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In contrast to mammals, lesioned axons in the zebrafish (ZF) optic nerve regenerate and restore vision. This correlates with the absence
of the NogoA-specific N-terminal domains from the ZF nogo/rtn-4 (reticulon-4) gene that inhibits regeneration in mammals. However,
mammalian nogo/rtn-4 carries a second inhibitory C-terminal domain, Nogo-66, being 70% identical with ZF-Nogo66. The present study
examines, (1) whether ZF-Nogo66 is inhibitory and effecting similar signaling pathways upon Nogo66-binding to the Nogo66 receptor
NgR and its coreceptors, and (2) whether Rat-Nogo66 on fish, and ZF-Nogo66 on mouse neurons, cause inhibition via NgR. Our results
from “outgrowth, collapse and contact assays” suggest, surprisingly, that ZF-Nogo66 is growth-permissive for ZF and mouse neurons,
quite in contrast to its Rat-Nogo66 homolog which inhibits growth. The opposite effects of ZF- and Rat-Nogo66 are, in both fish and
mouse, transmitted by GPI (glycosylphosphatidylinositol)-anchored receptors, including NgR. The high degree of sequence homology in
the predicted binding site is consistent with the ability of ZF- and mammalian-Nogo66 to bind to NgRs of both species. Yet, Rat-Nogo66
elicits phosphorylation of the downstream effector cofilin whereas ZF-Nogo66 has no influence on cofilin phosphorylation—probably
because of significantly different Rat- versus ZF-Nogo66 sequences outside of the receptor-binding region effecting, by speculation,
recruitment of a different set of coreceptors or microdomain association of NgR. Thus, not only was the NogoA-specific domain lost in
fish, but Nogo66, the second inhibitory domain in mammals, and its signaling upon binding to NgR, was modified so that ZF-Nogo/RTN-4

does not impair axon regeneration.

Introduction

In the mammalian CNS the attempts of lesioned axons to regrow
are blocked by axon growth-inhibitory and -repulsive molecules
associated with CNS myelin, oligodendrocytes (Schwab, 2004;
Yiu and He, 2006), macrophages (Horn et al., 2008), and the glial
scar (Silver and Miller, 2004). A potent inhibitory protein in
oligodendrocytes and the mammalian CNS myelin is Nogo-A,
the largest of three transcripts of the nogo/rtn-4 gene (Chen et al.,
2000; GrandPré et al., 2000; Prinjha et al., 2000). Application of
blocking antibodies (ABs) against the NogoA-specific region in
spinal cord-lesioned mammals allows axon regeneration and to
some extent reestablishment of function (Z’Graggen et al., 1998;
Schwab, 2004) emphasizing its importance. Nogo-A has, in ad-
dition to its N-terminal inhibitory NogoA-specific region (Chen
et al., 2000), a second inhibitory and evolutionarily conserved
stretch of amino acids, the Nogo-66 domain (Fournier et al.,
2001) located within the C-terminal Reticulon Homology Do-
main (RHD) (Oertle et al., 2003a). Being evolutionarily con-
served, homologs of the RHD- and Nogo66-domain were identified
in fish RTN-4 (Diekmann et al., 2005). However, the inhibitory
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NogoA-specific region is absent from the zebrafish (ZF) rtn-4 gene
(Diekmann et al., 2005), and absence of this domain correlates
with the unique ability of fish to regenerate CNS axons and re-
store function (Gaze, 1970). Interestingly, fish retinal ganglion
cell (RGC) axons recognize rat CNS myelin-associated inhibitors
(Bastmeyer et al., 1991) and collapse upon contact with the rat
NogoA-derived peptide NIGA20 (Diekmann et al., 2005) sug-
gesting that these axons possess a yet unknown receptor for the
NogoA-specific domain. Aside from this Nogo-A receptor, fish
RGC axons also express the GPI (glycosylphosphatidylinositol)-
anchored so-called Nogo-(66) receptor(s) NgR(s) (Fournier et
al,, 2001; Klinger et al., 2004). Mammalian NgRs are associated
with other receptor proteins such as LINGO-1, p75, and/or
TROY (Wang et al., 2002a; Mi et al., 2004; Park et al., 2005),
which are—as demonstrated here—also present in the ZF ge-
nome. NgR binds Nogo-66 as well as other myelin proteins, such
as OMGP (Wang et al., 2002b) and MAG (Domeniconi et al.,
2002), and together with Nogo-66 they exert inhibition on axon
growth through NgRs and coreceptors. This results in cofilin
phosphorylation via Rock and the three gene products Lin-11,
Isl-1,and Mec-3 (LIM) kinase and represents a second inhibition
system for axon regeneration in mammals (Fournier et al., 2003;
Hsieh et al., 2006; Yiu and He, 2006). Having Nogo-receptor(s)
(Klinger et al., 2004), fish RGC axons are expected to respond to
Nogo-66 from fish and perhaps to its mammalian counterpart
which differ from one another in 21 (~30%) aa (Diekmann et al.,
2005). If so, why then is regeneration successful in fish?

In the present study, we show that ZF-Nogo66 is growth-
promoting whereas Rat-Nogo66 inhibits axon growth. These
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findings prompt the question, whether
both Rat- and/or ZF-Nogo66 bind NgR,
and whether enzymatic removal of GPI-
anchored proteins from the plasma mem-
brane would reduce growth inhibition as
well as growth permissiveness implying
activation of different signal transduction
pathways. Our results show that this is
indeed so.

Materials and Methods

ZF were maintained in our breeding colony in
the Tierforschungsanlage (TFA) of the Univer-
sity of Konstanz. The ZF optic nerve was
transected in compliance with animal welfare
legislation. Oligodendrocytes and myelin frac-
tions from the ZF CNS were obtained from
the injured optic nerve according to proto-
cols published earlier (Bastmeyer et al., 1991,
1993).

Antibodies. The source of mouse monoclo-
nal antibodies (mABs) was: O4 from Millipore,
against GFAP from Sigma-Aldrich, against
Neurolin from Zebrafish Information Net-
work, and M802 against goldfish Thy-1 from
our own laboratory (Deininger et al., 2003).
Rabbit polyclonal antibodies (pABs) against
cofilin, phospho-cofilin (Ser3) and phospho-
Erk1/2 (Thr202/Tyr204) were from Cell Sig-
naling Technology, pAB against Myc (A-14)
from Santa Cruz Biotechnology, goat pAB
against GST from GE Healthcare GE Health-
care, anti-human Fc and secondary HRP-
coupled pABs from Jackson ImmunoResearch
and secondary Cy3- and Alexa-488-coupled pABs
from Invitrogen.

Reverse transcriptase PCR. ZF gene expres-
sion of rtn-4 (isoform L), NgR, NgRH1a, and
NgRH2 was analyzed in both the intact and
lesioned optic nerve or retina between 2 and 10 d
after nerve transection. Total RNA was pre-
pared with the RNeasy Mini Prep Kit (Qiagen).
First strand cDNA was synthesized under stan-
dard conditions with the Superscript First-
Strand synthesis System (Invitrogen), using an
oligo (dT) primer. Zero transcripts (without
Supertranscript II in the reaction) were per-
formed in parallel to control for genomic DNA
contamination in subsequent PCR. The amount
and quality of different cDNA samples were
evaluated by comparison with GAPDH.

Expression vectors and generation of fusion
proteins. Constructs in pET28 expression vector
encoding the Rat-NIGA20 and Rat-Nogo66 pep-
tides were kindly provided by M. E. Schwab
(University Zurich and ETH Zurich, Zurich,
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Figure 1. ZF-Nogo66 expression in the ZF CNS. A, RT-PCR analysis on normal (NON) and regenerating zebrafish optic nerves
(RON) shows expression of ZF-RTNAL mRNA. A reverse transcriptase negative control (Tr—) was performed with each sample.
RT-PCR with GAPDH-specific primers (GAPDH) served as a loading control in each reaction. H,0, no template control. B, Western
blot analysis with proteins from the ZF optic nerve (ON), brain (Br) and CNS myelin (M) and AB against ZF Nogo-66 which detects
36 kDa RTNA4L in the optic nerve and brain, and 27 and 22 kDa bands in CNS myelin. C, ZF-Nogo66 AB on cross sections of the
unlesioned zebrafish optic nerve showed staining (red) across the entire nerve and was enriched in fascicle boundaries (arrows)
made by astrocytes. #, Territory of axons and glial cells in fascicles. The insert shows the entire nerve and the region from which the
magpnification was derived. D, Same section as in C, showing GFAP-staining (green) in addition to Nogo66-staining (red) which
colocalize at fascicle boundaries and GFAP-positive processes (arrows). E, After optic nerve lesion, ZF-Nogo66 staining (red) was
associated with patches and diffuse structures, probably myelin debris (*), some astrocyte processes (arrows), and with cells some
of which may represent oligodendrocytes (GFPA-negative; arrowheads). The insert shows the entire nerve and the region from
which the magnification was derived. F, Same section as in E, showing GFAP-staining (green) in addition to Nogo66-staining (red).
Fascicle boundaries made up by astrocytes (arrows) and some astrocyte processes within fascicles are double-labeled. DAPI (blue)
marks nuclei. Scale bars: 20 um. G-/, Oligodendrocyte, isolated from the regenerating ZF optic nerve, is 04-positive (G, green) and
Nogo66-negative (H) after staining on live cells but is stained by anti-ZF-Nogo66 AB (1, red) after fixation. Scale bars: 20
m. J, Nogo-66 is associated with regenerating ZF RGC axons and growth cones after exposure to AB against ZF-Nogo66.
Scale bars: 20 pm.

Switzerland). ZF-Nogo66 sequence was derived from an adult ZF cDNA
library and cloned in pCRII-TOPO vector (Invitrogen). Sequences were
amplified by PCR, inserted into the pGEX-KG plasmid, and GST-fusion
proteins were expressed in E. coli BL21-CodonPlus (DE3)-RIPL (Strat-
agene). Soluble GST-Rat-NIGA20 was purified using glutathione-
Sepharose 4B beads according to manufacturer’s recommendations (GE
Healthcare). GST-Rat-Nogo66 and GST-ZF-Nogo66 fusion proteins
were purified from inclusion bodies according to GrandPré et al. (2000).
For the expression of Nogo-EGFP-GPI fusion constructs, the Rat-
NIGA20, Rat-Nogo66, and ZF-Nogo66 coding sequences were amplified
by PCR and ligated into the pEGFP-ZF-PrP1-GPI eukaryotic expression
vector (Malaga-Trillo et al., 2009). The mouse Myc-NgR1 expression

vector was kindly provided by S.M. Strittmatter (Yale University School
of Medicine, New Haven, Connecticut). The ZF NgR sequence was am-
plified from an adult ZF cDNA library and cloned into the pCRII-TOPO
vector (Invitrogen). The ZF-Myc-NgR plasmid was generated by re-
placing the mouse sequence from the Myc-NgR1 vector with the
corresponding Myc-tagged fish NgR sequence (amino acids 27-479).
For the generation of the mouse- and ZF-NgR(310)ecto-Fc fusion
constructs, the mouse and fish ectodomains (aa 27-310) were ampli-
fied from the corresponding Myc-NgR plasmids and cloned into the
pCRII-TOPO vector (Invitrogen). Then, both cDNAs were separately
subcloned into the pIg-plus vector, upstream of the Fc sequence of the
human IgG1 (Ott et al., 2001). The soluble control-Fc construct was
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generated by inserting the mouse prion protein leader sequence
(amino acids 1-22) into the pIg-plus vector as described above.

Generation of the pAB against ZF-Nogo66 and immunofluorescence.
Rabbits were immunized with purified ZF-Nogo66 peptide after cleavage
of the GST tag with Xa protease (Sigma-Aldrich). Cryostat sections (5-10
pm) of the zebrafish optic nerve, normal and 4-5 d after optic nerve
lesion, were immunostained using purified IgG fractions of pAB against
ZF-Nogo66 and mAB against GFAP according to standard protocols
(Ankerhold and Stuermer, 1999).

Immunostainings of cultured cells. HeLa cells were cultured, transfected
and immunostained as previously described (Schrock et al., 2009).
Briefly, HeLa cells were transfected on poly-lysine-coated coverslips for
24 h, fixed, and stained under nonpermeabilizing conditions with anti-
Myc pAB and Alexa Fluor-568 Phalloidin (Invitrogen). For staining of
live HeLa cells, cells were blocked in 1% BSA in PBS at room temperature
(RT) for 15 min, incubated in primary ABs against Rat- or ZF- Nogo
peptides (ABs against Rat-Nogos were generously provided by M. E.
Schwab) for 1 h at RT in PBS, washed and fixed in 4% PFA in PBS. Bound
ABs were detected by secondary Cy3-coupled ABs. ZF glial cells in culture
were stained live (as above) or after fixation and permeabilization with
the pABs against ZF-Nogo66 and mAB O4 against a myelin/oligoden-
drocyte-specific ganglioside (Bastmeyer et al., 1991).

Western blots. Western blots with proteins from the ZF CNS (optic
nerve, brain, CNS myelin) were performed according to standard proto-
cols (Bastmeyer et al., 1991). Blots were incubated with the primary
anti-ZF-Nogo66 AB for 2 h at RT, washed 3 times for 10 min in TBS-T,
and developed with enhanced chemoluminescence and Hyperfilm TM
(GE Healthcare).

Quantitative axon outgrowth assay. GST-ZF-Nogo66, GST-Rat-Nogo66,
GST-Rat-NIGA20, and GST were applied at a concentration of 50 uMm to
poly-lysine-coated coverslips for 12 h at 4°C, and rinsed 3 times with cold
L15 medium (Biochrom) before use. Isolated ZF retinae were prepared
4-9 d after optic nerve lesion and divided into 200 X 200 wm pieces with
a tissue chopper (Vielmetter and Stuermer, 1989). Ten mini-explants
were plated on each coverslip and incubated at 28°C in F12 medium
(Invitrogen) supplemented with 1% fetal calf serum (FCS), 0.04%
chicken serum, 2 mm L-glutamine, 0.025 m HEPES, and antibiotics (10
pg/ml streptomycin and 10 U/ml penicillin). After 24 h, the number of
axons growing from the retina miniexplants was determined in an in-
verted Axiovert 200M microscope (Zeiss) under phase contrast. Stu-
dent’s t test was used for statistical analysis. The same axon outgrowth
assay was performed under treatment of axons with 0.5 U/ml PI-PLC
(Phosphatidylinositol-Phospholipase C, Sigma-Aldrich). Enzyme activ-
ity was controlled by immunostaining of the PI-PLC-treated axons after
24 h with the mAB against the GPI-anchored protein Thy-1.

Axon collapse assay with soluble ZF-Nogo66, Rat-Nogo66, or Rat-
NIGA20. ZF axons from retina miniexplants were cultured on poly-
lysine-coated coverslips in lumox petridishes (Greiner Bio-one) for 24 h
at 28°C. Femtotips of 0.5 wm tip diameter connected to a microinjector
(Femto Jet, Eppendorf) were loaded with either 100 um GST-ZF-
Nogo66, GST-Rat-Nogo66, GST-NIGA20 or GST alone in elution buffer
(PBS, 10 mMm reduced Glutathione, 50 mm Tris, pH 8.0) supplemented
with 1:20 phenol red. The tip was positioned at a distance of 50 wm or
50-100 wm from the individual growth cone by a micromanipulator
(Inject Man NI 2, Eppendorf) under phase contrast. Each peptide was
delivered continuously (0.92 nl/s) to the growth cone under injection
pressure of 115 hPa. Time-lapse images were captured at 1 min inter-
vals with an Axiovert 200M equipped with an AxioCam MRm camera,
and edited using the Axiovision 4.7 software (all Zeiss). A test for axon
growth was performed for 30 min without reagent release to assure
that the selected growth cone advances well. Time-lapse images were
collected for an average of 150 min and the behavior of the growth
cone was classified as either “growing” (growth cone elongation) or
“collapsing” (growth cone collapse). The Student’s ¢ test was used for
statistical analysis.

Contact assay: cocultures of ZF axons with Nogo peptide-expressing HeLa
cells. HeLa cells transfected with different constructs encoding the EGFP-
coupled Nogo-GPI fusion proteins and EGFP-GPI as control were plated
on poly-lysine-coated coverslips for 12 h. Cells were then transferred to
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Figure 2.  Axon outgrowth assay. Histogram showing the average number of ZF RGC axons
per retina mini-explant after 24 h in culture. The quantification includes six separate experi-
ments with a total number of ~100 retina mini-explants per substrate. Substrates are as
indicated below each column. GST was used as a positive control for axon outgrowth. Bars in
each column represent SEM, and asterisks indicate significant difference (*p << 0.05; **p <
0.01; ***p < 0.001) by Student's t test. Number of axons per explant on ZF-Nogo66 is signifi-
cantly higher compared to Rat-Nogo66 (and GST), and growth on Rat-Nogo66 is significantly
higher compared to Rat-NIGA20.

F12 medium supplemented with 0.04% FCS, a condition which is appro-
priate for ZF cells and which allows survival and heterologous expression
of HelLa cells in cross-species assays (Bastmeyer et al., 1991). Mini-
explants were added and cocultured with HeLa cells at 28°C. After 24 h,
the ZF growth cones were monitored when they contacted the trans-
fected HeLa cells. Time-lapse images were captured at 1 min intervals for
an average of 75 min as described above and the behavior of the growth
cone was classified as either growing (growth cone elongates and grows
across the cell) or collapsing (growth cone collapses after contact with the
cell) or avoiding (growth cone avoids to cross the cell and grows around
it) (Bastmeyer et al., 1991). The Student’s ¢ test was used for statistical
analysis.

Pull-down, PI-PLC, and cofilin phosphorylation assays. Mouse neuro-
blastoma (N2a) cells were cultured in MEM supplemented with 10%
FCS, 1r-glutamine, and penicillin/streptomycin, and transfected with
the mouse-, ZF-NgR(310)ecto-Fc, or control-Fc vectors using Lipo-
fectamine 2000 (Invitrogen). After 24 h of transfection, cells were cul-
tured in MEM supplemented with 20 mm sodium HEPES, pH 7.2, and
2% BSA for additional 24 h. Then, conditioned media were collected,
cleared by centrifugation at 15,000 X g for 20 min at 4°C, and 1 ml
aliquots were incubated with 10 ug of purified GST, GST-Rat-Nogo66 or
GST-ZF-Nogo66 for 1 h at 4°C. Finally, all samples were incubated with
20 ul of protein-G Sepharose (GE Healthcare) for 2 h at 4°C, and bound
proteins were analyzed by anti-GST and anti-Fc immunoblots. For PI-
PLC treatment, total membrane fraction of transfected N2a cells express-
ing the mouse or ZF Myc-NgR were prepared as previously described
(Solis et al., 2007). Then, membrane fractions were treated with 0.5 U/ml
PI-PLC in PBS for 3 h at 25°C, centrifuged at 100,000 X g for 45 min at
4°C, and soluble fractions were analyzed by an anti-Myc immunoblot.
For analysis of cofilin phosphorylation, transfected and non-transfected
N2a cells were starved overnight and stimulated with 50 nm purified GST,
GST-Rat-Nogo66 or GST-ZF-Nogo66 in MEM for 30 min at 37°C. Cell
lysates were prepared as previously described (Munderloh et al., 2009)
and analyzed by Western blots with anti-cofilin, anti-phospho-cofilin,
and anti-phospho-Erk1/2.

Neurite outgrowth assays with hippocampal neurons. Hippocampal
neurons were prepared from 1- to 3-d-old mice on poly-lysine-coated
coverslips as previously described (Munderloh et al., 2009). For the
quantification of neurite outgrowth, neurons received 10 ug/ml GST-
ZF-Nogo66 and/or GST-Rat-Nogo66 or GST, applied immediately after
plating together with or without 0.5 U/ml PI-PLC, and fixed 24 h later.
Neurites of isolated neurons were traced, and their length was measured
using ImageJ software (National Institutes of Health). Since the length of
the longest neurites always correlated with length of all neurites, only one
parameter, namely the length of the longest neurite, was documented in
the figures.
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Sequence alignments. GenBank accession
numbers of protein sequences used for multi-
ple alignments are listed in supplemental Table
1, available at www.jneurosci.org as supple-
mental material. Sequences were aligned using
MUSCLE (Edgar, 2004) and edited manually.
Alignment annotation was done in Jalview
(Waterhouse et al., 2009) and secondary struc-
ture annotation of Nogo-66 alignment by
Robetta (Chivian et al, 2005). Secondary
structure annotation of NgR was performed
based on Pfam (Finn et al., 2008), UniProt
(Jain et al., 2009), and SMART (Letunic et al.,
2006) feature data.

Results

Expression of ZF-RTN4/Nogo66 in the
regenerating ZF optic nerve/tract

The expression of RTN-4 and its Nogo-66
domain in the fish optic nerve —a precon-
dition for affecting ZF RGC axon growth
and regeneration — was analyzed by re-
verse transcriptase PCR (RT-PCR) show-
ing RTN-4L (the largest of the splice
variants RTN4-L, -M and -N; Diekmann
et al,, 2005) in the normal and regenerat-
ing optic nerve (Fig. 1A). Western blots
with anti-ZF-Nogo66 AB revealed bands
at 36 kDa in the optic nerve, isolated glial
cells and brain corresponding to RTN-4L,
and at 27 and 22 kDa [RTN4-M and -N,
respectively (Diekmann et al., 2005)] in
fractions highly enriched in optic nerve
myelin (Fig. 1B). ZF-Nogo66 AB gave
staining of axon bundles and glial cells
which were coimmunostained by the re-
spective glia-markers (Fig. 1C-I).

In the regenerating optic nerve, Nogo-66
AB staining detected GFAP-positive pro-
cesses of astrocytes, GFAP-negative Nogo66-
positive cells resembling oligodendrocytes
(Fig. 1C-F) and O4-positive fish oligo-
dendrocytes in vitro (Fig. 1G-I) but was
not detected on the cell surface when AB-
staining was performed on live cells. La-
beling of fixed cells, however, resulted in
intense intracellular staining which is
consistent with results obtained in mam-
mals where Nogo-A shows association
with the ER and is surface-exposed in
very small amounts (Dodd et al., 2005).
Irregular patches and diffuse features
(Fig. 1E) most likely representing mye-
lin debris (Strobel and Stuermer, 1994;
Ankerhold and Stuermer, 1999) as well as
ZF RGC axons in the nerve and in vitro

were also Nogo66-positive (Fig. 1C,J). Thus, regenerating axons
in the optic nerve could encounter Nogo-66 associated with my-

elin debris and other axons.

Quantitative outgrowth assay: ZF-Nogo66 is

growth-permissive

To clarify whether ZF-Nogo66 has inhibitory properties like its
mammalian ortholog, number of axons from retina miniexplants
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Figure 3.  Collapse assay. A-L, Time-lapse microscopy of ZF RGC growth cones responding to GST alone (A-C), to GST-ZF-
Nogo66 (D-F), GST-Rat-Nogo66 (G-1), and GST-Rat-NIGA20 (J-L). Time of application in minutes is indicated. The position of
the femtotip is marked by an asterisk (*). A—F, The growth cones (arrows) elongate after application of soluble GST (4-C) or
GST-ZF-Nogo66 (D—F). G-L, Cessation of growth cone motility after application of Rat-GST-Nogo66 (G—/) or Rat-GST-NIGA20
(J-L). Arrowheads indicate retraction bulbs of collapsed growth cones. Note the contact between the lower of the two growth
cones (F, arrow) and the tip of the needle (¥). Scale bar: 10 um. M, Quantification of growth cone responses: growth (gray bars),
collapse (black bars) following application of GST-ZF-Nogo66, GST-Rat-Nogo66, GST-Rat-NIGA20 and GST. Bar in columns, SEM; n
is the number of growth cones. A statistical difference exists between all experiments but only the two most important ones are
indicated by asterisks (*p << 0.05; **p << 0.01 according to Student’s t test). Note that ZF-Nogo66 allows a significantly higher
percentage of growth as opposed to Rat-Nogo66 and Rat-NIGA20 which cause collapse in 79 and 82%, respectively, of the growth
cones.

in dependence of the substrate was determined in the “quantita-
tive outgrowth assay” (Vielmetter and Stuermer, 1989). From six
independent experiments including ~100 retinal explants for
each substrate, axon growth on recombinant GST-ZF-Nogo66 or
GST-Rat-Nogo66 was evaluated. This value was compared to
the number of axons on the inhibitory substrate GST-Rat-
NIGA20 (Qertle et al., 2003b), which served as “inhibition
control” (Diekmann et al., 2005) and axon numbers on GST
(100%) as “growth control” (Fig. 2). The average number of
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growth cones.

axons on Rat-Nogo66 with 19 axons/explant was significantly
reduced compared to the controls (GST) showing an average of
27 axons/explant whereas the number of axons on Rat-NIGA20
with 12 axons/explant was significantly lower than on Rat-
Nogo66 (Fig. 2). ZF-Nogo66, however, had no inhibitory effect
on growing axons: the number of axons (33 axons/explant) was
significantly higher than on the control substrate GST and ~2.7
and 1.7 times higher than on Rat-NIGA20 and Rat-Nogo66, re-
spectively. Thus, ZE-Nogo66 appears to be a better substrate than
GST for axon growth. This contrasts to the properties of Rat-
Nogo66 which negatively affects the growth of fish axons.

Collapse assay: ZF-Nogo66 allows growth cone elongation

Whether Rat-Nogo66 but not ZF-Nogo66 might cause collapse
was determined by time-lapse microscopy and the reaction of
RGC growth cones upon application of GST-ZF-Nogo66, GST-
Rat-Nogo66, GST-Rat-NIGA20 and GST at a distance of 50 um
(and 50—100 wm; supplemental Fig. 1, available at www.jneurosci.

ZF-Nogo66 Rat-Nogo66 Rat-NIGA20

Contact assay. ZF RGC axons were cocultured with non- (NT) or transfected HeLa cells expressing ZF-Nogo66-EGFP-
GPI, Rat-Nogo66-EGFP-GPI, Rat-NIGA20-EGFP-GPI, or EGFP-GPI (insert). A—1, Growth cone (arrows) contact with cells resulted in
growth cone collapse (4—C), avoidance (D-F) and growth on the cell (G-1). Scale bar, 20 pem. J, Quantification of the growth cone
responses in dependence of the expressed Nogo peptide. All differences between substrates are significant but only the two most
important ones are labeled accordingly (*p << 0.05; **p << 0.01 according to Student’s t test). Bar in columns, SEM; n, number of
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org as supplemental material) to the
growth cone, over an average time of 150
min (Fig. 3). GST control protein applica-
tion did not affect extension or motility
(Fig. 3A—C) in 73% of the tested growth
cones. Twenty-seven percent collapsed
which we consider as the “background
collapse rate,” which was observed earlier
in such assays with fish RGCs and rat dor-
sal root ganglion neurons and goldfish
CNS myelin (Wanner et al., 1995). Here,
with GST-ZF-Nogo66, 79% of growth
cones continued to grow (Fig. 3D-F,M)
and 21% collapsed suggesting that ZF-
Nogo66 has no collapsing activity beyond
the background rate. One growth cone
(Fig. 3F) grew toward the source of ZF-
Nogo66 and established intimate contact
with the tip of the micropipette—a behav-
ior not seen with the other peptides. In
contrast, GST-Rat-Nogo66 and GST-
NIGA20 induced collapse in 78 and 82%
of growth cones, respectively (Fig. 3G-I,
J-M). Thus, the percentage of elongating
growth cones during the application of
GST-ZF-Nogo66 was three to four times
higher than with GST-Rat-Nogo66 (22%)
or GST-Rat-NIGA20 (18%) which caused
collapse of the vast majority of growth
cones. These findings show that Rat-
Nogo66 has an inhibitory influence on
fish axon growth whereas ZF-Nogo66
does not impair growth cone advance (be-
yond the background collapse rate) and
hence is growth permissive.

= % Growth
= % Avoidance
m % Collapse

Contact assay: axons contacting

HelLa cells expressing Rat- and
ZF-Nogo66, respectively

To analyze whether Nogo-66 and NIGA20
affect RGC growth cones when exposed
on the surface of cells, we fused the rele-
vant peptides to a GPI-anchor from ZF
Prion protein-1 and EGFP (Malaga-Trillo
et al., 2009) for the transfection of HeLa
cells (rather than primary fish oligodendrocytes—which we
would have preferred for these experiments but which gave a
smaller than 1% transfection rate) and used EGFP-GPI trans-
fected HeLa cells as control. HeLa cells expressing NIGA20-
EGFP-GPI on the surface (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material) caused collapse in 63%
and avoidance in 20% of the growth cones, and 17% crossed the
cells (Fig. 4). HeLa cells expressing ZF-Nogo66-EGFP-GPI
showed the opposite: 16% collapse, 19% avoidance, and 65%
growth across the cells. Rat-Nogo66-EGFP-GPI gave 42% col-
lapse and 42% avoidance, and only 16% crossed the cells. Thus,
ZF-Nogo66 allows four times more cell crossings than Rat-
Nogo66 and NIGA20. In contact with non-transfected cells,
growth cone collapse and avoidance occurred in 18 and 15%,
respectively, and 67% crossed untransfected cells, ratios similar
to ZF-Nogo66. EGFP-GPI control transfected cells provoked col-
lapse in 20%, avoidance in 40% and growth across in 40% (Fig.
4). Why EGFP-GPI-expressing cells caused an increase in avoid-
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Figure 5.  Axon/neurite growth assay under PI-PLC. A, ZF RGC axons were grown on GST
(control), ZF- or Rat-Nogo66 in the presence of PI-PLC. The number of axons from ZF retinal
explants growing on Rat-Nogo66 in the presence of PI-PLCincreases significantly but decreases
significantly on ZF-Nogo66 under these conditions whereas there is no change of axon number
on GST. B, Mouse hippocampal neurons extend significantly longer neurites when ZF-Nogo66 is
added to the culture but have significantly shorter neurites with Rat-Nogo66, both values in
comparison to GST. In the presence of PI-PLC, the gain in neurite length on ZF-Nogo66 is lost
(significant) and the reduction in length by Rat-Nogo66 is decreased (significant). Bar in col-
umns, SEM *p << 0.05; **p << 0.01 according to Student’s ¢ test.

ance cannot be readily explained but puts even more weight on
the lower avoidance rate caused by the ZF-Nogo66 fusion protein
and underscores its permissiveness. Thus, ZF growth cones col-
lapse in contact with Rat-Nogo66 and Rat-NIGA20, whereas ZF-
Nogo66 had no collapsing activity beyond the background rate
also seen with untransfected cells and EGFP-GPL.

Rat-Nogo66 inhibits ZF axon growth probably via NgR

To determine whether the inhibition of Rat-Nogo66 on ZF RGC
axons involves fish NgR, we confirmed its expression in ZF retina
by RT-PCR (supplemental Fig. 3, available at www.jneurosci.org
as supplemental material), and performed a quantitative out-
growth assay using PI-PLC to remove GPI-anchored proteins,
including NgR, from the surface. The enzymatic activity of PI-
PLC was confirmed by immunostaining with ABs against a
GPI-anchored protein of ZF RGC axons (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material). With
Rat-Nogo66 as substrate and in presence of PI-PLC, the number
of axons raised to 121% over GST control (100%), and declined
to 35% in the absence of PI-PLC (Fig. 5A4). Growth of PI-PLC-
treated axons on Rat-Nogo66 was statistically different from the
GST control meaning that Rat-Nogo66 transmits signals via a
GPI-anchored receptor, most likely ZF-NgR. Moreover, growth

Abdesselem et al. @ Zebrafish Nogo-66/NgR in Axon Regeneration

on ZF-Nogo66 without PI-PLC treatment (154%) was statisti-
cally different from the growth on the GST control (Fig. 5A),
suggesting that ZF-Nogo66 has indeed growth-permissive/
growth-promoting properties. If so, would the growth of mam-
malian neurons also be enhanced by ZF-Nogo66 —via NgR?

Zebrafish Nogo-66 stimulates neurite outgrowth in mouse
hippocampal neurons probably via NgR

ZF-Nogo66 and/or Rat-Nogo66 were added to the medium of
cultured mouse hippocampal neurons (Fig. 5B). Surprisingly,
ZF-Nogo66 significantly increased neurite outgrowth over con-
trol (GST) by 84%. However, application of Rat-Nogo66 inhib-
ited neurite outgrowth by ~30%. Moreover, when Rat and
ZF-Nogo66 were added together, the ZF-Nogo66-dependent in-
crease in neurite outgrowth was significantly reduced by 17%,
indicating that ZF-Nogo66 and Rat-Nogo66 might act via the
same receptor.

Whether these opposite Nogo-66 effects on neurite growth
might be transmitted by GPI-linked receptors including NgR was
addressed by application of PI-PLC to hippocampal neurons
which were treated with Rat- or ZF-Nogo66. Both, ZF-Nogo66
(positive) and Rat-Nogo66-mediated (negative) effects were
abolished by PI-PLC (Fig. 5B), indicating that both ligands bind
to GPI-linked receptors (including NgR).

Rat- and ZF-Nogo66 bind to the same NgR
Sequence alignments (supplemental Fig. 4, available at www.
jneurosci.org as supplemental material) indicate that Nogo-66,
NgR and, in particular, the NgR ligand-binding region (Grand-
Préetal., 2002; He at al., 2003; Schimmele and Plueckthiin, 2005;
Li et al., 2006) of fish and mammals are homologous suggesting
that Nogo66-evoked signaling through NgR could theoretically
proceed in fish in the same way as in mammals. These consider-
ations imply that ZF- as well as Rat-Nogo66 interacts with ZF-
NgR as well as with mouse NgR. The opposite reaction to binding
of different Nogos to NgR can, therefore, only be explained if ZF-
and Rat-Nogo66 activate different signal transduction pathways.
To clarify whether this is the case we had to first determine
directly (biochemically) Nogo-66 binding to NgR. We cloned the
ZF homolog of mammalian NgR (Fournier et al., 2001; Klinger et
al., 2004) and transfected HeLa and N2a cells with the Myc-
tagged mouse- and ZF-NgRs. Immunostaining of transfected
HeLa and N2a cells showed that the ZF-Myc-NgR construct is
expressed at the plasma membrane in a comparable manner as
the mouse Myc-NgR (supplemental Fig. 5A, B). Moreover, mem-
branes prepared from Myc-NgR-expressing N2a cells and ex-
posed to PI-PLC had, according to results of Western blots, lost
the proteins which were in the soluble pool instead (supplemental
Fig. 5C, available at www.jneurosci.org as supplemental mate-
rial). For Nogo66-binding assays, we generated soluble mouse-
and ZF-NgRs consisting of the so-called NgR ectodomain (aa
27-310; NgR(310)ecto) fused to the human IgGl Fc domain
(NgR(310)-Fc) which allows to examine receptor-ligand interac-
tion in pull-down assays. Soluble Fc served as control (supple-
mental Fig. 5D, available at www.jneurosci.org as supplemental
material). Indeed, mouse-NgR coprecipitated not only Rat-
Nogo66 but also ZF-Nogo66 (Fig. 6A), and ZF-NgR coprecipi-
tated Rat- and ZF-Nogo66 (Fig. 6A). These data are consistent
with the high degree of homology between the fish and Rat pro-
teins, and suggest that ZF-Nogo66 which is not inhibitory, binds
ZF-NgR, and that Rat-Nogo66 which does inhibit ZF axon
growth, also binds to ZF-NgR.
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Figure6. Nogo66-NgR binding assays and cofilin phosphorylation by ZF-Nogo66. 4, Conditioned media from N2a cells express- ~ binding site of NgRs are responsible for

ing the soluble mouse- or ZF-NgR-Fc constructs (Mo-NgR1(310)-Fc and ZF-NgR(310)-Fc, respectively) were incubated with puri-
fied GST, GST-Rat-Nogo66 or GST-ZF-Nogo66 (Input). After precipitation, the mixtures were exposed to ABs against Fcand GST for
detection of interacting proteins by Western blots (WB). Note that soluble mouse- and ZF-NgRs interact with both Rat- and
ZF-Nogo66 but not with GST. B, N2a cells were treated with GST, GST-Rat-Nogo66 or GST-ZF-Nogo66 and the corresponding cell
extracts were analyzed by WB with ABs against cofilin, phosphorylated-cofilin (P-cofilin), and phosphorylated-Erk1/2 (P-Erk1/2).
Treatment with Rat-Nogo66 strongly increased the phosphorylation of cofilin (P-cofilin), whereas ZF-Nogo66 showed no effect.

Activation of Erk1/2 was not affected by Rat- or ZF-Nogo66 treatment.

Rat-Nogo66 but not ZF-Nogo66 triggers activation of cofilin
Nogo66-NgR-dependent inhibition involves the signaling from
Rho via ROCK and LIMK to cofilin (Hsieh et al., 2006) and
Ca**-dependent EGFR (epidermal growth factor receptor) sig-
naling to Erk1/2 (Koprivica et al., 2005) both affecting cytoskel-
etal dynamics. Therefore, we analyzed the phosphorylation state
of cofilin and Erk1/2 after treatment of N2a cells and hippocam-
pal neurons with Rat- and ZF-Nogo66. In N2a cells, exposed to
Rat-Nogo66, cofilin was heavily phosphorylated whereas Erk1/2
was not (Fig. 6 B; supplemental Fig. 6, available at www.jneurosci.
org as supplemental material). However, ZF-Nogo66 did not
provoke phosphorylation of cofilin or of Erk1/2 (Fig. 6 B). More-
over, expression of ZF-NgR in N2a cells did not lead to notable
changes in the state of cofilin phosphorylation by ZF-Nogo66
treatment (supplemental Fig. 6, available at www.jneurosci.orgas
supplemental material). Likewise, cofilin was not phosphorylated
to any significant extent in mouse hippocampal neurons exposed
to ZF-Nogo66 whereas Rat-Nogo66 did cause cofilin phosphor-
ylation (data not shown). Together, our data indicate that ZF-
and Rat-Nogo66 can bind to both, NgR from the mouse and NgR
from the fish, but ZF-Nogo66-NgR interaction seems not to ac-
tivate the pathway that is prevalent with Rat-Nogo66 and that
leads to cofilin phosphorylation and blockage of axon growth/
neurite extension. In other words, no axon growth inhibition by
ZF-Nogo66!

Discussion

The present results have uncovered new factors underlying suc-
cessful axon regeneration in the fish CNS: Binding of Nogo-66 of
fish RTN-4 to NgR has no inhibitory effect on fish RGC axon
growth or on mammalian hippocampal neurons and is, instead,
growth promoting whereas Rat-Nogo66 on the same receptors,

the transmission of opposite downstream
signals.

Cofilin effects actin depolymeriza-
tion when activated (dephosphorylated),
which is required for actin cytoskeleton
dynamics during growth cone elongation
(Meberg and Bamburg, 2000; Endo et al.,
2007). Cofilin phosphorylation interferes
with actin dynamics resulting in growth
inhibition and collapse (Niederdst et al., 2002; Hsieh et al., 2006)
as seen with Rat-Nogo66 and NIGA20. The phosphorylation
state of cofilin was not affected by ZF-Nogo66 implying it re-
mains active—probably together with other actin modifying pro-
teins promoting axon/neurite elongation which are regulated by
ZF-Nogo66.

Comparison of growth inhibition in mammals and fish

The Nogo-66 effects on cofilin were determined in N2a cells, a
well growing neuronal cell line allowing efficient transfection and
biochemical assays. Results in the same direction were obtained
with primary hippocampal neurons showing increased neurite
growth with ZF-Nogo66 and a decrease with Rat-Nogo66. The
outcome of these experiments was entirely compatible with the
growth cone responses using ZF RGC axons.

With NIGA20 and Rat-Nogo66, respectively, collapse oc-
curred in 82% and 79% of the growth cones as opposed to 79%
growth with ZF-Nogo66. Likewise, with Rat-Nogo66-expressing
cells, avoidance (42%) and collapse (42%) amounted to 84%,
whereas long-lasting exploratory growth and crossing occurred
in 65% of the growth cones in contact with ZF-Nogo66-
expressing cells. NIGA20-expressing cells blocked growth in 83%
of the growth cones but caused more growth cones collapse
(63%) than Rat-Nogo66 (42%), suggesting that Nogo-A is a
stronger growth inhibitor than Rat Nogo-66, at least for ZF RGC
axons. The present results suggest that absence of the Nogo-A-
specific inhibitory domain and the transition of Nogo66-
dependent signal transduction pathways from inhibition to
growth-promotion correlates with and seems to be causally
linked to the success of axon regeneration in fish.
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Nogo-66 receptors

The theoretical and biochemical analyses of Nogo-66 interaction
with NgR imply that ZF- and Rat-Nogo-66 bind equally well to
the predicted ligand-binding site of the NgRs (He et al., 2003;
Barton et al., 2003). This is no proof that ligands bind as pre-
dicted but the probability is high insofar as the ligand-binding
region of the receptor was identified by Laurén et al. (2007),
was experimentally mapped in the human proteins (Schimmele
and Pliickthun, 2005), and is highly conserved in zebrafish. This
is compatible with the present results showing that one and the
same axon/neurite recognizes ZF- and Rat-Nogo66. A plausible
explanation for the opposite signals through NgR in dependence
of the ligands has to be sought in amino acid exchanges in the
predicted binding region (amino acid Ser25 to Glu31; helix 2,
supplemental Fig. 4, available at www.jneurosci.org as supple-
mental material) of the Rat- as opposed to the ZF-Nogo66
(amino acid Lys25 to Ala31, helix 2), which, when interacting
with NgR, may cause different conformational changes when
from fish rather than mammal. This leads to the speculation that
the recruitment of a different set of NgR coreceptors and/or
switch in the preference of membrane domains may underlie
inverse signaling. In other words, since Rat-Nogo66 leads to the
recruitment of the coreceptors LINGO-1, p75, and/or TROY in
mammals (Wang et al., 2002a; Mi et al., 2004; Park et al., 2005),
Rat-Nogo66 binding to ZF-NgR should also recruit LINGO-1,
p75, and/or TROY in fish resulting in cofilin phosphorylation
and growth inhibition. ZF-Nogo66 binding to NgR in mammals
and fish should abrogate recruitment of this coreceptor set and
either call in another set of coreceptors or cause a transition
into different membrane microdomains with access to signal-
ing pathways involved in growth promotion. Since NgR is a
GPI-anchored receptor, it might transit into specific microdo-
mains (“lipid rafts”) upon ZF-Nogo66 binding (Simons and
Ehehalt, 2002; Munderloh et al., 2009). Recent evidence shows
that microdomain scaffolding proteins are upregulated in fish
RGCs upon optic nerve lesion (Schulte et al., 1997) and promote
axon growth apparently by signals which affect the transport of
bulk membrane and membrane proteins to the elongating
growth cone (Munderloh et al., 2009; Stuermer, 2009). Direct
information on microdomain switches of NgR or the putative
second set of coreceptors is not yet available and is subject of
future work. It also remains open whether the other Nogo-66
receptor, PirB (Atwal et al., 2008), is expressed in ZF RGC axons
and involved in this growth/no growth scenario.

Anyhow, we have to postulate that the complex of NgR and
coreceptors and the hypothetical preference of NgR for specific
microdomains are regulated by the Nogo-66 ligands in mammals
and fish, and in particular by the evolutionarily less-conserved
second helix (supplemental Fig. 4, available at www.jneurosci.org
as supplemental material). In conclusion, whether the NgRs (plus
coreceptors) transduce signals for axon growth as opposed to
inhibition is dependent on the origin of Nogo-66, from fish or
mammal.

Nogo-66 in the path of regenerating axons

Such analysis is only meaningful if ZF rtn-4 is expressed in glial
cells of the optic nerve. The presence of Nogo-66 in glial cells,
RGC axons, and CNS myelin suggests that growth cones of re-
generating axons that contact myelin and myelin debris repeat-
edly along their path to the brain (Strobel and Stuermer, 1994)
can bind Nogo66 and profit from its growth-permissive/promot-
ing property—so that ZF-Nogo66 might indeed be useful for
growth of the regenerating axons in vivo. Moreover, the fact that
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NgR signaling upon ZF-Nogo66 binding promotes growth pre-
dicts that additional ligands of NgR such as MAG, OMGP, and
further myelin proteins negatively affecting axon growth in
mammals (Yiu and He, 2006), probably have no or only weak
inhibitory influence on axon growth in fish, or are simply absent
(such as the NogoA-specific domain). In addition, fish possess
their own myelin components such as the proteins 36k and IP-1
and IP-2 (Jeserich et al., 2008) that are absent from mammals.
Furthermore, no glial scar-associated growth inhibition exists in
goldfish (Hirsch et al., 1995) and glial cell-derived soluble factors
actually support axon regeneration (Schwalb et al., 1996). On top
of the growth-permissive nature of glial cells in the fish optic
nerve the extraordinary neuron-intrinsic properties bring axoto-
mized fish RGCs into an optimal growth state (Stuermer et al.,
1992; Munderloh et al., 2009). The present data together with
earlier results imply that the fish CNS is optimized for success-
ful regeneration and thus could serve as a model for the iden-
tification of parameters required for robust axon regeneration
in the CNS.

Absence of axon growth inhibitors and plasticity

The absence of Nogo inhibitors from the fish CNS correlates not
only with axon regeneration but also with the remarkable plas-
ticity of nerve connections in the fish retinotectal pathway (Gaze,
1970; Easter and Stuermer, 1984; Stuermer and Easter, 1984).
Indeed, Nogo-A in mammals interferes with sprouting of CNS
axons (Von Meyenburg et al., 1998; Buffo et al., 2000) and coun-
teracts plasticity. It is tempting to speculate that fish RGC axon
regeneration and the retinotectal plasticity might be less effective
if the mammalian version of the Nogo gene would be expressed in
the fish CNS. It is also conceivable that absence of inhibitory
substrates permits the exploratory behavior of regenerating fish
axons and the formation of the exuberant axon branches
(Schmidt et al., 1988; Stuermer, 1988a,b) characteristic for fish
RGC axons in vivo. In this context, functional analyses of the
second Nogo-66 receptor PirB will be of interest in future work
since PirB was reported to be crucial for ocular dominance plas-
ticity (Syken et al., 2006). Finally, in light of the difference be-
tween the fish and tetrapod nogo genes, the question arises if
tetrapods acquired an inhibitory version of Nogo-66 and—even
more important—whether they gained Nogo-A during evolu-
tion; or whether fish lost Nogo-66 inhibition and the entire
NogoA-specific domain.
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