
which represent putative Nogo-A specific receptors (Kempf et al.,

2014). These receptors could transmit growth-inhibiting signals

triggered by delta20 or M1-4 binding to growth cones provided that
the neurons (such as RGCs) express the relevant receptors. If so, how
could this be reconciled with the older data showing growth permis-
siveness of fish CNS myelin and optic nerve tissue? This was addressed
in a series of experiments in the present study.

To examine whether rat M1-4 and the zebrafish M1-4 region are
inhibitory to axon growth, like rat Nogo-A delta20, we generated and
recombinantly expressed rat delta20, rat M1-4 and zebrafish M1-4.
We compared axon growth on delta20, rat M1-4 and zebrafish M1-4
as the sole homogeneous substrate. We also determined axon behavior
on striped substrates (Vielmetter, Stolze, Bonhoeffer, & Stuermer,
1990) containing alternating lanes of rat M1-4 versus polylysine, and
zebrafish M1-4 versus polylysine, respectively. If M1-4 would be
inhibitory, axons from retina explants are expected to avoid the M1-4
containing stripes and to elongate preferentially on polylysine. Inhibi-
tion by rat or zebrafish M1-4 requires the presence of the receptors.
We show expression of S1IPR2 and S1PR5a in zebrafish RGCs which
mediate the inhibition by M1-4. Also, we repeated tests of the sub-
strate properties of zebrafish and rat CNS myelin. The outcome of
these assays confirmed earlier results: fish CNS myelin was significantly
more permissive than rat CNS myelin (Bastmeyer et al., 1991; Carbon-
etto et al., 1987; Caroni & Schwab, 1988; Vanselow et al., 1990; Wan-
ner et al.,, 1995). This led to the next experiment: we determined the
expression and exposure of Rtn4db M1-4 during the time that axons
cross the lesion and regenerate into the brain-side portion of the optic
nerve. Our results show that zebrafish optic nerve myelin at 5 days
after optic nerve section (ONS) as well as nerve homogenates at 3 days
after ONS contain significantly less Rtn4b than non-transected (normal)
nerves. The amount of the myelin protein PO was nearly the same in
transected versus normal nerves and was, in fact, used as standard
against which Rtndb was determined. Thus, zebrafish Rtndb is less
inhibitory for RGC growth cones from retinal explants and is very low in

optic nerve myelin after ONS and during axon regeneration.

2 | MATERIAL AND METHODS

2.1 | Animals

Adult goldfish and zebrafish were raised in the animal facility of the
University of Konstanz. Optic nerve lesion was performed under
MS222 anesthesia in compliance with animal welfare legislation of the
state Baden-Wurttemberg (No G13/98).

2.2 | Explant cultures from chick

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

Alexa-488-phalloidin (Invitrogen/Thermo Fisher, see below).
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FIGURE 1 Comparison of Nogo genes and generation of recombinantly expressed M1-4 proteins. (a) Schematic representation of human/
rat RTN4A/Nogo-A with the C-terminal Reticulon homology domain (RHD) and the N-terminal Nogo-A/-B common region, next to the
Nogo-A specific region. The position of the motifs M1, M2, M3, and M4, the region used for recombinant expression (M1-4) as well as the
location of the most inhibitory delta20 region are indicated (Shypitsyna et al., 2011). Zebrafish (ZF) Rtn4b and Rtn4a possess the RHD.
Rtn4b has a long N-terminal Rtn4b specific region with motifs M 1,3,4 in similar positions as in the human/rat RTN4-A gene. M2 does not
fully match the motif profile (dotted line) but is highly conserved in other teleost species. ZF Rtn4a mainly consists of the RHD and a short
N-terminal stretch which is homologous to the RTN4B variable part. (b) Coomassie-stained gels with recombinantly expressed Zebrafish
(ZF) M1-4-GST, Rat M1-4-GST, Nogo-A delta20-GST and GST alone, ZF M1-4 and Rat M1-4 after cleavage of GST. The molecular weight
markers (in kDa) are shown to the right. (c) In Western blots with recombinantly expressed rat M1-4 and after cleavage of GST, mAb 11C7

recognizes the M1-4 protein. Recombinantly expressed and GST-cleaved ZF M1-4 is recognized by the pAB K1121 against Rtn4b

2.3 | Stripe and outgrowth assays

Zebrafish and goldfish retinae were isolated between 7 and 14 days
after ONS and cut into 300 pm wide strips as described (Vielmetter &
Stuermer, 1989). A special silicon matrix was used to apply peptides
M1-4 and GST in stripes onto poly-L-lysine (Plys)-coated coverslips
(Oertle et al., 2003; Vielmetter et al., 1990; Weschenfelder, Weth,
Knoll, & Bastmeyer, 2013) at concentrations of 20-30 pM. Retina
explants were placed perpendicular onto the striped substrate and
incubated at the species-specific optimal temperature for 2-4 days in
F12 medium with 1% FCS. Axons from retinal explants were photo-
graphed live under phase contrast optics at an inverted microscope.
Cultures were fixed, permeabilized (4% PFA [paraformaldehyde] and
0.1% Triton) and labeled with Alexa-coupled Phalloidin. Immunostain-
ings with mAB 11C7 (Oertle et al., 2003; kindly provided by Martin
Schwab, Zurich, Switzerland) and our pAB K1121 (see below) against
zebrafish M1-4 (Pinzon-Olejua et al.,, 2014; Welte et al., 2015) was

used to visualize the substrate stripes after fixation at a fluorescence
microscope (Axioplan 2, Zeiss Jena, Germany). The evaluation of the
stripes was done by a person blinded to the origin (fish or rat) of the
M1-4 proteins and whether stripes contained GST or M1-4.

2.4 | Zebrafish single cell RGC culture and
transfection

Single RGCs were isolated from zebrafish retinae and maintained on
Poly-p-lysine (PDL)-coated coverslips in L15 medium (Sigma-Aldrich, St
Louis, MO) supplemented with 0.5% FCS, 1% Penicillin/Streptomycin,
0.5 mM glutamine and 5 pg/ml basic fibroblast growth factor (bFGF, all
Invitrogen/Thermo Fisher Carlsbad, CA). Cells were grown at 28°C and
5% CO,. After 3 days in culture they were transfected with (1 uM)
morpholinos (MO) against SIPR2 and S1PR5a and control MO (contr
MO), respectively (see below) with the Endo-Porter transfection rea-
gent (Gene Tools, Philomath, OR).
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Cells were fixed in 4% PFA in PBS, stained with Alexa-Fluor-
488-Phalloidin (Life Technologies/Thermo Fisher, A11017; RRID:
AB_10562367) or Alexa-Fluor-568 Phalloidin (A12380, Invitrogen/
Thermo Fisher) and DAPI (4',6-diamidino-2-phenylindole, 100 ng/ml,
Sigma-Aldrich) for 2 hr at RT and mounted with Mowiol (Hoechst,
Frankfurt, Germany) on coverslips for epifluorescence analysis using a
40x objective and the Axioplan2 microscope (Zeiss). Cells containing
the Lissamine-tagged MOs (Gene Tools, Philomath, OR) in the perinu-
clear cytoplasm were identified and the length of the longest neurite
(longer than the cell diameter) was measured with ImageJ (NIH Image)
software). Recombinant proteins were used at concentration 200 nM
(with GST) or 600 nM (after GST cleavage).

2.5 | Culture of hippocampal neurons

Hippocampal neurons from 1 to 2 days old wt C57BL/6J mice were
exposed to papain (Sigma-Aldrich) 30 min, 37°C, centrifuged (80 X g, 5
min, 37°C), resuspended and seeded on PDL coated coverslips (12-well
plates, Neurobasal A with B-27 serum-free supplement, Life Technolo-
gies/Thermo Fisher, and 5 pg/ml bFGF). After 3 days, FGF was
increased (10 pg/ml). Cells grew at 37°C and 5% CO, (Bodrikov, Solis,
& Stuermer, 2011). After fixation, neurons (48 or 96 hr) on glass cover-
slips were stained with Alexa-488-phalloidin to measure neurite length

(NIH ImagelJ software).

2.6 | Cloning of zebrafish rtn4b M1-4 specific region
into a GST expression vector

The rtn4b-M1-M4 region (Shypitsyna et al., 2011) was amplified by PCR
from a TOPO2.1 vector containing the rtn4b ORF (Pinzon-Olejua et al.,
2014). Forward (FW) 5-GGGAATTCT-AGCCCGTCTCCAGACCTGCTC-
CAGGA-3' and reverse (RV) 5'-GGGTCGACCTA-CTGCAGACCCTGGAG-
CAGCTCTGCC-3' primers containing EcoRI and Sall restriction sites were
designed to amplify 490 base pairs including the M1 to M4 motifs. The
PCR product was digested with EcoRI and Sall and cloned in frame after
the thrombin cleavage site of the pGEX-4T-3 GST expression vector (GE
Healthcare, Braunschweig, Germany). All the above-mentioned PCR reac-
tions were performed with the Phusion high-fidelity DNA polymerase

(Finnzymes/Thermo Fisher) and positive clones were further sequenced.

2.7 | Subcloning of rat delta20 and cloning of rat
M1-4

The pET28 expression vector containing the Rat-NIGA20 construct
was kindly provided by M. E. Schwab (University and ETH Zdrich, Swit-
zerland). The delta20 sequence was PCR-amplified from this vector
and inserted into the pGEX-KG plasmid.

To create the recombinant Rat M1-4 protein, the original pGEX-A20
plasmid was used as template for elongation by PCR with FW primer 5'-
AAAGGATCCACGCCAGATTTAGTTCAGGAAGCATGTGAAAGTGAA-
CTGAATGAAGCCACAGGTACAAAGATTGCTTATGAAACAAAAGTGG-
3 and RV primer 5-GAGAGCTTTGTTTCTTTAATTAAATCACACG-
CAATGGATA TATAAGGAG-3' containing BamHI and Pacl restriction

sites. PCR product was digested with the respective enzymes and cloned
in frame behind the thrombin cleavage site of the pGEX-4T-3 GST
expression vector (GE Healthcare).

2.8 | Protein production and purification

To produce rat M1-4 and delta20 and zebrafish M1-4, overnight cul-
tures with the transformed BL21-CodonPlus (DE3)-RIPL cells were
incubated at 37°C and 230 rpm on the bacterial shaker. When cell den-
sity reached a value of 0.5, IPTG was added to the final concentration
of 1 mM. Four hours later, cells were centrifuged at 7,000 rpm for 20
min at 4°C. The cells were resuspended in 20 ml lysis buffer (PBS, DTT
10 mM, EDTA 2 mM) supplemented with protease inhibitors and
stored at —20°C. Cell aliquots were defrozen and lyzed by sonification.
The lysates were centrifuged at 14,000 rpm.

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

For the stripe assay, the GST was cleaved from the M1-4 peptides
by thrombin (20 U, 3-4 hr) according to the manufacturers instruction
(Sigma-Aldrich). M1-4 peptides were quality-controlled in Commassie
gels and used at concentrations between 50 and 90 uM. For evaluation
of protein expression, solubility and efficiency of purification, the sam-

ples were analyzed on SDS-PAGE and Western blots.

2.9 | Antibody characterization

11C7 is a monoclonal AB from mouse against rat Nogo-A raised against
recombinantly expressed His-tagged Nogo-A delta20 (Oertle et al.,
2003) which was kindly provided by M. E. Schwab, University and ETH
Zurich; Zurich; Switzerland (Cat# Nogo-A, RRID:AB_10000211). It recog-
nized the peptide against which it was raised and 210 kDa Nogo-A in
Western blots with lysates of cultured oligodendrocytes (Oertle et al.,
2003) and binds to GST-delta20 and GST-M1-4 as well as to delta20
and M1-4 after cleavage of GST in our present study (Figure 1). pAB
IK964 is a polyclonal AB from a rabbit which was immunized with the
His-tagged Nogo-66 peptide of zebrafish Rtn4a (Abdesselem et al., 2009;
Pinzon-Olejua et al., 2014; Claudia Stuermer Lab Universitat Konstanz;
Germany Cat# Rtnda, RRID:AB_2636940). The specificity was shown in
lysates of zebrafish embryos after injections of Rtn4a-specific and control
morpholinos, respectively, into the yolk at early stages of development,
and by immunostainings at increasing developmental stages as well as in
the adult optic nerve after lesion (Abdesselem et al., 2009). pAB K1121
was raised in a rabbit against zebrafish M1-4 of Rtn4b after cleavage of
GST (Pinzon-Olejua et al., 2014; Welte et al., 2015; Claudia Stuermer
Lab, Universitit Konstanz; Germany Cat# Rtn4b, RRID:AB_2636941).
The serum was affinity-purified against the peptide and recognizes the



antigen against which it was raised as well as 180 kDa in Western blots
with lysates of zebrafish embryos and brain (Pinzon-Olejua et al., 2014;
Welte et al., 2015). The signal in Western blots with lysates of the retina
is reduced after application of Rtn4b specific MOs to the cut optic nerve
(Welte et al., 2015). The pAB against Rtndb binds to tissue sections
through the optic nerve in a previous (Welte et al., 2015) and the present
study. pAB against zebrafish PO was kindly provided by Edward A. Burton
(University of Pittsburgh, USA: Bai 519: 1580, 2011 Cat# PO (peptide 2),
RRID:AB_2315032). It was raised against recombinantly expressed pep-
tides from PO in rabbits and immuno-affinity purified. It recognizes the
23 kDa PO protein in Western blots and stains myelin in tissue sections
through the zebrafish brain and optic nerve (Bai, Sun, Stolz, & Burton,
2011). The anti-a-Tubulin AB (15246) was purchased from ABCAM
(Cambridge, UK, RRID: AB_301787). It was raised in rabbits which were
immunized with key hole limpet (KLH) conjugated synthetic peptide cor-
responding to the C terminal amino acid 426-450 of human «-tubulin. It
recognizes the antigen in many species including zebrafish which was
approved in our present study.

2.10 | Immunostaining of cryosections

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

2.11 | Dot blots and Western blots

Isolated zebrafish optic nerves were lysed in RIPA-buffer. The evalua-
tion of Rtn4a and Rtn4b in optic nerve/tract myelin, normal and after
ONS, was done in dot blots. The signals with the ABs against Rtn4a (IK
964) and Rtndb (K1121) were compared to PO pAB. Homogenates of
the optic nerve were prepared in ice-cold PBS buffer supplied with
EDTA-free inhibitors. Myelin fractions were prepared as described
below. Two microliters of homogenates or myelin samples of the same
optical density were loaded to the blot membrane. The intensity of
protein dots was determined by ImageJ, the Rtn4b dot was normalized
to PO control dots and statistically evaluated using the Student’s t-test.
For Western blot analysis, isolated zebrafish optic nerves were lysed in
RIPA-buffer. Blots were exposed to pAB K1121 against Rtn4b (diluted
1:3,000) and anti-a-Tubulin AB. The intensity of protein bands was
determined by ImagelJ, the Rtn4b bands normalized to the loading con-
trol and statistically evaluated using the Student’s t-test.

2.12 | Myelin preparation

Myelin of zebrafish brain and optic nerves, and of rat spinal cord/hind-
brain was prepared as previously described (Bastmeyer et al., 1991;
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Caroni & Schwab, 1988). Briefly, zebrafish brain and optic nerves and
adult rat spinal cords/hindbrain were rapidly dissected free in ice-cold
PBS and transferred to homogenization buffer (10 mM Tris-HCI, 2 mM
CaCl, 1mM EDTA, 1mM spermidine, 5 mM iodoacetamite, and Prote-
ase inhibitor complete (Roche Diagnostics, Basel, Switzerland). After
homogenization, fractions enriched in myelin were obtained through
centrifugation at 23,000 rpm for 12 min at 4°C in a sucrose step gradi-
ent (20 and 50% sucrose for zebrafish brain and optic nerve myelin
and 15, 25, and 50% sucrose for rat spinal cord/hindbrain myelin, all in
homogenization buffer; modified after Colman, Kreibich, Frey, & Saba-
tini, 1982). Myelin-enriched fractions were washed three times at 4°C
in PBS containing protease inhibitors and frozen at —20°C. Myelin was
dropped through a pipette onto PDL-coated coverslips and let to dry
(30 min at room temperature, RT) resulting in circular areas of 300-
600 pum diameter. Isolated zebrafish single cell RGCs and mouse hippo-
campal neurons were given onto the coverslip with myelin dots and
cultivated at species-specific temperature and culture conditions. Four
to five days later, cells were fixed and stained with phalloidin and DAPI

to visualize cells and cell processes.

2.13 | S1PR2 and S1PR5a morpholinos and
application

Morpholinos (MO) against SIPR2 and S1PR5a were used at a concen-
tration of either 0.5 or 1 uM and applied to cultured single cell RGCs.
The MOs against SIPR2 and S1PR5a were: 5-CCGCAAACAGAC-
GGCAAGTAGTCAT-3' (position on mRNA 1/25 (Matsui et al., 2007))
and 5-AGCTTCCATTTCACTTCTGCTGACC-3' (position on mRNA
—16/9). The control MO sequence was: 5'-aacgaacgaacgaacgaac-

gaacgc-3' (absent from the zebrafish genome).

2.14 | S1PR2 and S1PR5a; reverse transcription (RT)-
PCR

Adult zebrafish retina were homogenized in TRIzol reagent, and total
RNA was isolated by Trizol RNA isolation protocol using phase separa-
tion. Total RNA (1 pg) was used to generate cDNA using Reverse tran-
scriptase and oligodT20 or random hexamer primers (SuperScript® Il
First- Strand Synthesis System, Invitrogen/Thermo Fisher). The PCR
was performed with Tag polymerase and cycle conditions were 95°C
for 30 s followed by 30 cycles at 95°C for 20 s, gradient 48-68°C for
30 s, 68°C for 90 s and 68°C for 5 min. Product was analyzed on
Ethidium bromide containing 1% agarose gels. Primer sequences for
RT-PCR are as follows:

S1PR2 FW:ATGACTACTTGCCGTCTGTTTGCGG, RV:TAGAATT
CTCAAACACAGGTAGTGCAGTCCTGG;

S1PR5a FW:ATGGAAGCTTCATACGCTGCCAGTG,

RV: TACTCGAGTCAACTCTTAAGTATCATTGGGTAA;

Rtn4b FW: CCGTCTCCAGACCTGCTCCAGGA

RV: GGCAGAGCTGCTCCAGGGTCTGCA (Rtndb was used as

control).
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3 | INHIBITORS

Inhibitors of S1PR2 and S1PR1,3-5 were the commercially available
substances JTE-013 (Tocris Bioscience, Bristol, UK) and FTY720
(Cayman/Biomol, Hamburg, Germany) (Rosen, Gonzalez-Cabrera,
Sanna, & Brown, 2009) which were dissolved in DMSO and applied to
single cell RGCs.

3.1 | In situ hybridization (ISH)

ISH was performed with digoxigenin-labeled probes using MAXIscript
T7/T3 Transcription (Thermo Fischer). Sense and anti-sense probes
were prepared from PCR products of S1IPR2 (NM_001159970) and
S1PR5a (NM_001007316) ligated into pBluscriptkS

(S1PR2 FW: TATTCTAGA CTCAACACCC GATACTACATCCGG,

RV: ATAGTCGACCCAACACAGGTAGTGCAGTCCTG,

S1PR5a FW: TATTCTAGATATTCCGCATCGTCAAGTCCA,

RV: ATAGTCGACCCACTCTTAAGTATCCTTGGGT) transcribed
using t7 (for sense) or t3 (for anti-sense) RNA polymerase. Tissue prepa-
ration for ISH: whole eyes were fixed overnight at 4°C in 4% PFA in
0.1M phosphate buffer, pH 7.4, cryoprotected in phosphate buffered
20% sucrose overnight at 4°C and embedded with tissue-Tek O.C.T
compound (Sakura Finetek, Torrance, CA). Embedded samples were
kept frozen at —20°C until sectioned to 10 um on a cryostat. Sections
were collected on Superfrost Ultra plus adhesion slides, dried for 20
min at RT and directly taken for ISH procedure modified after Saul,
Koke, and Garcia (2010): dried retina cross sections were post-fixed
with 4% PFA in DEPC (Sigma Aldrich) treated 1X PBS (5 min, RT) and
incubated once in 0.01% DEPC activated PBS for 10 min. Cross sec-
tions were partially digested with proteinase K (molecular biology grade;
New England Biolabs, Herts, UK) for 10-15 s and fixed briefly (2 min)
with 4% PFA again. Sections were incubated in 0.01% DEPC activated
PBS twice for 10 min each and equilibrated in 5X SSC (2X, 15 min). The
cross sections were prehybridized in Hybridization buffer (50% deion-
ized formamide [Amresco, Solon, OH]J, 5X SSC, 50 ug/ml tRNA) for 2 hr
at 61-63°C. Hybridization reaction of SIPR2 and S1PR5a probes was
carried out at 63°C overnight. Next day, sections were washed for 20
min with heated formamide wash buffer (hybridization buffer without
tRNA and probe), 20 min with solution mix of half formamide wash
buffer and half of 2X SSC at 60-63°C, 30 min in 2X SSC, 1 hr in 2X
SSC, 1 hr in 0.1X SSC and then equilibrated in Tris-buffer for 5 min.
Cross-sections were incubated in anti-DIG (digoxygenin) pAb 1:1,000
(Roche Diagnostics, Basel, Switzerland) in Tris buffer containing 0.5%
non-fat dry milk overnight at 4°C. Cross sections were washed with Tris
buffer (3 times, 15 min) prior to color development. Staining was carried
out with NBT/BCIP (Roche) for 30 min. Sections were washed several

times with Tris for 2-3 hr before mounting with Mowiol.

3.2 | Evaluation

Cultures were photographed at a fluorescence microscope (Zeiss Axio-
plan). Process length was determined and statistically evaluated using

NIH Image) software.

4 | RESULTS

4.1 | Part 1 Production of rat and zebrafish M1-4

Earlier analyses of the Rtn4 genes in fish and mammals have shown
that mammalian Nogo-A/RTN4-A and zebrafish Rtn4b contain an N-
terminal sequence with diagnostic motifs which was called “NogoA-
specific region” (Figure 1a; Shypitsyna et al., 2011). In particular, four
short motifs—termed M1-4—which possess the consensus sequence
(Asp-Leu/lle-Val/Leu/lle), were found to be conserved between Rtn4b
in several teleost species and in all analyzed Rtn4A of higher vertebrate
species (Figure 1a). Zebrafish has three of these motifs, M1, M3, and
M4, whereas the M2 region does not fully match the motif profile
(Shypitsyna et al., 2011). Three of these motifs, M2-4, are within the
most inhibitory Nogo-A-delta20 region of mammalian RTN4-A/Nogo-A
(Oertle & Schwab, 2003; Oertle et al., 2003; Schwab, 2010; Shypitsyna
et al.,, 2011). M1 lies outside of the delta20 region. The recombinant
zebrafish protein comprises the same region as our rat M1-4 protein
and is, therefore, termed zebrafish M1-4. We expected that M1-4 in
rats is as inhibitory or even more inhibitory than delta20, against which
the substrate properties of zebrafish M1-4 was compared. Rat and
zebrafish M1-4 as well as delta20 were recombinantly expressed as
GST fusion proteins (Figure 1b). The proteins were either used with
GST attached or after cleavage of the GST-tag with thrombin. Both rat
M1-4 and rat Nogo-A delta20 were recognized by the mAB 11C7 (Fig-
ure 1c) (Oertle et al., 2003). Zebrafish M1-4 was recognized by pAB
K1121 against Rtn4b (Figure 1b,c) (Pinzon-Olejua et al., 2014; Welte
et al., 2015).

4.2 | Part 2 Inhibition of neurite growth by rat M1-4
and zebrafish M1-4 in mouse hippocampal neurons
and zebrafish single cell RGCs

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

pocampal and zebrafish RGC neurons.
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FIGURE 2 Substrate properties of Rat M1-4 and Zebrafish M1-4. Outgrowth assay. (a) Hippocampal neurons (stained by phalloidin) were
plated on GST, GST-delta20, GST-Rat M1-4, and GST-Zebrafish (ZF) M1-4 and the length of the longest neurite was determined. Neurons
were stained by phalloidin. Scale bar, 20 um. (b) The quantification of neurite length showed that GST-delta20 compared to GST (100%)
reduced neurite length by 37%. Values are 56.01 = 1.8 pm (mean = SEM) with GST and 35.4 + 1.4 um (mean = SEM) with GST-delta20 as
substrate, *p < .05, neurons (n) = 646 and n =599, respectively. On GST-Rat M1-4 neurite length was even more reduced than on GST-
delta20. GST-Rat M1-4 reduced length by 64% compared to GST and 42% compared to GST-delta20. Values are 56.01 = 1.8 um (mean =
SEM) on GST and 20.7 = 0.9 um (mean = SEM) on GST-rat M1-4, *p <.05, n = 646 and n = 703, respectively. Neurite length was also
reduced on GST-ZF M1-4 by 54% compared to GST. Values are 56.01 + 1.8 um (mean = SEM) on GST and 26.2 = 1.3 um (mean + SEM) on
GST-ZF M1-4, *p < .05 (n = 646 and n = 734). Neurons (n) from three independent experiments. One-way ANOVA. Pairwise comparisons
between groups (Holm-Sidak method). (c) Zebrafish single cell RGCs (stained by phalloidin) also showed reduced neurite length on GST-
delta20, GST-Rat M1-4 and GST-Zebrafish (ZF) M1-4 compared to GST alone. Scale bar: 50 pum. (d) The quantification showed a 24%
reduction in RGC neurite length of zebrafish single cell RGCs on GST-delta20. Values are 20.2 = 1.3 um (mean * SEM) on GST and 15.4 =
1.3 um (mean = SEM) on GST-delta20, *p < .05, n = 307 and n = 323. GST-Rat M1-4 reduced neurite length by 51% compared to GST. Val-
ues are 20.2 + 1.3 um (mean = SEM) on GST and 10 = 0.7 um (mean = SEM) on GST-rat M1-4, *p <.05, (n = 307 and n = 303). GST-ZF
M1-4 reduced neurite length by 48%. Values are 20.2 = 1.3 um (mean + SEM) on GST and 10.6 = 0.9 um (mean = SEM) on GST-ZF M1-4,
*p <.05, (n =307 and n = 324, respectively). Neurons (n) from three independent experiments. One-way ANOVA. Pairwise comparisons

between groups (Holm-Sidak method). Scale bar: 20 pm

4.3 | Part 3 Stripe-assay

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

Goldfish retinal explants were used in most assays (five independ-
ent experiments, each with all substrates side by side, 50 retina
explants) because the larger goldfish retina provides at least twice as
many explants per retina as zebrafish retinae. The behavior of zebrafish
axons was monitored pairwise on rat M1-4 versus Plys, zebrafish M1-
4 versus Plys, and GST versus Plys, with 22 retina strips. Our assays
show that the behavior of zebrafish RGCs on M1-4 resembles goldfish
RGCs (see below; Figure 3).

The stripe assay with chick retinal explants was performed in four
independent experiments each experiment corresponding to one ret-
ina. From each retina two explant strips per condition (rat M1-4 vs.
Plys, zebrafish M1-4 vs. Plys, and GST vs. Plys) were cultured and eval-
uated. The quantification of the stripe assay was performed according

to Vielmetter and Stuermer (1989) with category a representing no
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FIGURE 3 RGC axons avoid rat M1-4 but not zebrafish M1-4 in stripe assays. The substrate stripes were visualized by staining with
antibodies against GST, the pAB K1121 against zebrafish M1-4, and 11C7 against Nogo-A delta20 (Rat M1-4), respectively. The axons
were stained with Phalloidin. (a) Goldfish (GF) RGC axons on Rat M1-4 compared to zebrafish (ZF) M1-4. On a substrate consisting of
alternating lanes of Plys with GST versus Plys-only, goldfish RGC axons from a retinal explant (to the bottom of the image) cross the striped
carpet randomly. On alternating lanes of Plys with Zebrafish (ZF) M1-4 and Plys only, RGC axons cross the stripes. However, on alternating
lanes of Plys plus Rat M1-4 and Plys-only, goldfish RGC axons grow preferentially on Plys and avoid Rat M1-4. The quantification shows
that most (84%) of the goldfish explants and axons extending on stripes strictly avoid Rat M1-4 (category d); 12% show growth preferen-
tially on Plys but crossing of Rat M1-4 lanes also occurred (category c); 4% of explants showed growth across Plys and Rat M1-4 (category
b); random growth across stripes (category a) was not observed with Rat M1-4. With GST, axon growth was random (100% category a). On
ZF M1-4 axons grew randomly (category a, 59%) or mostly random (category b, 41%). Scale bar, 50 um. (b) Zebrafish (ZF) RGC axons from
retinal explants also grow randomly on a striped substrate of Plys plus GST and Plys-only. They cross stripes of Plys plus ZF M1-4 but
grow preferentially on Plys stripes and avoid Rat M1-4. Quantification of the stripe assay showing that 30% of the ZF retinal explants
grow strictly (category d) and 60% preferentially on Plys stripes (category c) with Rat M1-4 in the neighboring lane, and 10% show many
M1-4 stripe crossings (category b). With ZF M1-4, axons from ZF explants grow randomly across stripes (100% category a). Random
growth across stripes is also seen with GST (100% category a). (c) Chicken (CK) RGC axons on Rat M1-4 compared to ZF M1-4. Axons
from the chick retina grow on Plys stripes and avoid Rat M1-4. They grow across stripes with ZF M1-4, and stripes with GST. The explants
are at the bottom of the image. Scale bar, 50 um. The quantification of the stripe assays shows that 59% of axons of chicken retina
explants are mostly accumulated on Plys and avoid Rat M1-4 (category d); 29% show a preference for Plys but also can cross M1-4 stripes
(category c); 12% show significant stripe crossing (category b). With ZF M1-4, 100% of the chick retina explants show random growth of
axons across stripes (category a). The same random growth was seen for stripes with Plys and GST (100% category a)
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FIGURE 4 Expression of candidate Nogo-A receptors S1PR2 and S1PR5a in zebrafish RGCs. Cross sections through the zebrafish retina
were subjected to in situ hybridization and show S1PR2 and S1PR5a expression in zebrafish RGCs. The sense controls (right of the pairs of
images) are blank. The black structures to the left in each image represent the retinal pigment epithelium. RGCs, marked by arrows, show
dark staining by the antisense probe indicative of SIPR2 and S1PR5a mRNAs. Scale bar, 50 um

stripes, random growth; b, mostly random, some in stripes; c, mostly
stripes, some crossing; d, almost all grow in stripes.

Goldfish RGC axons showed a clear preference for Plys and
avoided the rat M1-4 containing stripes (Figure 3). 84% of the explants
were in category d, 14% in c, 4% in b and none in a. Zebrafish RGC
axons exhibited the same avoidance response with rat M1-4 as gold-
fish showing that goldfish and zebrafish axons are inhibited by rat M1-
4 in the same way as with Nogo-A delta20 in earlier experiments
(Abdesselem et al., 2009; Bastmeyer et al., 1991; Manns et al., 2014;
Wanner et al., 1995). With zebrafish retina on rat M1-4, 30% of the
explants were in category d, 60% in ¢, 10% in b and 0% in a. Thus, with
rat M1-4, most retina explants extended axons in stripes (Figure 3).

However, with zebrafish M1-4, goldfish RGC axons as well as
zebrafish RGC axons freely crossed the stripes (Figure 3). 0% of the
goldfish explants grew in stripes of categories d and c, 41% fell in b
and 59% in a. With zebrafish retina on ZF M1-4, 0% were in catego-
ries d, ¢, b and 100% were in a. With GST applied in stripes, neither
goldfish nor zebrafish axons grew in stripes and instead crossed the
striped substrate randomly (100% in a). These results suggest that
zebrafish M1-4—despite its similarity to rat M1-4—is growth-
permissive in this type of stripe assay.

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

To test whether the difference in substrate properties of zebrafish
M1-4 and rat M1-4 can also be recognized by RGC axons of warm
blooded vertebrates, we exposed RGC axons from embryonic E6-7
chicken retina to the same alternating lanes of rat M1-4 and Plys, and
zebrafish M1-4 and Plys, respectively. As demonstrated (Figure 3),
chick RGC axons avoided the rat M1-4 containing lanes (59% in cate-
gory d, 29% in ¢, 12% in b and 0% in a) but freely crossed lanes with
zebrafish M1-4 (100% in category a). Likewise, growth of chicken ret-
ina explants on GST was random (100% in category a).

The growth behavior of goldfish, zebrafish and chicken RGC
axons suggests that zebrafish M1-4 is growth-permissive in this
choice assay and does not cause inhibition to the same extent as rat
M1-4.

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

The G-protein coupled receptor (GPCR) S1PR2 was recently identified
as one of the axonal receptors that binds the Nogo-A-specific region
in mammals and transmits inhibition (Kempf et al., 2014). Homologues
of S1PR2 and S1PR5 were identified in zebrafish. Morpholinos against
S1PR2 as well as chemical inhibitors have been used and approved to
be functional in zebrafish embryos in the context of gastrulation, heart
development and vascular patterning (Gu et al., 2011; Kai et al., 2008;
Kupperman, An, Osborne, Waldron, & Stainier, 2000; Mendelson, Zyg-
munt, Torres-Vazquez, Evans, & Hla, 2013). We investigated whether
members of this GPCR family might potentially be involved in the reac-
tion of zebrafish RGCs to Nogo-A. Using RT-PCR we found that
S1PR2 and S1PR5a are transcribed in the zebrafish retina. To verify
that the receptors are expressed in RGCs, we performed in situ hybrid-
ization with probes specific for SIPR2 and S1PR5a on retina sections.
Our results show that RGCs express these two receptors (Figure 4). If
these receptors are relevant for the inhibition of RGC axon growth on
M1-4, inhibitors and receptor-type specific MOs should allow growth
of longer axons in single cell RGC cultures on these substrates. We
applied MOs specific for either SIPR2 or S1PR5a to single cell RGCs
growing on rat M1-4 and zebrafish M1-4, respectively. The specific
MOs were used at two different concentrations (0.5 and 1 uM), in par-
allel to control MO at corresponding concentrations (Figure 5a-c).
Both S1PR MOs caused an increase in neurite length on rat M1-4 and
zebrafish M1-4 in a concentration-dependent manner (Figure 5b,c).
With control MO, neurite length on M1-4 was still reduced.

The GPCR S1PR2 can be inhibited by JTE-013 and S1PR1,3-5 by
FTY-720. When outgrowth was determined in the presence of JTE-
013 at 5 uM and FTY-720 at 1 uM, respectively, an increase in neurite
length was observed in single cell RGCs on rat M1-4 and zebrafish
M1-4 (Figure 6a,b). These results imply that S1PR2 and S1PR5a (the
only other member of the family which is expressed in RGCs) are can-
didate Nogo-A and M1-4 receptors in zebrafish RGCs.

These results can explain why zebrafish (and goldfish) RGCs recog-
nize mammalian myelin and Nogo-A as described in earlier studies
(Bastmeyer et al., 1991; Diekmann et al., 2005). Unfortunately, it was
not possible to use the receptor antagonists in the stripe assay with

retinal explants at sufficiently high concentrations that would disrupt
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FIGURE 5 Morpholinos against S1PR2 and S1PR5a reduce the inhibitory influence of rat M1-4 and zebrafish M1-4 on RGCs. (a)
Zebrafish single cell RGCs were plated on GST, Rat M1-4 or Zebrafish (ZF) M1-4. Cells were transfected with lissamine-labeled MOs
against S1PR2 and S1PR5a or control MO at two concentrations of 0.5 and 1 uM, and stained with phalloidin to visualize cell morphology.
DAPI was used to visualize the position of the nucleus (blue) and the lissamine (red) attached to the MO, right next to it. Scale bar, 40 um.
(b) Quantification showed that the reduction in neurite length on Rat M1-4 compared to GST was improved after downregulation of the
putative Nogo receptors by MOs against SIPR2 and S1PR5a in a concentration-dependent manner (with 0.5 and 1 uM MO). Neurite length
was 250.6 = 1.9 um (mean = SEM) on GST with control MO and 132.7 = 1.8 um on Rat M1-4 with control MO. Neurite length on Rat M1-
4 increased to 163.6 = 2.3 um (mean = SEM) with 0.5 puM S1PR2 and to 231.3 = 2.1 um (mean = SEM) with 1 uM S1PR2, *p <.05, n = 358,
n =352, n =324, n = 346). In experiments with MO against S1PR5a, neurite length was 250.6 = 1.9 um (mean + SEM) on GST with control
MO, and 132.7 = 1.8 um (mean = SEM) on Rat M1-4, and increased to 187.3 = 1.8 um (mean = SEM) with 0.5 uM S1PR5a MO on Rat
M1-4 and to 267.8 = 1.6 um (mean * SEM) with 1 uM S1PR5a MO (*p <.05, n = 358, n = 377, n = 351). Neurons (n) from three independ-
ent experiments. One-way ANOVA. Pairwise Comparisons between Groups (Holm-Sidak method). (c) Quantification of neurite length on
Rat M1-4 and ZF M1-4 with S1PR2 and S1PR5a MO at 1 puM. Neurite length was 601.6 = 5.1 pm (mean = SEM) on GST with control MO
and 303.6 = 1.7 um (mean + SEM) on Rat M1-4 with control MO, ***p <.001, and 376.2 + 2.3 um (mean = SEM) on ZF M1-4 with control
MO (***p <.001). Neurite length was 523.4 = 3.4 um (mean = SEM) on GST with S1PR2 MO (p = .46); 525.3 = 3.6 um (mean = SEM) on Rat
M1-4 with SIPR2 MO (p = .41); 608.1 = 4.5 pm (mean =+ SEM) on ZF M1-4 with S1PR2 MO (p = .54); 664.2 = 4.1um (mean = SEM) on GST
with S1IPR5a MO (p =.54); 542.8 = 3.3 um (mean = SEM) on Rat M1-4 with S1IPR5a MO (p =.73); and 635.4 = 4.1 um (mean = SEM) on ZF
M1-4 with S1IPR2 MO (p =.89). (h =314, n=331, n=312, n =331, n =380, n =299, n= 361, n =284, n = 328). Neurons (n) from three
independent experiments. One-way ANOVA. Pairwise comparisons between groups (Holm-Sidak method). Scale bar, 40 pm

axon growth in stripes. For instance, JTE-013 at 50 puM failed to disrupt permissive for fish RGC axons as well as for rat RGC axons and
growth in stripes and precipitated when used at 100 uM. The receptor DRGs (Bastmeyer et al., 1991; Carbonetto et al., 1987; Caroni &
specific MOs could also not be used in stripe assays since MOs do not Schwab, 1988; Vanselow et al., 1990; Wanner et al., 1995). How
penetrate neurons when RGCs reside in retinal explants. can this be reconciled with the finding that fish CNS myelin con-

Several earlier studies have also emphasized that the fish visual tains Rtndb (Welte et al., 2015) whose M1-4 is apparently inhibi-
pathway as well as fish CNS myelin was comparatively growth tory in the assays with single cell neurons? This was addressed in
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FIGURE 6

Inhibitors of SIPR2 and S1PR5a reduce the inhibitory influence of rat M1-4 and zebrafish M1-4 on RGCs. (a) Zebrafish single

cell RGCs were plated on Rat M1-4, zebrafish (ZF) M1-4 and GST as control and cultured in the presence of compounds JTE-013 and
FTY-720 which block S1PR2 and S1PR1,3-5, respectively. Cells were stained with phalloidin to visualize their morphology. Scale bar, 50
um. (b) Quantification showed that the inhibition of neurite length by Rat M1-4 and Zebrafish (ZF) M1-4 compared to GST was improved
by JTE-013 and FTY-720 which block the potential Nogo receptors. On GST neurite length was 610.8 = 4.4 um (mean = SEM), on Rat M1-
4 it was 313.7 = 1.8 pm (mean = SEM, ***p <.001) and on Zebrafish M1-4 it was 362.4 + 2.5 um (mean = SEM, ***p <.001) in controls. On
GST with JTE-013 neurite length was 576.8 = 4.6 um (mean + SEM, p = .56). On Rat M1-4 and with JTE-013, neurite length was 563.9 =
4.6 um (mean = SEM, p = .77); on zebrafish (ZF) M1-4 and JTE-013, it was 600.7 = 4.4 um (mean = SEM, p = .87). On GST and with FTY-720,
neurite length was 643.08 + 5.6 um (mean + SEM, p =.9), 551.08 = 4.1 um (mean = SEM) on Rat M1-4 with FTY-720 (p = .8), and 529 + 3.7
um (mean = SEM) on ZF M1-4 and with FTY-720 (p = .84,n =499,n=522,n=515,n =502, n =507,n =531, n =508, n = 672, n = 537).
Neurons (n) from three independent experiments. One-way ANOVA. Pairwise Comparisons between Groups (Holm-Sidak method)

the next series of experiments with CNS myelin from zebrafish and

rat.

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

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

In the first experiment, CNS myelin was added to PDL-coated cov-
erslips as patches of 300-600 pum in diameter, onto which either single
cell zebrafish RGCs or else mouse hippocampal neurons were seeded
(Figure 7a,c). Five days later, neurons were fixed and stained with Phal-
loidin and neurite length was quantified on myelin and on PDL next to
the myelin dots as control. We also realized that there were signifi-
cantly fewer cells on rat CNS myelin than on zebrafish CNS myelin as

determined by DAPI-staining of the nuclei. Counts of nuclei on both
substrates showed that rat CNS myelin had on average 15.5 cells per
100 X 100 um and zebrafish CNS myelin had on average 19.2 cells per
100 X 100 um. Thus, there are 19.4% fewer cells on rat compared to
zebrafish CNS myelin. Neurite length was also more strongly reduced
by rat CNS myelin than zebrafish CNS myelin. Length of mouse hippo-
campal neurons on rat CNS myelin was 45% reduced in comparison to
zebrafish CNS myelin (Figure 7c,d). RGC neurite length on rat CNS
myelin was reduced by 31% compared to zebrafish CNS myelin (Figure
7a,b). Even though neurite length was significantly higher on zebrafish
compared to rat CNS myelin it was 41% less (hippocampal neurons)
and 30% less (zebrafish single cell RGCs) than on Plys which is consist-
ent with the notion that myelin is generally not a good substrate (Bast-
meyer et al., 1991). These results confirm that CNS myelin from fish is
growth permissive in comparison to rat CNS myelin, despite the fact
that zebrafish CNS myelin contains M1-4 which, when offered as the
sole substrate, proved to be inhibitory to single cell RGCs and hippo-
campal neurons (Figure 2). This suggests that the concentration of
M1-4 in zebrafish myelin may be low, particularly at the time when
axons regenerate in the optic nerve.

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

To address this issue we made cryosections through the zebrafish
optic nerve, normal and at 3 days after ONS for immunostainings with
the AB against the myelin protein PO (Saul et al., 2010), and stained
sections of the same nerve with the AB against Rtn4b (Figure 8). The
AB against PO showed that myelin is recognized in the normal optic
nerve and is still abundant at 3 days after ONS (Figure 8d), the time
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FIGURE 7 Neurite growth on CNS myelin. (a) RGCs (stained by phalloidin) reside on PDL outside of myelin patches (left) and on Rat CNS
myelin or Zebrafish (ZF) CNS myelin (right), respectively. Scale bar, 40 um. (b) Neurite length of ZF RGCs was significantly reduced (24%)
on rat CNS myelin compared to ZF CNS myelin. The value are 173.8 = 0.5 um (mean = SEM) on ZF CNS myelin and 132.4 = 0.33 um
(mean + SEM) on Rat CNS myelin, ***p <.001, n = 1,438, n = 1,391). Growth on ZF CNS myelin was 30% reduced compared to the PDL
substrate surrounding the myelin. The values are 246.56 = 0.7 um (mean = SEM) on PDL and 173.8 = 0.5 um (mean = SEM) on ZF CNS
myelin, ***p <.001, n = 1,041, n = 1,391). Growth on Rat CNS myelin was 47% reduced compared to the PDL substrate surrounding the
myelin. Specific values are 245.6 = 0.7 pm (mean = SEM) on PDL and 132.4 = 0.33 pum (mean + SEM) on Rat CNS myelin, ***p <.001,

n= 1,188, n = 1,438. Neurons (n) from three independent experiments. Two-tailed unpaired Student’s t-test. (c) Hippocampal neurons (Hip
neurons) are depicted which reside on PDL outside of myelin patches (left) and on Rat CNS or ZF myelin (right), respectively. Scale bar, 40
um. (d) The quantification shows that neurite length of hippocampal neurons on rat CNS myelin was 35% reduced compared to growth on
zebrafish CNS myelin. Specific values are 436.2 = 1.7 um (mean = SEM) on ZF CNS myelin and 279.7 + 1.3 um (mean + SEM) on Rat CNS
myelin, ***p <.001, n =912, n = 740). Growth on Zebrafish CNS myelin is 41% reduced compared to the PDL substrate surrounding the
myelin. Values are: 737.8 + 3.9 um (mean = SEM) on PDL and 436.2 + 1.7 um (mean + SEM) on ZF CNS myelin, ***p <.001, n = 842,

n = 912. Growth on Rat CNS myelin is 62% reduced compared to the PDL substrate surrounding the myelin. The specific values are
728.5 + 3.8 um (mean + SEM) on PDL and 279.7 = 1.3 um (mean = SEM) on Rat CNS myelin, ***p <.001, n = 794, n = 740. Neurons (n)
from three independent experiments. Two-tailed unpaired Student’s t-test

when regenerating axons enter into the brain-side nerve (Strobel et al., b). Earlier work (Welte et al., 2015) showed that Rtn4b immunostaining
1994; Welte et al., 2015). Rtn4b staining was comparatively weak in intensity increases at 5 and 10 days after ONS because of the arrival
the normal nerve and was even weaker at 3 days after ONS (Figure 8a, of regenerating axons. Rtn4b is upregulated in RGCs after ONS and
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FIGURE 8 Immunostainings of zebrafish optic nerve cryo-sections show a decrease of Rtn4b after optic nerve section (ONS). Cross
section through the zebrafish optic nerve, normal (control) and 3 days after ONS, were exposed to pABs against Rtn4b (a, b), Rtn4a (e, f)
and PO (c, d). (a, b) Rtn4b staining is weak in the normal nerve and further decreases in the nerve after ONS The small structures with high
immunostaining intensity (arrows) represent most likely the first regenerating axons (Welte et al., 2015). (c, d) Staining with anti-PO shows
myelin in the optic nerve which is abundant in the normal nerve as well as at 3 days after ONS (on consecutive sections to a and b, respec-
tively). (e, f) Staining with pAB against Rtn4a shows a weak staining of fascicle boundaries which increases at 3 days after ONS (consistent
with Abdesselem et al., 2009). Scale bar, 100 um

highly expressed in regenerating axons, the first ones of which are myelin protein PO remains unchanged. Rtn4b does not seem to repre-
already seen at 3 days (Figure 8). Excluding the signal of axons, the sent a major impediment for the regenerating axons along their path

Rtn4b staining is low in the lesioned optic nerve and myelin whereas through the nerve/tract. This contrasts to the situation in mammals
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FIGURE 9 Content of Rtn4b is reduced in zebrafish optic nerve myelin after lesion. Lysates of whole optic nerves, normal and at 5 days
after ONS (a, ¢, e), and myelin preparations obtained from the normal and lesioned optic nerve 5 days after ONS (b, d, f), were probed with
specific ABs for their content of the myelin protein PO, Rtn4a and Rtn4b. The signal with the pAB against Rtn4b was significantly reduced
in whole nerve extracts (a) and myelin (b) after ONS. Values are 8.8 = 1.0 (mean * SEM) in control nerve and 5.2 + 1.1 (mean * SEM) in
nerves after ONS, *p <.05 (n=8, n=_8), and 8.9 = 1.1 (mean = SEM) in control (contr) myelin and 3.1 + 0.3 (mean = SEM) in myelin after
ONS, ***p <.001 (n =8, n = 8). (c) Rtn4a was significantly increased in whole optic nerve after ONS compared to control nerves (8.9 = 1.0
[mean + SEM] in control nerve and 12.0 + 0.7 (mean =+ SEM) in the optic nerve after ONS, *p < .05, n =8, n = 8). (d) Rtn4a was slightly
increased in myelin fractions after ONS, with specific values of 10.4 + 0.5 (mean * SEM) in control myelin and 11.4 = 0.5 (mean = SEM) in
myelin after ONS, p =.19 (n =8, n = 8). (e) The signals obtained with pAB against PO were equal in whole nerve extracts with and without
ONS. Specific values are 42.3 = 4.8 (mean = SEM) in control nerves and 42.2 + 4.8 (mean * SEM) in optic nerve after ONS, p=.99 (=8,
n = 8). (f) PO was equal in myelin with and without ONS. It was 30.0 + 1.6 (mean = SEM) in myelin from control nerves and 30.6 = 1.9
(mean = SEM) in myelin after ONS (p = .84, n = 8, n = 8). The quantification in histograms next to the dot blots show results of four
independent experiments. Two-tailed unpaired Student’s t-test. (g) Western blots with lysates from normal nerves (Contr) and nerves at 3
days after ONS also demonstrate a 40.7% decrease in Rtn4b in the brain-side optic nerve/tract. Alpha-tubulin served as loading control.
Specific values (intensity of protein band compared to tubulin) are: 6.95 = 0.37 (mean = SEM) in control and 4.12 = 0.31 (mean = SEM) at 3
days after ONS. The quantification in the histogram next to the blot show results of three independent experiments (**p <.005)

where RTN4-A/Nogo-A is strong in optic nerve myelin, remains strong nerve homogenates of normal nerves. Dot blots were used since they
after lesion (Hunt, Coffin, Prinjha, Campbell, & Anderson, 2003; Pernet, allow a better estimate of the amount of a specific protein such as
Joly, Christ, Dimou, & Schwab, 2008) and impairs axon regeneration. Rtn4b per volume tissue (especially myelin). To guarantee that the

Comparison of stainings by AB against Rtn4b with AB against same amount of myelin and nerve homogenate was used in separate
Rtnd4a—which is growth promoting—shows that Rtn4a, in contrast to dot blots, optical density of the probes was measured prior to applica-
Rtn4b, is increased after ONS (Figure 8e,f) and is mostly in fascicle tion. In addition, whole nerves, normal and at 3 days after ONS, were
boundaries and axons as demonstrated earlier (Abdesselem et al., prepared for Western blots. Samples were probed with ABs against PO
2009). and Rtn4b. The dot blots in Figure 9 show strong signals for PO both in

To obtain a better estimate on the Rtn4b content in myelin, dot the normal nerve and at 3 days after ONS (Figure 9e). Rtn4b in optic
blots were performed with fractions highly enriched in myelin from nerve myelin and homogenate was 62 and 42%, respectively, reduced
nerves at 5 days after ONS and with whole nerve homogenates at 3 at 5 and 3 days after ONS compared to myelin and homogenate of the

days after ONS. This was compared to Rtn4b in myelin and whole normal nerve (Figure 9a,b). Rtnda, however, was present in the normal



and regenerating optic nerve and was 34% increased in the whole
nerve homogenate and 9% in optic nerve myelin at 3 and 5 days after
ONS (Figure 9¢,d) consistent with the immunostainings (Figure 8) and
earlier results (Abdesselem et al., 2009). The reduction of Rtn4b in the
3 days ONS nerve also became evident in Western blots showing a
40.7% reduction of Rtn4b after lesion compared to the normal control
(Figure 9g).

The results led to the conclusion that the concentration of Rtn4b
is low in optic nerve myelin and optic nerve total at the time when
axons regenerate into the brain side optic nerve. Thus, even if M1-4 of
Rtn4b is inhibitory when offered as substrate to RGCs, it seems not to
be present to any significant extent in the path of regenerating axons
after optic nerve lesion. Moreover, consistent with earlier (Bastmeyer
et al., 1991; Wanner et al., 1995) and present results, zebrafish CNS
myelin substrate properties are significantly better in terms of axon
growth support than rat CNS myelin for fish RGCs as well as mouse
hippocampal neurons.

5 | DISCUSSION

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

5.1 | Zebrafish M1-4 and Rtn4b

In mammals, Nogo-A/RTN4-A (and thus M1-4) is rich in CNS myelin in
the path of severed axons (Pernet et al., 2008) and blocks their growth
in vivo and in vitro (Schwab, 2010). Not so in fish. Myelin fractions
from the zebrafish CNS were a significantly better substrate for neurite
growth of single cell RGCs and hippocampal neurons than rat CNS
myelin. This result is in accordance with earlier data (Bastmeyer et al.,
1991; Caroni & Schwab, 1988; Wanner et al., 1995). However, zebra-
fish optic nerve myelin, normal and particularly at 3 and 5 days after
ONS, contains apparently very little Rtn4b, as demonstrated by immu-
nostainings of optic nerve sections and Western and dot blot analysis
of myelin fractions of the lesioned optic nerve. Other myelin proteins,
in particular MBP (Welte et al., 2015) and PO, persist in myelin for at
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least 10 days. Thus, myelin is abundant at the time when regenerating
axons pass through the nerve (Strobel & Stuermer, 1994; Welte et al.,
2015) but potentially inhibitory Rtn4b/M1-4 is low when regenerating
axons arrive. Curiously, Rtnda, the paralogue of Rtn4b (Shypitsyna
et al, 2011), is known to be growth supportive in fish (Abdesselem
et al., 2009) and increases in the lesioned nerve.

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

That dissociated neurons in single cell neuronal cultures are more
sensitive to inhibitors than axons from retinal explants is supported by
the fact, that the effective concentration of M1-4 was 100 times less
in the outgrowth compared to the stripe assay.

Rtn4 proteins are structural proteins of the ER (Ramoé et al., 2016;
Shibata et al., 2008), and Rtn4b was accordingly seen in the ER of fish
oligodendrocytes in vitro (Welte et al., 2015) and in fish RGCs. The fact
that RGCs after lesioning the optic nerve upregulate Rtn4b and that
downregulation impairs axon regeneration is consistent with the notion
that Rtn4 proteins in the ER play an important role for the regrowth of
lesioned axons (Manns et al., 2014; Merianda et al., 2009; Welte et al.,

2015). Axon regrowth requires a massive increase in protein synthesis.
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The function of Rtn4b in oligodendrocytes and myelin may as well be
ER associated. Whether zebrafish Rtn4b is brought to the cell surface
as was reported for Nogo-A in mammals (Schwab, 2010) requires more
sophisticated immunostaining methods (Dodd et al., 2005). Still, Rtn4b
could become accessible to regenerating axons in the degenerating
myelin debris that lies in their path through the nerve and tract (Strobel
& Stuermer, 1994). However, the difference in immunostainings
obtained with the antibody against mammalian RTN4A/Nogo-A in
myelin of lesioned optic nerves and spinal cord of mice and rats (Pernet
et al., 2008) is striking. Zebrafish Rtn4b decreases in the brain-side
optic nerve/tract after lesion so that zebrafish Rtn4b is by far less
abundant and no impediment for regenerating axons. The immuno-
staining intensity of RTN4A/Nogo-A in the optic nerve and spinal cord
is high proximal as well as distal to the lesion for many days (Hunt
et al., 2003; Pernet et al., 2008). This is consistent with the inability of
mammalian axons to regenerate into the myelin/Nogo-A-containing

nerves.

5.2 | Nogo receptors

The present and former experiments with rat myelin and Nogo-A and
fish axons implied that fish RGCs should possess the Nogo-A receptor
(s) (Bastmeyer et al., 1991). This receptor was recently identified. In
mammals, the GPCR S1PR2 is the signal transducing element of a
receptor complex for Nogo-A delta20 (Kempf et al., 2014; Thiede-Stan
et al., 2015). Our in situ hybridization experiments show that zebrafish
RGCs express the homologue of S1PR2, as well as S1PR5a which is
another member of the family. That both are candidate Nogo-A and
Rtn4b (M1-4) receptors is concluded from results with S1PR2- and
S1PR5a-specific morpholinos and chemical inhibitors. The finding that
receptor subtype-specific morpholinos increase neurite length on rat
and zebrafish M1-4 and counteract inhibition in a concentration
dependent manner and that the same increase in neurite length is
obtained with S1PR2 specific and S1PR1,3-5 chemical inhibitors sug-
gest that regenerating growth cones use these receptor(s) for Nogo-A-
delta20 and M1-4. But as in mammals, SIPR2 and S1PR5a are not
only receptors for M1-4, Nogo-A delta20 and M1-4 in zebrafish
Rtn4b, but were identified as receptors for sphingosine-1 phosphate
(Lee et al., 1998; Mendelson et al., 2013) with many functions in blood
vessel and heart development.

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

in normal development and regeneration.

5.3 | Evolutionary aspects of axon regeneration and
Nogo-like inhibitors

Nogo-A is widely expressed in the mammalian and avian CNS and pres-
ent not only on oligodendrocytes and in myelin but also on the neuro-

nal surface including dendrites and axons. Nogo-A is thought to act as

a repressor of synaptic plasticity (Petrinovic et al., 2013; Schwab,
2010; Zemmar et al., 2014) in mammals and regulator of axon fascicu-
lation in chick (Petrinovic et al., 2010). Reptiles (like the lizard Gallotia
gallotis) also possess Nogo-A in CNS myelin but curiously, the lizard
retinal axons do not recognize it as inhibitor probably because of differ-
ent signal transduction properties of the Nogo receptors (Lang,
Monzon-Mayor, Bandtlow, & Stuermer, 1998; Lang, Romero-Aleman,
Dobson, Santos, & Monzon-Mayor, 2016).

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

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

Moreover, fish optic nerve oligodendrocytes dedifferentiate after
lesion (Ankerhold & Stuermer, 1999) and glia cells express growth pro-
moting molecules on the surface (Abdesselem et al., 2009; Ankerhold,
Leppert, Bastmeyer, & Stuermer, 1998; Hirsch, Cahill, & Stuermer,
1995). This and the unique neuron-intrinsic properties of fish RGCs
showing upregulation of so many growth- associated molecules (Saul
et al., 2010; Stuermer, 2010; Stuermer et al., 1992) which favor axon
growth seems to encourage the elongation of regenerating axons
through the nerve which is reflected by the free crossing of zebrafish
M1-4 in the stripe assay. In other words, different vertebrate classes
use species-specific strategies to ensure success of axon regeneration.
The environment (CNS myelin and oligodendrocytes) which regenerat-
ing zebrafish axons encounter is not growth permissive because Nogo-
A homologues are not expressed but because Rtn4b is less inhibitory

than Nogo-A and reduced in quantity.
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