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Introduction 
Since decades it has been known that mammals and fish dramatically differ in their 
regenerative abilities of the central nervous system (CNS). While severed CNS axons in 
mammals fail to regrow, axotomized neurons in fish successfully regenerate their 
processes. It is still poorly understood why this potential is lost during evolution and 
development. This question is of particular importance in light of the fact that lesions of 
the spinal cord, for instance, cause paraplegia and are incurable. By contrast, transection 
of fiber tracts in the spinal cord and optic nerve in fish only leads to transient 
neurological impairment. After a few weeks, the animal regains normal motion and 
vision.  

Comparative studies of the inability of mammals and the ability of fish to regenerate 
lesioned CNS axons allowed to identify two major factors accounting for this difference: 
the glial cell environment and neuron intrinsic properties (considered in parts 1 and 2, 
respectively). Among neurite outgrowth inhibitors associated with the glial cells 
RTN4/Nogo is one of the most potent and best characterized molecules. Being a member 
of the ancient reticulon family conserved in the whole eukaryotic kingdom, it was found 
in all vertebrates, including fish (part 4). Therefore, the present study is concentrated on 
RTN4, evolution of its inhibitory regions/properties and its functional role during CNS 
regeneration in fish.  

Data on the molecular mechanisms of axon outgrowth inhibition in different groups of 
vertebrates indicate that changes in the regenerative potential of the CNS occurred 
gradually (part 3). Taking advantage of rapidly growing genome sequence and protein 
structure databases, this work has analyzed how RTN4/Nogo signaling (part 4) becomes 
inhibitory for growing axons and how these changes can correlate with the phylogenetic 
loss of CNS regeneration in adult birds and mammals.  
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1. Axonal regeneration in the mammalian central 
nervous system 

 

Maturation of the mammalian central nervous system (CNS) is accompanied by a 
significant decline of its spontaneous capacity to regenerate axons after injury. With the 
exception of a small pathway in the hypothalamus (Chauvet et al., 1998) and the olfactory 
sensory projections within the olfactory bulb (Monti Graziadei et al., 1980; Morrison and 
Costanzo, 1995), severed axons within long myelinated tracts of the CNS are capable only 
of abortive sprouting that provides little functional recovery (Li and Raisman, 1995; 
Ramón y Cajal, 1928). In contrast, neurons of the adult mammalian peripheral nervous 
system (PNS) do retain their regenerative capacity throughout life. The balance between 
growth-supporting and growth-inhibiting factors, expressed by neurons and non-
neuronal cells, is thought to determine whether regeneration occurs successfully or fails 
(Purves, 2004). 

At the level of the individual neuron successful regeneration requires that cells are able to 
initiate and maintain a gene expression program that provides the necessary material for 
growth cone formation and extension (Verma et al., 2005). It was shown that 
regeneration-competent neurons (for example, in the PNS) start to re-express immediate-
early genes such as c-Jun, Stat3, krox-24, ATF3 (Mason et al., 2003). This likewise occurs 
in the CNS of fish where regeneration of retinal axons is accompanied by upregulation of 
growth-associated molecules: GAP-43, CAP-23, SCG10, reggies/flotillins, cytoskeletal 
proteins and a number of recognition molecules of the immunoglobulin family; e.g.; 
NCAM, L1, CHL1 (Costigan et al., 2002; Munderloh et al., 2009; Schmitt et al., 2003; 
Zhou and Snider, 2006).  

One of the strategies to improve axon elongation and regeneration implies neural 
grafting. Providing a permissive growth environment by means of peripheral or fetal 
grafts allows the regeneration of at least a small number of axons. It was shown that 
Schwann cells produce a variety of neurotrophic and neurotropic factors, extracellular 
matrix, and adhesion molecules responsible for the growth-supporting properties of 
peripheral nerves (Bixby et al., 1988; Fawcett and Keynes, 1990; Raivich and Kreutzberg, 
1993). Under these conditions injured CNS axons are able to grow long distances and, in 
some cases, to even re-establish connections with their targets (Aguayo et al., 1981; Cossu 
et al., 1987; David and Aguayo, 1981; Hagg et al., 1990; Sauve et al., 1995). For example, 
transplantation of peripheral nerve grafts alone promotes regeneration of 5% of retinal 
ganglian cell (RGC) axons in rodents and cats (Villegas-Perez et al., 1988; Watanabe et al., 
1993). This could be enough to recover rudimentary visual perception but not higher 
visual functions such as discrimination of light intensities and visual patterns (Sasaki et 
al., 1993; Thanos, 1992; Thanos et al., 1997). 
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Altogether, these data indicate that a decisive influence on the success of axonal 
regeneration is exerted by the neuronal environment (Aguayo et al., 1991; Riopelle et al., 
1991; Schnell and Schwab, 1990) Thus, two main extrinsic factors are postulated to block 
axonal outgrowth after injury: glial scar and myelin-associated inhibitors. 

Glial scar and proteoglycans 

Injury to the CNS induces a glial reaction, leading to the formation of the glial scar. In 
lesions that spare the dura mater, the scar is composed primarily of astrocytes. But in 
more severe lesions that open the meninges other cell types are also recruited to the place 
of injury: microglia, oligodendrocyte precursors, meningeal cells, etc. (Fig. 1). In addition, 
the damaged CNS contains oligodendrocytes and myelin debris (Fawcett and Asher, 1999; 
Silver and Miller, 2004).  

Figure 1. An example of glial scar formation in the case of stab lesion.  
Stab lesion penetrates the meninges and allows fibroblast invasion in addition to macrophages. 
Axons are highly repulsed by the increasing gradient of CSPGs and KSPGs. Several other inhibitory 
molecules are also made in this type of injury and are especially prevalent in the core of the lesion. 
ECM, extracellular matrix; TGF, transforming growth factor. The picture is modified from Silver and 
Miller, 2004. 

In addition to creating a physical wall for growing axons, reactive astrocytes produce 
proteoglycans (Gallo and Bertolotto, 1990). These extracellular matrix (ECM) molecules 
consist of a protein core linked to a sulphated glycosaminoglycan (GAG) chain that 
contains repeating disaccharide units. Astrocytes produce four classes of proteoglycans: 
heparan sulphate proteoglycans (HSPGs), dermatan sulphate proteoglycans (DSPGs), 
keratan sulphate proteoglycans (KSPGs) and chondroitin sulphate proteoglycans (CSPGs) 
(Johnson-Green et al., 1991; Matani et al., 2007). The CSPGs form a relatively large 
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family, which includes aggrecan, brevican, neurocan, phosphacan, NG2 and versican, all 
of which have chondroitin sulphate side chains. They differ in the protein core, as well as 
the number, length and pattern of sulphation of the side chains (Fig. 2) (Morgenstern et 
al., 2002). Expression of these CSPGs increases in the glial scar in the brain and spinal 
cord of mature animals (Jones et al., 2003). 

 

Figure 2. Lectican family of CSPGs. 
The major CSPGs, shown here, are also known as lecticans due to the presence of C-type lectin 
domains. All lecticans contain N-terminal G1 domains and C-terminal G3 domains. Only aggrecan 
contains the G2 domain. The G1 domain consists of an Ig-like loop and two link modules, whereas 
the G2 domain consists only of two link modules. The G3 domain consists of one or two epidermal 
growth factor (EGF) repeats, a C-type lectin domain and complement regulatory repeat (CRR) 
region. All lecticans contain chondroitin sulphate chains in the central mucin-like domain (brown 
line), whereas aggrecan also has keratan sulphate chains. At the N-terminus all the lecticans possess 
a signal peptide responsible for their extracellular localization. The picture was modified from Matani 
et al., 2007. 

In the early 1990s, the first evidence emerged that CSPGs might have a role in the failure 
of CNS regeneration after injury. Later proteoglycans were reported to block axon 
extension in the developing roof plate of the spinal cord, in the midline of the 
rhombencephalon and mesencephalon, at the dorsal root entry zone, in retinal pattern 
development, and at the optic chiasm and distal optic tract (Silver and Miller, 2004). After 
injury in mature mammals, CSPGs were shown to be secreted within 24 hours and to 
persist for many months. Extensive work has demonstrated that CSPGs are extremely 
inhibitory to embryonic as well as adult axons in culture. Their inhibitory nature can be 
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explained by the ability to bind and block a wide variety of growth-promoting molecules 
like laminin, fibronectin, L1 and NCAM (Snow et al., 1996; Yamaguchi, 2000). 

In addition to CSPGs, several other molecules are known to be upregulated in the core of 
the lesion and to contribute to the growth-inhibiory effect of the glial scar. Among them 
is the secreted protein semaphorin 3 (SEMA3) produced by fibroblasts. This molecule acts 
as a chemorepellent through its high-affinity receptor neuropilin 1. Ephrin-B2 and its 
receptor EPHB2 have also been implicated in the inhibition of regeneration after spinal 
cord lesion. During normal development, this ligand-receptor pairing has diverse roles in 
cell migration, axon guidance and tissue patterning. After injury, when ephrin-B2 
expression increases in astrocytes and EPHB2 in fibroblasts, they signal cell-type 
segregation. This creates bands of fibroblasts and astrocytes, and more importantly, the 
cellular structure of the so-called glial/mesenchymal scar. Another important class of 
regulators of axon guidance and cell migration, the Slit proteins, is increased in reactive 
astrocytes and may be implicated in regeneration failure as well (Filbin, 2003). One of the 
recent studies also proposed netrin-1, a bifunctional guidance molecule, to contribute to 
axon growth failure after lesion (Low et al., 2008).  

However, it takes days for the glial scar to mature (East et al., 2009) which indicates that 
the predominant source of growth inhibition in the CNS is likely to be myelin. 

Myelin-associated inhibitors 

Several oligodendrocyte-derived molecules were shown to be responsible for the 
inhibitory effect of myelin, and the most potent among of them are MAG, OMgp and 
RTN4/Nogo.  Although, these three proteins are known to possess different domain 
organization and structures, they are able to block axon growth via the same receptor 
complex (Filbin, 2003). 

The first known inhibitor of axonal regeneration is myelin-associated glycoprotein 
(MAG) described in 1994 (McKerracher et al., 1994). As a member of the 
immunoglobulin (Ig) superfamily MAG contains five Ig-like domains in addition to a 
transmembrane and cytoplasmic regions. This protein is also known as a member of the 
Siglec family, Siglec4, for its ability to bind sialic acid. Due to alternative splicing two 
isoforms of MAG are produced: large (L-MAG) and small (S-MAG). They share identical 
extracellular region but differ at the C-terminal tails (Fig. 3) which appear to be relevant 
to MAG function in signal transduction. Expression of this protein is specific to myelin-
forming cells and begins very early in the process of myelination. In the CNS, L-MAG is 
the predominant form during myelinogenesis, whereas the S-MAG isoform increases 
with maturation, so that the two are present in approximately equal amounts in adults. In 
the PNS, expression level is much lower and mainly only S-MAG is present at all ages. It 
appears that MAG may participate in the signaling in both directions between axons and 
glia. From one side, it is a receptor for an axonal signal that promotes the differentiation, 
maintenance and survival of glial cells (Filbin, 2003; Quarles, 2007). But from another 
side, MAG is also a ligand for an axonal receptor and thereby modulates axonal behavior. 
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The inhibition of MAG on neurite outgrowth in vitro depends on the age of the neurons. 
While MAG promotes the growth of neurons derived from early developmental stages 
(embryonic and neonate), it inhibits axonal regeneration of more mature neurons 
(Domeniconi et al., 2002; Hasegawa et al., 2004; McKerracher et al., 1994; Mukhopadhyay 
et al., 1994).  However, there has been a lack of evidence demonstrating MAG’s role as an 
inhibitor of CNS axon regeneration based on in vivo studies either using MAG mutant 
mice (Bartsch et al., 1995) or function blocking agents. 

 

Figure 3. Myelin-associated glycoprotein.  
Myelin-associated glycoprotein exists in large (L) and small (S) isoforms, which differ only in their 
cytoplasmic sequences. MAG carries five Ig-like domains in its extracellular part and the first Ig-like 
domain adopts an unusual conformation by folding over the second domain. The sialic acid binding 
site on MAG is Arg118 (Filbin, 2003).     

Another neurite growth inhibitor is oligodendrocyte myelin glycoprotein (OMgp). As a 
member of leucine-rich repeat (LRR) protein superfamily, it contains LRR core followed 
by glycosylphosphatidylinositol (GPI)-anchor and a serine/threonine-rich domain (Fig. 
4).  Initially thought to be present in compact myelin, it was later shown that OMgp is 
expressed in the membrane surrounding the nodes of Ranvier made by oligodendrocyte-
like cells (Huang et al., 2005). Furthermore, most of OMgp expression appears to be in the 
neurons with its peak at the later stages of myelination (Habib et al., 1998). In vitro 
experiments demonstrated the participation of OMgp in growth cone collapse and 
inhibition of neurite outgrowth (Kottis et al., 2002; Vourc'h et al., 2003; Wang et al., 
2002b). Interestingly, OMgp deficient mice exhibit elevated collateral sprouting from the 
CNS nodes of Ranvier, suggesting a more general role for OMgp in restricting axonal 
sprouting in development and physiology (Huang et al., 2005). However, a role for OMgp 
in adult CNS axon regeneration after injury has not been demonstrated (Xie and Zheng, 
2008). 
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Figure 4. Oligodendrocyte myelin glycoprotein. 
Oligodendrocyte myelin glycoprotein (OMgp) is a GPI-linked protein that carries a leucine-rich 
repeat (LRR) region and a serine/threonine (Ser/Thr)-rich region (Filbin, 2003). 

But probably the most potent and best characterized myelin-associated inhibitor is 
Nogo/RTN4 (Chen et al., 2000; GrandPre et al., 2000; Prinjha et al., 2000), which was 
found as an antigen of the monoclonal antibody IN-1. This antibody was raised against 
CNS myelin and was very successful in neutralizing its inhibitory effect in culture and in 
vivo (Caroni and Schwab, 1988b; Schnell and Schwab, 1990). Nogo/RTN4 is in the focus 
of the present study and is described in detail separately.  
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2. Axonal regeneration in the fish central nervous 
system 

Among vertebrates fish have the highest CNS regenerative capacity (Becker and Becker, 
2007; Stuermer et al., 1992) as is best illustrated in the retinotectal system of goldfish and 
zebrafish. 

After a crush or cut lesion of the optic nerve, more than 95% of RGCs survive axotomy 
showing a dramatic difference in neuronal intrinsic properties between mammals and 
fish. The RGCs become enlarged and the rate of protein biosynthesis significantly 
increases with its peak 4–7 days after injury. At this time many growth-associated genes 
are upregulated: GAP-43, neurolin, NCAM, L1, reggie-1 and -2, etc (Herdegen et al., 
1993; Laessing et al., 1994; Leppert et al., 1999; Paschke et al., 1992; Schulte et al., 1997; 
Sonderegger and ebrary Inc., 1998). However, gene regulation seems to be not the same 
as during the development of the CNS. In vivo experiments with the promoters of 
growth-related genes suggest that there is a regeneration-specific gene regulation 
program which does not recapitulate the development scenario (Senut et al., 2004).  

The elongation of the retinal axons in goldfish (faster in zebrafish) begins three to five 
days after lesion and proceeds at a rate of 0.2-0.4 mm per day. As the axons advance, they 
are usually grouped in small bundles, closely surrounded by glial cells and degenerating 
myelin debris. Extensive studies performed on different teleost species show that there is 
no prominent chondroitin sulphate immunoreactivity in the place of injury (Becker and 
Becker, 2002). Furthermore, it was reported that the glial scar in goldfish optic nerve is 
mainly represented by fibroblasts which seem to provide physical and perhaps molecular 
support for axon growth (Hirsch et al., 1995).  

Since myelin has been shown to be the major inhibitor of CNS regeneration in mammals, 
the question arises if this is also so in fish. Experiments have shown that isolated myelin 
and  oligodendrocytes  from  goldfish  neither  inhibit  the  growth  of  the  goldfish  RGC 
axons nor of rat dorsal root ganglion neurons in vitro (Bastmeyer et al., 1993; Bastmeyer 
et al., 1991). However, fish retinal axons collapse upon contact with mammalian CNS 
myelin and oligodendrocytes.   Fish myelin also does not block neurite outgrowth in vivo: 
in the optic nerve, regenerating axons grow when myelin debris is still abundant (Battisti 
et al., 1995; Strobel and Stuermer, 1994). Moreover, fish oligodendrocytes show a 
remarkable property of adaptive plasticity comparable to that displayed by PNS Schwann 
cells in mammals. After an optic nerve transection, goldfish oligodendrocytes at first 
dedifferentiate and then upon reestablishing connections of axons with their targets 
redifferentiate into myelinating cells. In addition, they appear to express several growth-
promoting molecules, such as P0, contactin1a (F3/F11/contactin) and E587 (Ankerhold et 
al., 1998; Ankerhold and Stuermer, 1999; Becker and Becker, 2007; Schweitzer et al., 
2007). 



Introduction 

 14 

Thus, under normal conditions, retinal axons in goldfish reach the anteromedial corner of 
the contralateral lobe of the optic tectum at 10-12 d after lesion. Upon reaching the 
tectum, the axons advance more slowly, taking an additional two weeks to cover the 
whole tectal lobe. Within the tectum, the axons grow widely, extending side branches 
even in inappropriate tectal regions. The “refinement” of the retinotectal map may 
continue until at least 12 weeks after injury what leads to a complete restoration of the 
visual function (Gaze, 1970; Meyer, 1980; Northmore and Masino, 1984; Stuermer and 
Easter, 1984a).  

Among vertebrates fish are certainly not the only animals that can regenerate lesioned 
CNS axons: other “higher” non-mammalian groups of organisms are also able to partially 
regrow axons after CNS injuries.  
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3. Phylogenetic changes in the regenerative potential 
of the CNS 

Comparative analysis of different vertebrate classes shows that the ability for axon
regeneration in the CNS of the adult organism is gradually lost beyond fish and urodeles 
and becomes confined to early “pre-myelin” developmental stages in birds and mammals 
(Fig. 5).  

 

 

Figure 5. Retinal ganglion cell regeneration in different vertebrate classes. 
Data for optic nerve regeneration, depicting regions along the visual pathway that are reinnervated 
and indicating  whether  vision  and  topography  are  restored,  “Other”  represents  non-visual  
regions  of  the brain,  green ticks  represent  the  degree  of  axon  regeneration: 4  ticks  - maximal  
and  1 - minimal,  ?  represents unknown, dash - no regeneration, red crosses – non projection to 
other non-visual regions of the  brain,  light green  ticks  for  mouse,  rat  and  cat  represent  initial  
survival  followed  by  death  of  RGC. The figure was modified from Dunlop et al., 2004.  

Like fish, urodeles (newts and salamanders) are capable of lifelong regeneration of injured 
axons in the optic nerve, brain and spinal cord (Chernoff, 1996; Ferretti et al., 2003). In 
contrast, anurans can regenerate their axons in the entire CNS only as larvae and after 
metamorphosis this ability becomes restricted to the optic nerve (Lang et al., 1995). In 
frogs the number of surviving RGCs is lower in comparison with fish, ranging from 50% 
to 70%. Furthermore, approximately 70% of all regenerating axons can cross the lesion to 
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restore a topographic visual projection in the tectum with the return of visual function 
(Dunlop et al., 2002).  

For reptiles such studies are limited. It was reported that after optic nerve lesion snakes 
and lizards are not able to restore a retinotopic map and thus stay blind. Moreover, their 
RGC axons start to extend only 2-3 months after injury and reach the optic tectum by 6-9 
months (Dunlop et al., 2004; Lang et al., 2002). 

It is still poorly understood what the evolutionary relevance of the loss of the 
regenerative capacity in the CNS might be. The most likely explanation implies the 
increasing complexity of the CNS where neurite outgrowth inhibitors play a role of 
stabilizers of the neural circuits (Ferretti et al., 2003; Schweigreiter et al., 2006). This 
suggests that the capability of CNS axon regeneration was lost as a consequence of the 
evolution of the nervous system. The argument which supports this notion is that the 
ability to regrow lesioned fiber tracts in the CNS might not confer any evolutionary 
advantage: the process of regeneration takes too long to be usefull for the animal which 
probably has no chance to survive while being neurologically impaired (Schwab, personal 
communication; Stuermer, personal communication).  

Although the molecular mechanisms responsible for the inhibition of the axon 
regeneration in the CNS in all vertebrate classes are not clear, the rapidly growing 
bioinformatic databases of genome sequences and protein structures allows to tackle this 
problem from the position of the theoretical science. One of such approaches implies 
reconstruction of the origin and evolution of the neurite outgrowth inhibitors. Since 
RTN4/Nogo is one of the most potent myelin-associated inhibitors, the molecular 
mechanism of its action as well as its evolution as a repellent molecule is highly relevant 
for regenerative neuroscience.  
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4. Nogo/RTN4 as a potent inhibitor of axonal 
regeneration 

M. Schwab and coworkers were the first to purify to homogeneity a 220 kD protein 
fraction from bovine CNS myelin which was proven to possess the characteristic 
inhibitory activity in functional assays previously shown for CNS myelin and myelin 
proteins in toto (Spillmann et al., 1998). Moreover, the antibody IN-1, known to partially 
neutralize the CNS myelin inhibitory effect (Caroni and Schwab, 1988a), had the same 
neutralizing effect with this purified fraction. Peptide sequencing led to the successful 
cloning of the cDNA and the discovery of the nogo gene, a fourth member of the 
reticulon gene family (Chen et al., 2000; GrandPre et al., 2000; Prinjha et al., 2000). 

Reticulon gene family 

Reticulon (rtn) genes code for a family of proteins highly conserved among eukaryotes 
(Oertle et al., 2003b). Origin and evolution of this family is believed to correlate with the 
establishment of the endomembrane system (Oertle et al., 2003b). Over 250 reticulons 
and reticulon-like (rtnl) genes are identified in deeply diverging eukaryotes, fungi, plants 
and animals. According to nomenclature, only chordate species possess reticulons, for all 
other eukaryotic organisms the term “reticulon-like genes” is used. 

All proteins of this family share the so-called reticulon homology domain (RHD). The 
RHD is 150–201 amino acids in length and is characterized by two large (∼35 aa) 
hydrophobic stretches that are responsible for the association of RTN proteins with 
membranes, mainly endoplasmic reticulon (Oertle et al., 2003b; van de Velde et al., 
1994). In most cases reticulons also have variable N-terminal parts, which were acquired 
by different groups of organisms independently and may vary in length from 20 aa to 
over 1000 aa (Oertle et al., 2003b).  

Few years ago it was already suggested that abnomally long transmembrane stretches of 
the RHD can span the membrane twice (Oertle and Schwab, 2003). It was recently shown 
that the RHD from yeast and mammals is able and sufficient to form tubular membrane 
structures (Fig. 6). These proteins have an unusual hairpin conformation which allows 
them upon polymerization to shape lipid bilayer into tubules (Shibata et al., 2008; Voeltz 
and Prinz, 2007; Voeltz et al., 2006). 
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Figure 6. Reticulon proteins and tubular endoplasmic reticulum. 
Reticulon proteins might generate curvature in ER tubules by forming hairpin-like conformation. They 
might occupy a larger area in the outer leaflet of a membrane than in the inner leaflet, causing it to 
curve because of the bilayer-couple effect, a phenomenon in which hydrophobic interactions 
between the two leaflets of a membrane bilayer tend to keep them coupled together. The picture 
was modified from Voeltz and Prinz, 2007. 

Reticulons in mammals

In mammals, four reticulon family members are known: rtn1 (formerly neuroendocrine-
specific protein nsp1), rtn2, rtn3  and rtn4. The four paralogues have a similar gene 
structure and probably arose during the putative genome duplication events that occurred 
after the urochordata-craniata split (Oertle et al., 2003b). Each of the genes can give rise 
to a range of alternative transcripts (Fig. 7). Although, reticulons have a broad tissue 
expression pattern, most transcripts are enriched in the nervous tissues. 

Alike RTN4, other reticulons are also mainly associated with membranes of the 
endoplasmic reticulum (van de Velde et al., 1994), but their biological functions are still 
unclear. For RTN1, RTN3 and RTN4 it was shown that these proteins are able to 
modulate the cellular sensitivity to different apoptotic pathways via interaction with the 
members of the Bcl-2 family (Tagami et al., 2000). Recently RTN1 and RTN3 were 
reported to specifically bind spastin, a protein involved in microtubule dynamics and 
commonly mutated in autosomal dominant hereditary spastic paraplegias (Mannan et al., 
2006). Several works reporting about RTN1 binding to SNARE proteins and AP50 suggest 
that its plays a role in vesicle trafficking events and regulated endocytosis (Iwahashi and 
Hamada, 2003; Steiner et al., 2004). Similar results were obtained with RTN2 and RTN3 
where these proteins were proposed to regulate membrane trafficking and exocytosis, for 
example of neuronal glutamate transporter (Liu et al., 2008). Numerous publications 
indicate that reticulons are also involved in different neurodegenerative diseases 
(Jurewicz et al., 2007; Yan et al., 2006). 
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Figure 7. The nine main transcripts from the four mammalian reticulon genes. 
The common C-terminus encodes the reticulon-homology domain (RHD), whereas the N-termini are 
specific for each paralogue and have no obvious sequence homologies to other proteins. The 66-
amino acid loop region between the two putative transmembrane (TM) domains (called Nogo-66) 
and stretches within the Nogo-A-specific N-terminal region have been found to inhibit neurite 
outgrowth (Oertle and Schwab, 2003). 

Nevertheless, the most extensively studied member of the reticulon family is RTN4/Nogo. 
The gene gives rise to a number of different isoforms (RTN4-A/Nogo-A, -B, and -C as 
main transcripts) both through alternative splicing and alternative promoter usage (Chen 
et al., 2000; Oertle et al., 2003a), and the largest isoform, RTN4-A, is known as a potent 
neurite outgrowth inhibitor (Chen et al., 2000; GrandPre et al., 2000; Prinjha et al., 2000) 
(Fig.7). It is expressed by oligodendrocytes, some neuronal subpopulations, heart and 
testis (Oertle and Schwab, 2003).  

RTN4-A/Nogo-A is predominantly localized at the endoplasmic reticulum. But the N-
terminus of endogenous Nogo-A was found to be exposed on the surface of fibroblasts, 
DRG neurons, and myoblasts. Surface-expressed Nogo-A is also present on presynaptic 
terminals of the neuromuscular junction, on DRG and other neurons with long projecting 
axons (Dodd et al., 2005). Results from several experiments, such as 
immunocytochemistry and partial proteolysis, indicate that Nogo-A may have at least two 
different membrane topologies (Bauer and Pelkmans, 2006; Dodd et al., 2005; Lauren et 
al., 2007; Oertle et al., 2003c; Yang and Strittmatter, 2007) as illustrated in Fig. 8.  
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Figure 8. The proposed topologies of RTN4-A/Nogo-A isoform.  
The lengths of the hydrophobic stretches (~35 amino acids) could allow them to span the 
membrane once or twice. Although eight or more conformations are possible, only those for which 
evidence exists are depicted. Different topologies in different cell types and different membranes 
may enable reticulons to carry out diverse roles in the cell. The picture was modified from Yang and 
Strittmatter, 2007.

In vitro assays with recombinant peptides allowed to map the inhibitory function to two 
different regions of the Nogo-A protein (Oertle et al., 2003c). One domain provoking 
growth cone collapse is encoded by the Nogo-A–specific exon, and antibodies against this 
region promote in vivo CNS regeneration in rats. Experiments with the deletion 
constructs of the Nogo-A-specific region (NSR) identified the most inhibitory stretch 
within this domain, the so-called NIGΔ20 (544–725 aa of rat Nogo-A; Oertle et al. 2003c). 
The second region that induces growth cone collapse is the 66-aa loop between the two 
C-terminal hydrophobic domains of the RHD (Nogo-66). Nogo-66 is identical in all 
Nogo/RTN4 isoforms and signals through an interaction with the 
glycosylphosphatidylinositol-linked Nogo-66 receptor (NgR) (Fournier et al., 2001; 
GrandPre et al., 2002).  

Although RTN4 was discovered as a neurite outgrowth inhibitor, it was also shown to 
affect apoptosis and the pathogenesis of several neurodegenerative diseases, for instance 
Alzheimer´s disease, multiple sclerosis and autoimmune encephalomyelitis (Jurewicz et 
al., 2007; Yan et al., 2006). 

 Reticulons in fish

Four reticulon paralogues were found in land vertebrates while urochordates possess only 
one gene. These data correlate with the two rounds of whole genome duplication which 
occurred in the vertebrate ancestor (Furlong and Holland, 2002; Kasahara, 2007; Ohno, 
1970). An additional round of genome duplication is believed to have happened in the 
ancestor of teleosts providing the necessary genetic material for the successful radiation of 
bony fish. This suggests the presence of eight reticulon paralogues in teleosts. Indeed, 
detailed analysis of preliminary zebrafish and fugu genomes revealed the presence of 7 
and 6 rtn genes in these species, respectively (Fig. 9). The possible explanation why fish 
do not have exactly eight reticulons could be the secondary gene loss due to the 
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“diversication model”. This model suggests that not gene duplications by themselves but 
secondary gene loss and silencing drive biodiversity (Van de Peer, 2004).  

 

Figure 9. Evolution of reticulons in chordate phylum. 
The scheme shows duplication events (numbers in circles) and amount of homologues in 
representative species of each vertebrate class. Reptile genome information is not available and 
therefore is not shown. According to the hypothesis of several rounds of whole genome duplication, 
fish must have had all eight reticulons, but some copies were lost later (marked with crosses). 
Parentheses indicate paralogous genes. 

Analysis of phylogenetic and syntenic relationships within the rtn family unequivocally 
confirmed the presence of rtn4 orthologues in fish: rtn4 and rtn6 (Diekmann et al., 2005). 
However, exon composition analysis of all fish and respective mammalian rtn genes 
suggest fundamental differences in the evolution of rtn1–rtn3  and rtn4. For the specific 
N-termini of mammalian RTN1, RTN2 and RTN3 and their fish homologues, it was 
shown that they evolved from a common ancestor, whereas the RTN4 N-termini must 
have been acquired independently. In other words, after tetraplication of the whole 
genome each of the reticulons independently acquired its variable parts which were later 
inherited by fish and land vertebrates, with only one exception – rtn4. Due to the 
additional round of genome duplication, fish lost the N-terminus containing the Nogo-A-
specific region or tetrapods acquired it later due to exon shuffling (Diekmann et al., 2005).  
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Figure 10. Three isoforms are encoded by zebrafish rtn4. 
The common C-terminus (blue) is represented by the reticulon homology domain. TM 1 and 2 are 
transmembrane stretches. The N-termini are specific for each isoform and do not have any obvious 
homology to each other. 

Fish RTN4 isoforms (L, M and N) are shorter than mammalian Nogo-A, -B, or –C (Fig. 
10). Moreover, protein sequence alignment did not reveal any obvious conservation 
between the N-termini of tetrapod and fish RTN4 in contrast to their RHDs. On a 
genomic level this finding was confirmed by synteny analysis: exons homologous to the 
variable part of Nogo-A were not found in the zebrafish rtn4 gene (Fig. 11). The N-
terminus of fish RTN6, a paralogue of RTN4, also did not show any similarity to its 
duplicate or mammalian orthologue. Consequently, these results suggest that the 
mammalian Nogo-A-specific region, one of the most potent inhibitors of neurite 
outgrowth, is absent in fish (Diekmann et al., 2005). However, the open question remains 
whether fish Nogo-66 domains, present in both paralogues rtn4 and rtn6, possess any 
inhibitory properties.  

 

Figure 11. Schematic comparison of the human and zebrafish rtn4 gene loci.  
Scheme of the pairwise comparison between the human-zebrafish rtn4 gene loci based on an 
ungapped alignment from the MTIF2 gene to rtn4. Human rtn4 exons are numbered according to 
Oertle et al., 2003. Note that the MTIF2 gene and the exons coding for the conserved C-terminal RHD 
(exons 4–9) are conserved in human and the orthologous fish locus. In contrast, no homology of the 
human rtn4 exons 1A, 2, and 3 could be identified in zebrafish, unequivocally proving the absence of 
sequences orthologous to the N-termini of mammalian RTN4 isoforms in zebrafish (Diekmann et al., 
2005). 
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Nogo-66 signaling 

By  screening an expression library, Strittmatter and colleagues  identified the Nogo-66  
receptor (NgR/NgR1/RTN4R)  as  a  molecule  mediating  neurite outgrowth  inhibitory  
activity  of  the  Nogo-66 domain (Fournier et al., 2001). NgR1 is a 
glycosylphosphatidylinositol (GPI)-anchored membrane protein with an N-terminal 
signal sequence. The largest portion of the protein contains 8.5 leucine-rich repeats 
(LRRs) flanked by cysteine-rich capping modules (Fig. 12).   Its   crystal   structure   has   
been determined and, as predicted, its conformation is typical for LRR superfamily 
members (Barton et al., 2003; He et al., 2003). 

 

Figure 12. Scheme of NgR1 receptor complex and PirB.  
The  Nogo-66  receptor,  NgR1,  is  GPI-linked  to  the  membrane  with  an extracellular  region  
comprising  8.5  leucine-rich  repeat  (LRR)  domains flanked  by N- and C-terminal leucine-rich 
capping modules followed by an unstructured unique stretch. p75  is  a  member  of  the  tumor  
necrosis  factor receptor (TNFR) superfamily with four TNFR cysteine-rich (TNFR-Cys) domains, a small 
membrane  proximal serine/threonine-rich region  followed  by a  TM  domain and  a cytoplasmic 
death domain. TROY is represented by three TNFR-Cys domains, transmembrane region and short 
cytoplasmic stretch.  LINGO1 contains 13 LRR domains flanked by N- and C-terminal leucine-rich 
capping modules followed by an Ig-like C2-type domain, a transmembrane (TM) helix and a small 37 
aa cytoplasmic stretch.  PirB consists of six (in mouse, and four in human) Ig-like C2-type domains 
followed by a TM segment and four immunoreceptor tyrosine-based inhibitory motifs (ITIMs). 

In  situ  hybridization  and  immunohistochemical  studies demonstrated  that  NgR1 
expression  occurs  postnatally  predominantly within the CNS in a variety of neuronal 
populations, both on the cell body and along the axon, and to a lesser extent in the heart 
and  kidney (Fournier et al., 2002b; Wang et al., 2002c). 

Although structurally unrelated to Nogo-66, MAG and OMgp (part 1) were also 
discovered to be ligands of NgR1 using expression cloning and co-immunoprecipitation 
strategies (Domeniconi et al., 2002; Liu et al., 2002; Wang et al., 2002b). 

The fact that NgR1 was a GPI-anchored protein and hence lacked an intracellular 
signalling domain prompted the search for transmembrane co-receptors capable of 
transducing the inhibitory signal from NgR1. Extensive studies in this field have provided 
evidence for several co-receptors. Initially it was noted, that p75, originally characterized 
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as a neurotrophin receptor, could mediate NgR1-signalling, and form a complex with 
NgR1 (Wang et al., 2002a; Wong et al., 2002).  However,  the  very  limited expression  of  
p75  in  the  adult  CNS  raised  the question  whether  p75  is  the  only  co-receptor.  
Later, a structurally related TNFR superfamily member TROY/Taj was shown to be able 
to functionally replace p75 (Park et al., 2005; Shao et al., 2005).  Additionally,  a  third 
and  necessary  component  of  the  receptor complex  was  identified  as  LINGO1 (Fig. 
12),  another member  of  neuronal  LRR  membrane  protein family  (Mi et al., 2004).  
Reported  in  vivo evidence supports the role of all of these three above  mentioned  co-
receptors  in  mediating myelin  inhibition  of  neurite  growth (Yiu and He, 2006).   

Upon ligand binding, the NgR1/p75(or TROY)/LINGO1 receptor complex triggers 
intracellular signaling cascades similar to those induced by other repulsive guidance cues 
(Huber et al., 2003). It was shown that the key downstream signaling target is the small 
GTPase RhoA, one of the major regulators of growth cone dynamics. GTP-bound RhoA 
recruits and activates its immediate target kinase ROCK, which results in phosphorylation 
of LIMK and activation of its protein kinase activity. LIMK, in turn, directly 

(Hsieh et al., 2006; Montani et al., 2009). Other signaling pathways (protein kinase C, 
EGF receptor, calcium ions) were also reported to be implicated in NgR1 signaling 
(Walmsley and Mir, 2007; Yiu and He, 2006). 

Two groups reported studies in which NgR1 had been knocked out (Kim et al., 2004b; 
Zheng et al., 2005). In both cases no regeneration of the corticospinal tract was observed. 
Moreover, neurons from NgR1 null mice could still be inhibited by Nogo-66 in vitro. This 
led to the discovery of another receptor capable of exerting inhibition of neurite 
outgrowth. By screening a human cDNA expression library, Tessier-Lavigne’s group 
identified the human leukocyte Ig-like receptor B2 (LILRB2) as a Nogo-66 binding 
partner in addition to NgR1. In human LILRB2 is one of five highly homologous family 
members of B-type LILR, which contain four Ig-like domains in their extracellular 
segments. In mouse only one its orthologue, paired immunoglobulin-like receptor B 
(PirB), is known. PirB consists of six instead of four Ig-like domains and shares 50% aa 
similarity with the human protein. Although the number of Ig-like domains may vary, it 
is obligatory for the members of this family to contain also transmembrane domains and 
several immunoreceptor tyrosine-based inhibitory (ITIM) motifs (Fig. 12). Experimental 
data show that PirB appears to bind not only Nogo-66 but also MAG and OMgp, with, at 
least for MAG, the same affinity as binding to the NgR1 (Atwal et al., 2008). 

The collaboration between PirB and NgR1 remains elusive. In comparison with NgR1, 
PirB was suggested to be a more substantial mediator of chronic inhibition, while 
inactivation of either of both receptors seems to be enough to block the acute growth 
cone collapse caused by myelin-associated inhibitors (Atwal et al., 2008).  

Although PirB is known to antagonize the function of integrins and to recruit both Src 
homology 2-containing protein tyrosine phosphatases (SHP-1 and -2), the exact 

phosphorylates and inactivates cofilin, thereby promoting actin filament disassembly 
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molecular mechanism inducing neurite outgrowth inhibition is not clear. Moreover, in 
human more than one member of LILRB family might play a role in CNS regeneration 
(Atwal et al., 2008). 

Receptor for the Nogo-A-specific region   

One of the most crucial questions concerning Nogo/RTN4 has, however, remained so far 
unanswered: the receptor for the Nogo-A-specific region has not been found yet. One of 
the recent publications suggests that it could be integrins (Hu and Strittmatter, 2008) 
based on the observation that the NSR-mediated inhibition is dependent on the 
composition of the extracellular matrix (Oertle et al., 2003c). In the experiments with 
various cell lines the cell adhesion dependent on certain integrins, such as αvβ3, α5, and 
α4, was reported to be blocked by the soluble NSR. Moreover, the antibody activating β1 
integrin could partially help to overcome the NSR-induced inhibition. However, the 
direct binding of the Nogo-A-specific region to integrins was not shown (Hu and 
Strittmatter, 2008). 

Nogo receptors in fish 

As mentioned before, lesioned axons regenerate successfully in the entire CNS of fish. 
This correlates with the apparent absence of CNS myelin/oligodendrocyte-associated 
inhibitors that are found in mammals (Bastmeyer et al., 1991; Lang et al., 1995; Wanner 
et al., 1995). But axons from fish retina explants do readily respond to mammalian 
oligodendrocyte-derived inhibitors. In culture fish growth cones collapse when 
mammalian CNS myelin proteins are provided as substrates or added to the media. They 
also fail to cross mammalian and Xenopus oligodendrocytes. Treatment of mammalian 
CNS myelin or oligodendrocytes with the neutralizing antibody IN-1 allows fish axons to 
elongate and to cross cells/myelin, indicating that fish axons recognize the same 
inhibitory proteins that block growth in mammals (Bastmeyer et al., 1991; Diekmann et 
al., 2005). These data suggest that fish axons are likely to express the relevant receptors. 

Indeed, using sequences from the zebrafish genome sequencing project the zebrafish 
‘Nogo-66 receptor” (ZF NgR) sequence and of two additional forms (ZF NgR homologues 
1 and 2) were identified. They appeared to be very similar in length and structure to the 
human NgR1 (Klinger et al., 2004). Sequence analysis predicts proteins with 8.5 leucine-
rich repeats N- and C-terminal LRR capping domains and a GPI-anchor site, meaning 
that the identified and mammalian receptors are orthologues. It was also confirmed by 
comparable intron-exon structures and phylogenetic analyses. 

The presence of three fish receptors, which may interact with Nogo-66, MAG and OMgp 
(Domeniconi et al., 2002; Wang et al., 2002b), might explain why fish retinal axons 
collapse in contact with mammalian CNS myelin and oligodendrocytes  (Wanner et al., 
1995). But it does not explain why under the same conditions application of IN-1 
neutralizes myelin inhibitors and significantly increases the rate of fish axon outgrowth. 
This observation correlates with the notion that the regeneration of fish axons can be 
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blocked by NIGΔ20, the most inhibitory region of the NSR. Another question – why in 
vivo fish Nogo-66 does not affect axonal regrowth – still also remains unanswered.  

Therefore, studies of fish RTN4 is of great interest for understanding how this molecule 
acquires its inhibitory properties and how its evolution might correlate with the loss of 
regenerative capacity in the CNS.  Two directions of research are necessary to tackle this 
problem (Fig.13): 

a) NgR1/Nogo-66 signaling during CNS axon regeneration and development – what 
is the functional role of this cascade in the fish CNS and which molecular 
determinants accounting for the phylogenetic loss of CNS axon regeneration had 
to change? 

b) The origin of the Nogo-A-specific region and identification of the relevant 
receptor. The inhibitory effect of the mammalian Δ20 on growing fish axons 
suggests that this domain is likely to signal via the ancient general molecular 
mechanism already present in teleosts. Resolving this question can provide the 
necessary information for the identification of the NSR-interacting partners.  

 

 

Figure 13. Schematic comparison of Nogo-mediated neurite outgrowth inhibition in (A) 
mammals and (B) in fish.  
In mammals RTN4/Nogo is able to block axon regrowth via two domains (red): the Nogo-A-specific 
region and Nogo-66. Whereas Nogo-66 initiates the inhibitory signaling upon binding to the trimeric 
complex NgR1/p75(TROY)/LINGO1, the receptor specific for the NSR has not been identified yet. Fish 
is known to possess the homologues of RTN4 and NgR1. Since the NSR was not found in fish genome 
and the information about co-receptors remains elusive, these elements are shown as shaded.  
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Aims of the project 

The goals of the present project were to understand the success of axonal regeneration in 
fish and role of RTN4/Nogo-proteins in this process as well as their evolution. This 
required analysis of the function of these proteins, determination of their expression on 
the cell surface and interaction with the relevant receptors. As it was mentioned before 
fish has Nogo-66 and NgR1 homologues thereby the question arises why fish are still 
capable to regenerate their CNS axons? To address this issue we have analyzed zebrafish 
Nogo-66 as a potential inhibitor of axonal regeneration and its expression in 
oligodendrocytes and on the oligodendrocytes’ surface. As the process of inhibition can 
only occur if an inhibiting molecule interacts with its receptor, the expression pattern of 
Nogo-66 receptor was analyzed, too. In addition, we also reconstructed the receptor-
ligand complex to study and compare the interactions between fish/mammalian Nogo-66 
peptides and the relevant receptors (Chapters 1 and 3). 

Evolution of rtn4 and, especially, the appearance of the Nogo-A-specific exon(s) were also 
analyzed in the present study. Taking advantage of the latest improvements in 
bioinformatic databases and sequence search algorithms, the evolution of RTN4 and 
molecular origin of its inhibitory domains in early chordates, fish and tetrapods was 
reconstructed. These results not only shed light on the evolutionary origin of axon 
growth inhibitors like Nogo-A, but may also help to identify their molecular receptors 
and interaction partners (Chapter 2). 
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Abstract 

 

In contrast to mammals, lesioned axons in the zebrafish (ZF) optic nerve regenerate and 
restore vision. This correlates with the absence of the Nogo-A-specific N-terminal 
domain from the ZF nogo/rtn4 (reticulon4) gene that inhibits regeneration in mammals. 
However, mammalian nogo/rtn4 carries a second inhibitory C-terminal domain, Nogo66, 
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 Nogo-A-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/RTN4 does not impair axon regeneration. 
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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/rtn4 gene (Chen et al., 2000; GrandPre et al., 2000; Prinjha et al., 2000). Application 
of blocking antibodies (ABs) against the Nogo-A-specific region in spinal cord-lesioned 
mammals allows axon regeneration and to some extent reestablishment of function 
(Schwab, 2004; Z'Graggen et al., 1998) emphasizing its importance. Nogo-A has, in 
addition to its N-terminal inhibitory Nogo-A-specific region (Chen et al., 2000), a second 
inhibitory and evolutionarily conserved stretch of amino acids, the Nogo66 domain 
(Fournier et al., 2001) located within the C-terminal Reticulon Homology Domain (RHD) 
(Oertle et al., 2003b). Being evolutionarily conserved, homologs of the RHD and Nogo66 
domain were identified in fish RTN4 (Diekmann et al., 2005). However, the inhibitory 
NogoA-specific region is absent from the zebrafish (ZF) rtn4 gene (Diekmann et al., 
2005), and absence of this domain correlates with the unique ability of fish to regenerate 
CNS axons and restore 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 Nogo-A-derived peptide NIG∆20 (Diekmann et al., 
2005) suggesting that these axons possess a yet unknown receptor for the Nogo-A-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 LINGO1, 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 genome. NgR binds 
Nogo66 as well as other myelin proteins, such as OMgp (Wang et al., 2002b) and MAG 
(Domeniconi et al., 2002), and together with Nogo66 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 Nogo66 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 findings prompt the question, whether both Rat- and/or ZF-
Nogo66 bind NgR, and whether enzymatic removal of GPI-anchored proteins from the 
plasma membrane would reduce growth inhibition as well as growth permissiveness 
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implying activation of different signal transduction pathways. Our results show that this 
is indeed so.  
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Materials and Methods 

ZF were maintained in our breeding colony in the Tierforschungsanlage (TFA) of the 
University of Konstanz. The ZF optic nerve was transected in compliance with animal 
welfare legislation. Oligodendrocytes and myelin fractions from the ZF CNS were 
obtained from the injured optic nerve according to protocols published earlier (Bastmeyer 
et al., 1993; Bastmeyer et al., 1991). 

Antibodies.  

The source of mouse monoclonal antibodies (mABs) was: O4 from Millipore, against 
GFAP from Sigma-Aldrich, against Neurolin from Zebrafish Information Network, 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 Signaling Technology, pAB against Myc (A-14) from 
Santa Cruz Biotechnology, goat pAB against GST from GE Healthcare, 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 expression of rtn4 (isoform L), ngr, ngrh1a, and ngrh2 was analyzed in both the 
intact and lesioned optic nerves or retina between 2 and 10 days after nerve transection. 
Total RNA was prepared with the RNeasy Mini Prep Kit (Qiagen). First strand cDNA was 
synthesized under standard conditions with the Superscript First-Strand synthesis System 
(Invitrogen), using an oligo (dT) primer. Zero transcripts (without Supertranscript II in 
the reaction) were performed 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-NIG∆20 and Rat-Nogo66 
peptides were kindly provided by M. E. Schwab (University Zurich and ETH Zurich, 
Zurich, 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 (Stratagene). Soluble GST-Rat-NIG∆20 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 GrandPre et al. (2000). For the expression of Nogo-EGFP-
GPI fusion constructs, the Rat-NIG∆20, Rat-Nogo66, and ZF-Nogo66 coding sequences 
were amplified by PCR and ligated into the pEGFP-ZF-PrP1-GPI eukaryotic expression 
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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 amplified from an adult ZF cDNA library and 
cloned into the pCRII-TOPO vector (Invitrogen). The ZF-Myc-NgR plasmid was 
generated by replacing 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 amplified 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 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 µm) 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 polylysine-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-Nogo66 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/oligodendrocyte-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 protocols (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-NIG∆20, and GST were applied at a 
concentration of 50 µM to polylysine-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 
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after optic nerve lesion and divided into 200×200 µm pieces with a tissue chopper 
(Vielmetter and Stuermer, 1989). Ten miniexplants 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 
µg/ml streptomycin and 10 U/ml penicillin). After 24 h, the number of axons growing 
from the retina miniexplants was determined in an inverted Axiovert 200M microscope 
(Zeiss) under phase contrast. Student’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 
(phosphatidylinositolphospholipase C, Sigma-Aldrich). Enzyme activity 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-NIG∆20.  

ZF axons from retina miniexplants were cultured on polylysine-coated coverslips in 
lumox petridishes (Greiner Bio-one) for 24 h at 28°C. Femtotips of 0.5 µm tip diameter 
connected to a microinjector (Femto Jet, Eppendorf) were loaded with either 100 µM 
GST-ZF-Nogo66, GST-Rat-Nogo66, GST-NIG∆20 or GST alone in elution buffer (PBS, 10 
mM reduced glutathione, 50 mM Tris, pH 8.0) supplemented with 1:20 phenol red. The 
tip was positioned at a distance of 50 µm or 50–100 µm 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 intervals with an Axiovert 200M 
equipped with an AxioCamMRm 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 
t-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 polylysine-coated coverslips for 
12 h. Cells were then transferred to F12 medium supplemented with 0.04% FCS, a 
condition which is appropriate for ZF cells and which allows survival and heterologous 
expression of HeLa cells in cross-species assays (Bastmeyer et al., 1991). Miniexplants 
were added and cocultured with HeLa cells at 28°C. After 24 h, the ZF growth cones were 
monitored when they contacted the transfected 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 t-test was used for statistical analysis. 
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Pull-down, PI-PLC, and cofilin phosphorylation assays.  

Mouse neuroblastoma (N2a) cells were cultured in MEM supplemented with 10% FCS, L-
glutamine, and penicillin/streptomycin, and transfected with the mouse-, ZF-
NgR(310)ecto-Fc, or control Fc vectors using Lipofectamine 2000 (Invitrogen). After 24 h 
of transfection, cells were cultured 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×g for 20 min at 4°C, and 1 ml aliquots were incubated with 
10µg of purified GST, GST-Rat-Nogo66 or GST-ZF-Nogo66 for 1 h at 4°C. Finally, all 
samples were incubated with 20 µl 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 expressing the mouse or ZF 
Myc-NgR were prepared as previously described (Solis et al., 2007). Then, membrane 
fractions were treated with 0.5U/ml PI-PLC in PBS for 3 h at 25°C, centrifuged at 
100,000×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 polylysine-coated 
coverslips as previously described (Munderloh et al., 2009). For the quantification of 
neurite outgrowth, neurons received 10µg/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.  

 

Sequence alignments.  

GenBank accession numbers of protein sequences used for multiple alignments are listed 
in supplemental Table 1, available at www.jneurosci.org as supplemental material. 
Sequences were aligned using MUSCLE (Edgar, 2004), and edited manually. Alignment 
annotation was done in ALINE (Bond and Schuttelkopf, 2009) and secondary structure 
annotation of Nogo-66 alignment by Robetta (Chivian et al., 2003). 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. 

  



Chapter 1 

 36 

 

Results 

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

The expression of RTN4 and its Nogo66 domain in the fish optic nerve – a precondition 
for affecting ZF RGC axon growth and regeneration – was analyzed by reverse 
transcriptase PCR (RT-PCR) showing RTN4-L (the largest of the splice variants RTN4-L, 
-M and -N; Diekmann et al., 2005) in the normal and regenerating 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 RTN4-L, 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 respective glia-markers (Fig. 1C–I). 

In the regenerating optic nerve, Nogo66 AB staining detected GFAP-positive processes of 
astrocytes, GFAP-negative Nogo66-positive cells resembling oligodendrocytes (Fig. 1C–F) 
and O4-positive fish oligodendrocytes in vitro (Fig. 1G–I) but was not detected on the cell 
surface when AB staining was performed on live cells. Labeling of fixed cells, however, 
resulted in intense intracellular staining which is consistent with results obtained in 
mammals 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 myelin debris 
(Ankerhold and Stuermer, 1999; Strobel and Stuermer, 1994) 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 myelin debris and other axons. 

Quantitative outgrowth assay: ZF-Nogo66 is growth-permissive  

To clarify whether ZF-Nogo66 has inhibitory properties like its mammalian orthologue, 
number of axons from retina miniexplants in dependence of the substrate was determined 
in the “quantitative 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-NIG∆20 (Oertle et 
al., 2003c), which served as “inhibition control” (Diekmann et al., 2005) and axon 
numbers on GST (100%) as “growth control” (Fig. 2). The average number of 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-
NIG∆20 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-NIG∆20 and Rat-Nogo66, respectively. Thus, ZF-Nogo66 
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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-NIG∆20 and GST at a distance of 50 µm (and 50–
100µm; supplemental Fig. 1, available at www.jneurosci.org as supplemental material) to 
the growth cone, over an average time of 150 min (Fig. 3). GST control protein 
application 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 dorsal 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 behavior not seen with the other peptides. In 
contrast, GST-Rat-Nogo66 and GST-NIG∆20 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-NIG∆20 (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 (beyond the 
background collapse rate) and hence is growth permissive.  
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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 RTN4-L 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

2
O, 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-Nogo66 which detects 36 kDa RTN4-L 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 magnification 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 (GFAP-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: 
20µm. G–I, Oligodendrocyte, isolated from the regenerating ZF optic nerve, is O4-positive (G,green) and 
Nogo66-negative (H) after staining on live cells but is stained by anti-ZF-Nogo66 AB (I, red) after fixation. 
Scale bars: 20 µm. J, Nogo-66 is associated with regenerating ZF RGC axons and growth cones after 
exposure to AB against ZF-Nogo66. Scale bars: 20 µm. 
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Contact assay: axons contacting HeLa cells expressing Rat- and ZF-Nogo66, 
respectively 

To analyze whether Nogo66 and NIG∆20 affect RGC growth cones when exposed on the 
surface of cells, we fused the relevant 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 transfected HeLa 
cells as control. HeLa cells expressing NIG∆20-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% collapse and 42% 
avoidance, and only 16% crossed the cells. Thus, ZF-Nogo66 allows four times more cell 
crossings than Rat-Nogo66 and NIG∆20. 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 collapse in 20%, avoidance in 40% and growth across in 40% (Fig.4). Why 
EGFP-GPI-expressing cells caused an increase in avoidance 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 collapse in contact 
with Rat-Nogo66 and Rat-NIG∆20, whereas ZF-Nogo66 had no collapsing activity 
beyond the background rate also seen with untransfected cells and EGFP-GPI. 
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Figure 2. Axon outgrowth assay.  
Histogram showing the average number of ZF RGC axons per retina miniexplant after 24 h in culture. The 
quantification includes six separate experiments with a total number of ∼100 retina miniexplants 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 significantly higher 
compared to Rat-Nogo66 (and GST), and growth on Rat-Nogo66 is significantly higher compared to Rat-
NIG∆20. 
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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–I), and GST-Rat-NIG∆20 (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 (A–C) or GST-ZF-Nogo66 (D–F). G–L, Cessation of growth cone motility after 
application of Rat-GST-Nogo66 (G–I) or Rat-GST-NIG∆20 (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 µm. M, Quantification of growth cone responses: growth (gray 
bars), collapse (black bars) following application of GST-ZF-Nogo66, GST-Rat-Nogo66, GST-Rat-NIG∆20 
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-NIG∆20 which cause collapse in 79 and 82%, respectively, of the 
growth cones. 
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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 outgrowth 
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. 5A). 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 on 
ZF-Nogo66 without PI-PLC treatment (154%) was statistically 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 mammalian neurons 
also be enhanced by ZF-Nogo66 via NgR? 
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Figure 4. Contact assay.  
ZF RGC axons were cocultured with non- (NT) or transfected HeLa cells expressing ZF-Nogo66-EGFP-GPI, 
Rat-Nogo66-EGFP-GPI, Rat-NIG∆20-EGFP-GPI, or EGFP-GPI (insert). A–I, Growth cone (arrows) contact 
with cells resulted in growth cone collapse (A–C), avoidance (D–F) and growth on the cell (G–I). Scale 
bar, 20 µm. 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 
growth cones. 
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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-PLC increases 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 neuritis 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 columns, SEM *p< 0.05; **p< 0.01 
according to Student’s t-test. 
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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 control (GST) by 84%. However, application of Rat-Nogo66 inhibited 
neurite outgrowth by ∼30%. Moreover, when Rat and ZF-Nogo66 were added together, 
the ZF-Nogo66-dependent increase 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). 

Figure 6. Nogo66-NgR binding assays and cofilin phosphorylation by ZF-Nogo66.  
A, Conditioned media from N2a cells expressing the soluble mouse or ZF NgR-Fc constructs (Mo-
NgR1(310)-Fc and ZF-NgR(310)-Fc, respectively) were incubated with purified GST, GST-Rat-Nogo66 or 
GST-ZF-Nogo66 (Input). After precipitation, the mixtures were exposed to ABs against Fc and 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. 
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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 (Fournier et al., 2002a; He et al., 2003; Li et al., 2006; Schimmele and 
Pluckthun, 2005) 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 considerations 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, 
membranes prepared from Myc-NgR-expressing N2a cells and exposed 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 material). 
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 IgG1 Fc domain 
(NgR(310)-Fc) which allows to examine receptor-ligand interaction in pull-down assays. 
Soluble Fc served as control (supplemental 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 coprecipitated Rat- and ZF-Nogo66 (Fig. 6A). These 
data are consistent with the high degree of homology between the fish and rat proteins, 
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.  

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 Ca2+-dependent EGFR (epidermal growth factor 
receptor) signaling to Erk1/2 (Koprivica et al., 2005) both affecting cytoskeletal dynamics. 
Therefore, we analyzed the phosphorylation state of cofilin and Erk1/2 after treatment of 
N2a cells and hippocampal neurons with Rat- and ZF-Nogo66. In N2a cells, exposed to 
Rat-Nogo66, cofilin was heavily phosphorylated whereas Erk1/2 was not (Fig. 6B; 
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. 6B). Moreover, 
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.org as 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 phosphorylation (data not shown). Together, our data 
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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 activate 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! 
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Discussion 

The present results have uncovered new factors underlying successful axon regeneration 
in the fish CNS: binding of Nogo66 of fish RTN4 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, however, blocks growth. Thus, 
ZF- and Rat-Nogo66 apparently exert opposite effects via the same receptor. The 
involvement of NgR in the transmission of both inhibition and growth support was 
suggested by the outcome of assays with PI-PLC to remove the GPI-anchored Nogo66 
receptors and biochemical assays, confirming that Rat- as well as ZF-Nogo66 directly 
bind to the mouse- and to the ZF-NgR. 

Sequence alignments suggest that ZF- and Rat-Nogo66 can even use the same ligand 
binding sites of the NgRs. However, Rat-Nogo66 elicits a signal transduction cascade 
culminating in the phosphorylation of cofilin and arrest of axon growth, whereas ZF-
Nogo66 binding to ZF- or mouse-NgR has no influence on cofilin phosphorylation and 
promotes axon growth. This implies that nonconserved residues of Rat- and ZF-Nogo66 
in and/or outside the predicted ligand binding site of NgRs are responsible for the 
transmission of opposite downstream signals. Cofilin effects actin depolymerization when 
activated (dephosphorylated), which is required for actin cytoskeleton dynamics during 
growth cone elongation (Endo et al., 2007; Meberg and Bamburg, 2000). Cofilin 
phosphorylation interferes with actin dynamics resulting in growth inhibition and 
collapse (Hsieh et al., 2006; Niederost et al., 2002) as seen with Rat-Nogo66 and NIGΔ20. 
The phosphorylation state of cofilin was not affected by ZF-Nogo66 implying it remains 
active—probably together with other actin modifying proteins promoting axon/neurite 
elongation which are regulated by ZF-Nogo66. 

Comparison of growth inhibition in mammals and fish 

The Nogo66 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 NIGΔ20 
and Rat-Nogo66, respectively, collapse occurred 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. NIGΔ20-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-Nogo66, at least for ZF RGC axons. The present 
results suggest that absence of the Nogo-A specific inhibitory domain and the transition 
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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.  

Nogo66 receptors  

The theoretical and biochemical analyses of Nogo66 interaction with NgR imply that ZF- 
and Rat-Nogo-66 bind equally well to the predicted ligand-binding site of the NgRs 
(Barton et al., 2003; He et al., 2003). This is no proof that ligands bind as predicted but the 
probability is high insofar as the ligand-binding region of the receptor was identified by 
Lauren et al. (2007), was experimentally mapped in the human proteins (Schimmele and 
Pluckthun, 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 supplemental 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 LINGO1, p75, and/or TROY in mammals (Mi 
et al., 2004; Park et al., 2005; Wang et al., 2002a), Rat-Nogo66 binding to ZF-NgR should 
also recruit LINGO1, 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 signaling pathways 
involved in growth promotion. Since NgR is a GPI-anchored receptor, it might transit 
into specific microdomains (“lipid rafts”) upon ZF-Nogo66 binding (Munderloh et al., 
2009; Simons and Ehehalt, 2002). 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, 
2010). 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 Nogo66 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 Nogo66 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 Nogo66, from fish or mammal.  

 



Chapter 1 

 50 

Nogo66 in the path of regenerating axons 

Such analysis is only meaningful if ZF rtn4 is expressed in glial cells of the optic nerve. 
The presence of Nogo66 in glial cells, RGC axons, and CNS myelin suggests that growth 
cones of regenerating axons that contact myelin and myelin debris repeatedly along their 
path to the brain (Strobel and Stuermer, 1994) can bind Nogo66 and profit from its 
growth-permissive/promoting property—so that ZF-Nogo66 might indeed be useful for 
growth of the regenerating axons in vivo. Moreover, the fact that NgR signaling upon ZF-
Nogo66 binding promotes growth predicts 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 Nogo-A specific domain). In addition, fish possess 
their own myelin components such as the proteins 36 kDa 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 axotomized fish RGCs into an optimal growth state (Munderloh et al., 
2009; Stuermer et al., 1992). The present data together with earlier results imply that the 
fish CNS is optimized for successful regeneration and thus could serve as a model for the 
identification 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 plasticity of nerve connections in the fish 
retinotectal pathway (Easter and Stuermer, 1984; Gaze, 1970; Stuermer and Easter, 
1984b). Indeed, Nogo-A in mammals interferes with sprouting of CNS axons (Buffo et al., 
2000; von Meyenburg et al., 1998) and counteracts 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 Nogo66 receptor PirB will be of interest in future work 
since PirB was reported to be crucial for ocular dominance plasticity (Syken et al., 2006). 
Finally, in light of the difference between the fish and tetrapod nogo genes, the question 
arises if tetrapods acquired an inhibitory version of Nogo66 and—even more important—
whether they gained Nogo-A during evolution; or whether fish lost Nogo66 inhibition 
and the entire Nogo-A specific domain.  
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Supplemental Data 

Supplemental Table 1. Accession numbers of sequences used for multiple alignments. 

Species NgR/NgR1 RTN4 p75 TROY LINGO1 PirB/Lilrb3 
Homo sapiens NP_075380 AAH14366 NP_002498 NP_061117 NP_116197 NP_006855  
Pan troglodytes XP_514992 NP_001029083 XP_511950 XP_509577 XP_510686 NP_001009055  
Mus musculus NP_075358 CAI24275 NP_150086 AAK28397 NP_851419 NP_035225  
Rattus  norvegicus NP_446065 EDL98038 NP_036742 NP_001037694 NP_00109192 XP_001076302  
Gallus gallus XP_415292 NP_989697 P18519 XP_417137 NP_001019748 AAG37068  
Danio rerio NP_982345 NP_001004555 XP_692771 NP_001038369 XP_693354 XP_001919812 

Supplemental Figure 1. Collapse assay and peptide application at 50-150 µm distance from the 
growth cone.   
Quantification of growth cone responses: growth (grey bars), collapse (black bars) following application 
of: GST-ZF-Nogo66, GST-Rat-Nogo66 and GST-Rat-NIG∆20. GST was used as positive control for axon 
growth. Bar in columns represent SEM, n is the number of experiments, and asterisk indicates significant 
difference (**p<0.01) by Student's t-test.
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Supplemental Figure 2. Expression of Nogo-EGFP-GPI fusion proteins on the cell surface.  
Live Hela cells expressing Nogo fusion proteins with GPI-anchor and EGFP (green) of ZF-Nogo66 (A-C), 
Rat-Nogo66 (D-F) and Rat-NIG∆20 (G-I) were exposed to Nogo ABs (red) which resulted in cell surface 
staining in each case. Scale bar: 10 µm. 
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Supplemental Figure 3. Efficiency of PI-PLC treatment.  
A,B, Axons from retinal explants in vitro are labelled with mAB M802 against Thy-1 (B), a GPI-anchored 
cell surface protein. Arrows point to axons, asterisk to debris. C,D, After treatment with PI-PLC, axons are 
no longer stained with mAB M802 (D, arrows) but ABs did bind to debris (asterisk). E,F, RGC axons are 
labelled by anti-neurolin (Neur, arrows), a transmembrane protein which is insensitive to PI-PLC. G,H, 
Staining with anti-neurolin was present after PI-PLC treatment (H, arrows). Scale bar: 10µm. I, RT-PCR 
analysis on normal (NRT) and regenerating zebrafish retina (RRT) shows expression of NgR, NgRH1a, and 
NgRH2 mRNAs. 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

2
O, no 

template control. 
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Supplemental Figure 4. Multiple alignments of interacting proteins in human, chimp, 
mouse, rat, chicken and zebrafish. 
 A, Nogo-66 region. B, NgR1 full length. C, p75. D, TROY. E, LINGO1. F, PirB. Coloured arrows show the 
domain structure of the reported proteins. LLR- leucine-rich repeat; Ig-like, immunoglobulin-like 
domain; death, death domain; TNFR, tumour necrosis factor receptor / nerve growth factor receptor 
repeats; yellow rectangles mark transmembrane domains; yellow frames highlights serine residues 
and amidated serine for GPI-anchor attachment; orange frames in the Nogo-66 region mark amino 
acids different from other species which might affect interaction with NgR1; glutamines in green 
frames are predicted N-glycosylation sites; cysteines in red frames for disulphide bonds; serines in 
black frames are phosphorylated; red residues are likely to be involved in Nogo-66-NgR binding; 
purple residues represent other important aa on the NgR1 surface for interaction;  green residues, 
immunoreceptor tyrosine-based inhibitory motifs (ITIM) in the PirB structure. Secondary structure 
annotations are based on domain organization from Pfam, SMART and UniProt databases. Blue 
colour scheme of alignment represents conservation rate. Alignments were generated by ALINE. 
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Supplementary Figure 5. Expression of Myc-tagged mouse- and ZF-NgRs in HeLa and N2a 
cells.  
A,B, HeLa cells transfected with Myc-tagged mouse- (Mo) or ZF-NgR were exposed to anti-Myc AB 
staining (green) under non-permeabilizing conditions to ascertain surface expression of the 
receptors. Phalloidin staining (red) revealed F-actin. Scale bars; 20 µm. C, In Western blots (WB) of 
untransfected and mouse or ZF NgR-transfected N2a cells, anti-Myc AB recognized the proteins in 
the membrane fraction of the transfected cells. When isolated membranes were exposed to PI-PLC 
the NgR proteins were present in the supernatant, indicating that both mouse- and ZF-NgRs are 
expressed as GPI-anchor proteins. D, Control pull-down. Conditioned medium from N2a cells 
expressing the soluble control Fc construct was incubated with purified GST, GST-Rat-Nogo66 or GST-
ZF-Nogo66 (Input). After precipitation, the mixtures were exposed to ABs against Fc and GST for 
immunodetection.  
The control-Fc construct did not interact with Rat-, ZF-Nogo66 and GST. 
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Supplementary Figure 6. Cofilin and Erk1/2 phosphorylation.  
A, Western blot (WB) analyses of N2a cells expressing mouse- or ZF-NgR (Mo-Myc-NgR1 and ZF-Myc-
NgR, respectively) revealed a strong phosphorylation of cofilin (P-cofilin) after treatment with Rat-
Nogo66 but not after application of ZF-Nogo66 or GST. Phosphorylated Erk1/2 (P-Erk1/2) was present 
at similar levels with all treatments. The WB with anti-cofilin was used as loading control. Thus, ZF-
Nogo66 did not affect cofilin phosphorylation even in the presence of the fish receptor. 
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Abstract  

Unlike mammals, fish have the remarkable ability to regenerate axons in the central 
nervous system. This difference is thought to be partly due to the loss/acquisition of 
inhibitory proteins during evolution. Nogo-A, the longest isoform of the rtn4 gene, acts as 
a potent myelin-associated inhibitor in mammals. Interestingly, fish RTN4 isoforms were 
reported to lack the most inhibitory Nogo-A-specific region (NSR). However, fish axons 
collapse upon contact with mammalian NSR, suggesting that they carry a functional 
Nogo-A receptor. To reconcile these findings, we reconstructed the early evolution of 
rtn4 in chordates. Our analysis indicates that the common ancestor of fish and tetrapods 
had an NSR-coding rtn4 gene, which underwent duplication and divergent evolution in 
bony fish. Thus, in the zebrafish, the NSR was lost in rtn4 but retained in its duplicate 
rtn6, whereas in the pufferfish, the NSR was retained in rtn4 and the entire rtn6 gene was 
deleted. Our survey also revealed that the cephalochordate Branchiostoma floridae 
contains a single rtn gene resembling rtn4 but lacking the NSR. Hence, Nogo-A appeared 
in a gnathostome ancestor before the vertebrate radiation. Analysis of NSR sequences 
revealed clusters of structural similarity with neurocan, an inhibitory proteoglycan of the 
glial scar. The shared presence of transposable elements in ncan and rtn4 suggests that 
Nogo-A originated via insertion of an ncan-like sequence into the rtn4 gene of an early 
jawed vertebrate with myelinated axons. These results open new perspectives for the 
identification of Nogo-A receptors, a precondition for the development of receptor 
inactivation-based therapies. 
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Introduction 

The central nervous system (CNS) of mammals contains several proteins able to inhibit 
process extension in neurons and block axon regeneration. One of these, RTN4-A/Nogo-
A, is associated with myelin and oligodendrocytes in the CNS, and acts as a powerful 
inhibitor of axon growth (Chen et al., 2000; GrandPre et al., 2000; Prinjha et al., 2000). 
Nogo-A is the longest of three major isoforms encoded by the mammalian reticulon4 
(rtn4) gene. It contains a ∼200 aa long N-terminal stretch also present in the RTN4-
B/Nogo-B isoform, followed by a unique variable region of ∼1000 aa known as the Nogo-
A-specific region (NSR), and the ∼200 aa long reticulon homology domain (RHD), which 
is common to all RTN4 isoforms and highly conserved among eukaryotes (Oertle et al., 
2003b). While the N-terminal stretch has been shown to restrict fibroblast spreading but 
not axon regeneration (Oertle et al., 2003c), the NSR and a 66 aa extracellular loop within 
the RHD (known as Nogo-66), have been demonstrated to be responsible for the 
inhibitory effect of Nogo-A on neurite outgrowth (Fournier et al., 2001; GrandPre et al., 
2000; Hu and Strittmatter, 2008; Oertle et al., 2003c). 

Relative to mammals, fish exhibit an increased potential to regenerate lesioned axons in 
the CNS, in line with the apparent absence of inhibitory proteins in their myelin 
(Bastmeyer et al., 1991; Wanner et al., 1995). For example, axons in the optic nerve can 
regrow to their visual target centers in the brain, leading to restoration of vision (Gaze, 
1970). Moreover, descending axons in the fish spinal cord can regenerate when injured 
(Becker and Becker, 2008). Nevertheless, we have demonstrated that delta-20, the most 
inhibitory region within mammalian Nogo-A, can block the growth of fish and 
mammalian axons alike (Abdesselem et al., 2009; Diekmann et al., 2005). These findings 
indicate that fish possess a receptor for mammalian delta-20, despite not necessarily 
having an inhibitory version of Nogo-A. Indeed, subsequent characterization of zebrafish 
rtn4 revealed the lack of a Nogo-A-specific region in this protein (Diekmann et al., 2005). 
Interestingly, the major isoforms of zebrafish RTN4 also contain the highly conserved 
RHD; however, their Nogo-66 domain inhibits growth cone elongation neither in fish 
retinal ganglion cells nor in mammalian hippocampal neurons (Abdesselem et al., 2009). 
Furthermore, zebrafish Nogo-66 does not activate the signal transduction cascade known 
to inhibit axon growth in mammals (Hsieh et al., 2006). Thus, it would appear that during 
evolution, the intrinsic inhibitory properties of RTN4 proteins were lost in fish. 
Alternatively, Nogo-A could have evolved into an inhibitor of axon growth in land 
vertebrates but not in fish. Characterizing the early evolution of RTN4 is therefore crucial 
to clarify these issues. Moreover, since the information on NSR-binding partners is very 
limited, its structural and sequential analysis would help identify Nogo-A specific 
receptor(s). 

Apart from Nogo and other myelin-associated molecules, strong inhibitors of axonal 
regeneration are also present in the mammalian glial scar. Among these, chondroitin 



Chapter 2 

 67 

sulphate proteoglycans (CSPGs) can effectively block regrowth of lesioned axons (Fawcett 
and Asher, 1999). Notably, a scar is also formed in the fish optic nerve upon lesion 
(Hirsch et al., 1995) but it apparently contains neither CSPGs (Becker and Becker, 2002) 
nor other components with repulsive influence on regenerating retinal axons. Therefore, 
besides the intrinsic growth potential of lesioned fish neurons, it would seem that the fish 
CNS is generally optimized for successful axon regeneration. However, the existence of a 
fish receptor able to recognize mammalian Nogo-A and cause collapse challenges this 
notion. 

In the present study, we have taken advantage of recent improvements in bioinformatic 
databases and sequence search algorithms to reconstruct the molecular origin of RTN4 
and the evolution of its inhibitory domains in early chordates, fish and tetrapods. In 
particular, our data suggest that the NSR was derived from an evolutionarily unrelated 
CSPG, an inhibitor from the glial scar. 
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Results 

To clarify the origin of Nogo-A, we re-assessed the evolutionary history of RTN4 proteins. 
Analysis of all 11 available, fully annotated RTN4 sequences of tetrapods shows that in 
contrast to the RHD, which displays ∼80% average sequence identity across vertebrate 
taxa, the NSR is considerably variable in length and sequence (∼30% identity between 
human and frog) (Fig. S1). However, several short stretches are conserved within the NSR, 
including four tri-peptide motifs (Asp-Leu/Ile-Val/Leu/Ile) that form a “molecular 
signature” (Fig. 1A). It is of note that three of these motifs (M2, M3, M4) are located 
within the inhibitory delta-20 region (Fig. 1B). Interestingly, peptides containing similar 
motifs are sufficient to bind β1-integrin and mediate cell-adhesion in vitro (Kim et al., 
2000). 

Figure 1. Nogo-A in vertebrates.  
 A)  Left, phylogram showing the evolutionary relationships among vertebrate NSR amino acid 
sequences. The scale bar represents the number of exchanges per site. Right, multiple alignment of 
selected conserved clusters (in brackets) containing putative β1-integrin-binding motifs (M1 to M4).  
The degree of sequence similarity is highlighted using the cyan-to-red color code. The location of the 
clusters along the Nogo-A polypeptide is indicated in (B).  B)  Schematic representation of the entire 
Nogo-A alignment.  Within the central NSR (light  blue),  the  relative  positions  of  delta-20  (dark  blue)  
and  the  putative  β1-integrin-binding motifs  (red)  are  indicated.  The percent identity plot above 
the scheme shows positions with identity scores higher than or lower than 50% in red and green, 
respectively. 

Taking this into account, we ran reciprocal PSI-BLAST searches using all tetrapod NSRs as 
queries to look for related sequences in fish. Positive matches were confirmed in 
zebrafish, as well as in the pufferfish species Takifugu rubripes and Tetraodon nigroviridis. 
As expected from distant PSI-BLAST searches, the fish NSR sequences are only ∼18% 
identical to those of mammals and ∼200 aa shorter than them (Figs. S2 and S3). However, 
they share most of the conserved NSR stretches, including all four putative β1-integrin-
binding motifs (Fig. 1A). Notably, the NSR of zebrafish is not encoded in the rtn4 gene, 
but in its paralogue rtn6 (Diekmann et al., 2005) (Fig. 2). Conversely, in both pufferfish 
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species -which have lost the rtn6 gene (Diekmann et al., 2005)- the NSR is encoded in 
rtn4 (Fig. 2). This is in agreement with the notion that a genome duplication in a bony 
fish ancestor led to the independent loss of gene duplicates in modern fish lineages 
(Amores et al., 1998). 

 

Figure 2. Gene structure of vertebrate rtn4 genes. 
Exons are drawn in scale and aligned in color-shaded columns. Numbers indicate intron phases. Grey 
boxes show 5’- and 3’-UTRs where this information was available.  The  NSR  is  absent  in  zebrafish  rtn4  
and  lancelet  rtn  (included  for comparison). Dotted lines in zebrafish rtn6 represent gaps in database 
records. 

Further analysis via PSI-BLAST, optimized sequence alignment and comparison of exon-
intron organization revealed that the fish RTN4 isoforms previously described as L and M 
(Diekmann et al., 2005) are homologous to the mammalian Nogo-B and -C isoforms, 
respectively (Figs. S4 and S5). Therefore, we conclude that all major RTN4 isoforms of 
mammals (Nogo-A, -B and -C) were present in the last common ancestor of fish and 
tetrapods, although it remains unclear whether these ancestral proteins had inhibitory 
properties. 

The four members of the reticulon gene family, rtn1 to rtn4, are thought to have arisen 
from the quadruplication of a single rtn gene during early vertebrate evolution (Oertle et 
al., 2003b). The absence of NSR-like sequences in RTN1, RTN2 and RTN3 suggests that 
this region was not present in the ancestral RTN of early chordates but acquired 
independently in the RTN4 of early vertebrates. To trace back the origin of the NSR, we 
surveyed the recently completed genome of the cephalochordate Branchiostoma floridae 
(lancelet), widely regarded as the closest living relative to the chordate ancestor (Delsuc et 
al., 2006). Using vertebrate RHD sequences as queries in PSI-BLAST searches, we 
identified a single rtn homologue in the lancelet. The RHD of the lancelet RTN is encoded 
by the same six exons as in vertebrate rtns (Fig. 2). In addition, secondary structure 
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predictions and hydrophobic profiles indicate that the protein architecture of the RHD is 
strongly conserved from the lancelet to vertebrates. 

 
Figure 3. The rtn gene of the lancelet.   
A)  Phylogenetic  relationships  between  RHD  amino acid sequences  of  the  lancelet  and  67  
vertebrate  RTNs,  using  tunicate  and  nematode  proteins  as outgroups.  For  simplicity,  RTN1  to  
RTN3  taxa  are  condensed  into  shaded  triangles.  B)  HMM profiling  data  for  pairwise  comparisons  
between  the  RHDs  of  lancelet,  tunicate  and  nematode RTNs, and those of vertebrates (as 
displayed in the tree). Higher (positive) scores reflect shorter evolutionary distances.  C)  Exon-intron 
organization of the lancelet rtn gene and its major transcripts.  Exons and introns are drawn in scale.  
The conserved organization of RHD exons between lancelet and vertebrate rtns is highlighted within a 
frame. Nogo-B-like exons are shown in violet. 

Next, we examined the evolutionary relationship between the lancelet and vertebrate 
RTNs at the RHD, using the sequences of the nematode C. elegans and the urochordate C. 
intestinalis (tunicates) as outgroups. The topology of the resulting phylogram reliably 
groups the lancelet RTN sequence with the RTN4 clade (Figs. 3A and Fig. S6). Since the 
relationships among vertebrate RTNs cannot be reliably determined using distant 
outgroups (Li, 1997), we repeated the analysis with only the lancelet RTN as an outgroup 
and found RTN4 to be the most basal group among vertebrate RTNs (Fig. S7). Profile 
hidden Markov model (HMM) analysis confirms that the lancelet sequence is more closely 
related to RTN4 than to other RTNs (Fig.3B). Furthermore, we also identified lancelet 
homologues of NgR1 and the RTN4-interacting protein 1 (RTN4IP1) (Figs. S8 and S9). 

Characterization of ESTs revealed that the lancelet rtn gene produces at least three 
transcripts (Fig. 3C). Two of them (RTN-B1 and RTN-B2) show remarkable similarities in 
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sequence and exon-intron organization to vertebrate Nogo-B (Fig. S10). The variable part 
of the third transcript (RTN-C) does not show similarities to known reticulon proteins. 
Matching of the corresponding genomic regions confirmed the absence of putative NSR-
containing exons in the lancelet rtn gene. Similar results were obtained for the single rtn 
gene of C. intestinalis (Fig. S10). Altogether, these data strongly suggest that early 
chordates possessed only a Nogo-B-like isoform, and that the Nogo-A isoform probably 
arose independently in the rtn4 gene of early vertebrates. 

 

Figure 4. Similarities  between  the  NSR  and  NCAN.   
A) Schematic representation of a multiple sequence  alignment  between  vertebrate  NSRs  and  the  
corresponding  domains  of  NCANs, showing their similar architectures: Ig-like V-set domains (light blue 
solid arrows), link domains (grey  solid  arrows,  only  for  NCAN),  mucin-like  regions  (pink  solid  
arrows),  and  delta-20 (yellow, only for the NSR). The percent identity plot above shows stretches with 
identity scores higher  than  or  lower  than  50%  in  red  and  green,  respectively.  Clusters of highest 
sequence similarity are indicated with black and red circles on the plot. Red vertical bars across the 
NSR and NCAN indicate the positions of the putative β1-integrin-binding motifs.  B)  Multiple alignment  
of  five  selected  clusters  of  similarity  between  the  NSR  and  NCAN  (cluster  location indicated  
with  red  circles  in  (A)).  The degree of sequence similarity is highlighted using the cyan-to-red color 
code. 

Shuffling of protein domains is considered one of the major mechanisms that provided 
novel genetic material for the evolution of vertebrates (Kawashima et al., 2009). The fact 
that the NSR of RTN4 is unique among vertebrate RTNs suggests that it was acquired by 
domain shuffling. To identify potential donor genes, we performed PSI-BLAST searches 
using tetrapod NSR sequences as queries. We identified at least 12 clusters of sequence 
similarity between the NSR and the protein core of NCAN, a member of the lectican 
family of CSPGs (Figs. 4A and Fig. S11). Interestingly, the multi-domain protein core of 
lecticans is thought to have evolved by exon shuffling in a vertebrate ancestor 
(Kawashima et al., 2009; Upholt et al., 1993). Our analysis shows that the NSR and the 
matching sequence in NCAN have a similar protein architecture, consisting of an N-
terminal Ig-like V-set domain and a mucin-like region (Retzler et al., 1996; Zander et al., 
2007), with multiple putative β1-integrin-binding motifs (Fig 4B). Most notably, 
transposable elements flank the corresponding exons of all rtn4 and ncan homologues 
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examined (Fig. S12). Hence, our findings support the notion that Nogo-A originated from 
the insertion of an NCAN-like DNA sequence into the rtn4 gene of an early jawed 
vertebrate (Fig. 5). 

Figure 5. Molecular evolution of rtns and the origin of Nogo-A.  
The phylogram on the left represents the major steps in the evolution of chordates and vertebrates. 
The occurrence of whole genome duplication  events  is  marked  by  blue  circles  (1R  =  one  round  
or  2R  =  two  rounds).  Protein domains are drawn schematically: blue diamonds = Nogo-B variable 
part; red circles and helices = NSR; blue helices = RHD; red and yellow circles = NCAN globular 
domains; red helixes = mucin-like regions. After the two rounds of genome duplication that gave rise to 
rtn1 to rtn4 in vertebrates, the DNA coding for the N-terminal and central regions of NCAN was inserted 
into the rtn4 of a jawed shark-like vertebrate ancestor (red rectangle). This gene structure was retained 
in tetrapod rtn4s, whereas bony fish underwent another round of genome duplication that gave rise  
to  rtn4  and  rtn6,  followed  by  the  loss  of  one  paralogue  (fugu),  or  its  NSR  (zebrafish). Deleted 
sequences are marked with crosses. 
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Discussion 

In this study, we reconstructed the evolutionary history of RTN4 and its inhibitory 
domains, from its early chordate origin to its differential evolution in vertebrates. While it 
had been difficult in the past to find correspondence between the fish and mammalian 
isoforms of RTN4 (Diekmann et al., 2005), the present analysis using improved algorithms 
and expanded databases show that they are indeed homologous. Thus, based on their 
protein domains and gene structure, the zebrafish isoforms previously described as RTN4-
L and -M can now be matched to the mammalian RTN4-B/Nogo-B and RTN4-C/Nogo-C, 
respectively. 

The identification of fish counterparts to the three major RTN4/Nogo isoforms of 
tetrapods has important evolutionary consequences. Given the previously assumed 
differences between fish (L,M,N) and mammalian isoforms (A, B, C), it had been 
hypothesized that they represent ancestral and derived conditions, and that their last 
common vertebrate ancestor would have had either fish- or tetrapod-like isoforms 
(Diekmann et al., 2005). Our present data now show that the A, B, and C isoforms are 
common to all vertebrate classes, and that the major inhibitory domains of RTN4 (delta-
20 and Nogo-66) already existed in the last common ancestor of fish and tetrapods. These 
findings suggest that bony fish acquired the ability to regenerate CNS axons due to the 
divergent evolution and loss of inhibitory protein domains. This is consistent with our 
recent observation that the Nogo-66 domain of zebrafish RTN4 does not inhibit the 
regrowth of fish or mammalian axons (Abdesselem et al., 2009). Comparable data are not 
yet available for the NSR of zebrafish RTN6, although the growth-permissive nature of 
fish CNS myelin (Bastmeyer et al., 1991) suggests that, if inhibitory, this protein may be 
absent from myelin and instead play repulsive roles during axon guidance. Functional 
characterization of RTN4 homologues in bony and cartilaginous fish would be needed to 
clarify whether inhibition mediated by the NSR was gained or lost during evolution. 

Characterization of the lancelet rtn, together with the previous identification of its 
tunicate homologue (Oertle et al., 2003b) allowed us to establish that the genome of the 
ancestral chordate most likely contained a single rtn gene encoding a Nogo-B-like 
isoform. Functional analysis of lancelet rtn should help clarify whether such primitive rtn 
might have influenced axon growth or regeneration. The gene phylogeny in Fig. 3A is in 
agreement with the classical textbook view on the evolutionary relationships between 
basal chordate groups, which places tunicates as basal to cephalochordates and 
vertebrates. However, the sharing of identical exon-intron organization at the RHD 
between lancelet and vertebrates suggests that the loss of introns at the RHD of C. 
intestinalis RTN (Oertle et al., 2003b) is a derived condition. This would be in line with 
more recent molecular phylogenies, where cephalochordates are basal to vertebrates and 
tunicates (Delsuc et al., 2006). 
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The absence of the NSR in lancelet and tunicate rtn genes suggests that Nogo-A most 
probably arose independently in rtn4, after the appearance of jawed vertebrates 
(gnathostomes) but before the split of the fish and tetrapod lineages (Fig. 5). Remarkably, 
the origin of vertebrate myelination is thought to be temporally coupled to the acquisition 
of jaws during the Devonian period (Zalc et al., 2008). Given the functional association of 
Nogo-A with myelin, it is tempting to speculate that the origin of Nogo-A could have 
been part of a series of molecular innovations that took place in connection with the 
evolution of axon myelination in vertebrates. Presently, we cannot exclude that the 
similarities between NCAN and Nogo-A are due to convergent evolution. However, the 
fact that this similarity is confined to the NSR is in line with the proposed origin of Nogo-
A via domain shuffling in an early vertebrate ancestor. 

The shared presence of β1-integrin-binding motifs in NCAN and Nogo-A has interesting 
mechanistic implications. Produced by reactive astrocytes in the mammalian glial scar, 
NCAN is a well-recognized inhibitor of axon regeneration (Fawcett and Asher, 1999), as 
well as of β1-integrin-dependent cell adhesion and neurite outgrowth (Li et al., 2000). In 
addition, the myelin-associated glycoprotein (MAG) can interact not only with NgR1 but 
also with β1-integrin, causing activation of the focal adhesion kinase (FAK) and repulsive 
growth cone responses in mature neurons (Goh et al., 2008). Interestingly, recent data 
from the Strittmatter lab indicates that the NSR can inhibit cell adhesion and axonal 
outgrowth by blocking various integrin complexes (including β1-integrin) and FAK 
activation (Hu and Strittmatter, 2008). Axonal collapse is thought to involve further 
binding of the NSR to a yet unidentified receptor able to activate the small GTPase Rho 
and its effector Rock (Niederost et al., 2002). These data suggest that distinct inhibitory 
molecules of myelin and the glial scar may act in concert via common receptor complexes 
that block integrin-mediated growth, as well as via specific receptors that trigger 
downstream signaling pathways leading to axon growth arrest. 

The crucial issue of whether mammalian and fish NSR domains can functionally interact 
with fish β1-integrin on regenerating retinal axons requires further experiments. 
Specifically, it needs to be clarified whether these interactions can elicit growth cone 
collapse, as induction of collapse requires activation of the Rho-Rock signalling pathway 
(Niederost et al., 2002), whereas β1-integrin signaling targets FAK (Zamir and Geiger, 
2001). The activation of multiple signaling pathways could be explained by postulating the 
existence of a Nogo-A receptor complex, which includes β1-integrin as well as other 
components able to activate Rho-Rock. 

Further comparative study of the cell biology of Nogo-A and NCAN will be crucial to 
ascertain whether their fish homologues have intrinsic inhibitory/repulsive properties, 
and why these are are not deployed during axon regeneration. 
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Materials and Methods 

All proteins and genes sequences are referred to by their NCBI/GenBank accession 
numbers. Sequences were obtained though BLAST searches by using representative 
sequences for each vertebrate class as queries (http://blast.ncbi.nlm.nih.gov/Blast.cgi) 
(Altschul et al., 1997). The sequences were retrieved from public databases at NCBI 
(www.ncbi.nlm.nih.gov/). ENSEMBL (www.ensembl.org) and JGI 
(http://www.jgi.doe.gov/). Resulting sequence sets were aligned using MUSCLE (Edgar, 
2004), followed by visual inspection for errors. Identity plots and domain architecture 
analysis were done by Geneious (http://www.geneious.com/). Final formatting of multiple 
sequence alignment was done in ALINE (Bond and Schuttelkopf, 2009). Distant 
homologues were detected by searches with PSI-BLAST 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Phylogenetic trees were reconstructed using the 
phylogenetic maximum likelihood method (Guindon and Gascuel, 2003), using the 
program SEAVIEW with implementation of Dayhoff amino acid exchange matrix and the 
aLRT (Galtier et al., 1996) statistical approach (Anisimova and Gascuel, 2006). The HMM 
models were constructed from manually edited multiple alignments by Ambon HMM 
builder in the Indonesia package (Johansson, 2001), which is especially intended for 
sequence classification.  Tertiary structure analysis was performed by using the PSI-
BLAST algorithm and homology structure modeling by LOMETS (Wu and Zhang, 2007) 
and ROBETTA (Kim et al., 2004a) servers. 
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Supplemental Data 

Materials and Methods  

Data.  

All proteins and genes sequences are referred to by their NCBI/GenBank accession 
numbers (Tables S1 to S4). The protein and gene sequences in this study correspond to 23 
chordate and invertebrate taxa. Common names used in alignments and phylograms 
correspond to the following scientific names: nematode, Caenorhabditis elegans; tunicate, 
Ciona intestinalis; lancelet, Branchiostoma floridae; human, Homo sapiens; mouse, Mus 
musculus; rat, Rattus norvegicus; frog, Xenopus tropicalis; chicken, Gallus gallus; zebra 
finch, Taeniopygia guttata; carp, Cyprinus carpio; zebrafish, Danio rerio; goldfish, 
Carassius auratus; fugu, Takifugu rubripes; medaka, Oryzias latipes; salmon, Salmo salar; 
trout, Oncorhynchus mykiss. We used the protein sequences of previously characterized 
reticulon genes to screen online public databases NCBI (www.ncbi.nlm.nih.gov/). 
ENSEMBLE (www.ensemble.org) and JGI (http://www.jgi.doe.gov/) using the BLAST 
algorithm (Altschul et al., 1997). Searches were carried out using default values with the 
low complexity filter on. 

Sequence analysis.  

Identity plots and multiple protein alignments were performed using Geneious 
(http://www.geneious.com/) with the implementation of the MUSCLE algorithm (Edgar, 
2004). The resulting alignments were optimized manually. Final formatting of multiple 
sequence alignments was made with ALINE (Bond and Schuttelkopf, 2009). Distant 
homologues were detected by searching chordate or complete non-redundant protein 
databases with PSI-BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Screening was carried 
out using default values with the low complexity filter on. As queries, we used all 
previously characterized or newly found NSR sequences as well as consensus sequences 
generated from tetrapod or vertebrate aligned sets. All retrieved candidates were also 
globally aligned with the queries in order to eliminate cases where the observed similarity 
was based only on domain-sharing. 

Phylogenetic analysis.  

Phylogenetic trees were reconstructed using the phylogenetic maximum likelihood 
method (Guindon and Gascuel, 2003) in the SEAVIEW program, with implementation of 
the Dayhoff amino acid exchange matrix (Galtier et al., 1996). Reliability of the tree 
topologies was evaluated via the aLRT statistical approach (Anisimova and Gascuel, 2006), 
as indicated by the numbers at the main nodes in Figs. 1A, 3A, S3B, S6, and S7. HMM 
models were constructed from manually edited multiple alignments using the Ambon 
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HMM builder in the Indonesia package (Johansson, 2001), which is especially intended 
for sequence classification.  

Structural analysis.  

Tertiary structure analysis was performed using the PSI-BLAST algorithm and homology 
structure modeling at the LOMETS (Wu and Zhang, 2007) and ROBETTA (Kim et al., 
2004a) servers. When using PSI-BLAST for distant homology screening, the complex 
domain architecture of the studied protein is an obvious disadvantage. Nevertheless, this 
method can detect the presence of certain domains even in cases when low sequence 
conservation rates prevent the use of specialized domain/motif algorithms. Thus, we used 
all previously characterized or newly found NSR sequences to predict the domain 
architecture of this region. Structural annotation of NCAN proteins in vertebrates was 
retrieved from the NCBI protein database (http://www.ncbi.nlm.nih.gov/protein/
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Figures  

Figure S1 
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Multiple alignment of tetrapod NSR amino acid sequences. 
The delta-20 region is underlined in orange, whereas the putative β1-integrin-binding motifs (M1-M4) are 
marked by boxes. The degree of sequence similarity is highlighted using the cyan-to-red color code. 
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Figure S2
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Multiple alignment of vertebrate NSR amino acid sequences.   
The delta-20 region is underlined in orange, whereas the putative β1-integrin-binding motifs (M1-M4) and 
conserved clusters of sequence similarity are marked by black and blue boxes, respectively. The degree of 
sequence similarity is highlighted using the cyan-to-red color code. 
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Figure S3 

 
Conservation of Nogo-A across vertebrates.   
A)  Comparative analysis of the exon-intron boundaries flanking vertebrate NSR-coding exons. 
NSR-encoding exon(s) are underlined in blue, introns  are  marked  by  black boxes,  with  
numbers  indicating  the  intron  phase.  The degree of sequence similarity is highlighted using 
the cyan-to-red color code. B) Phylogenetic tree of fish and tetrapod NSR sequences. 
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Figure S4 
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