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 Abstract 

Abstract 
 

Nogo-A, a member of the Reticulon family, is a membrane protein that is expressed during 

development in neurons and in adulthood mainly in myelin of the central nervous system 

(CNS) (Huber et al., 2002; Oertle et al., 2003b; Oertle and Schwab, 2003). Nogo-A is known 

to play an important role in inhibiting axonal regeneration and plasticity in the adult CNS. It 

has been shown that its acute neutralization through antibody application induces sprouting 

and regeneration after spinal cord or brain injury (Schwab, 2004).  

To better understand the action of this molecule, Nogo knockout mice with mixed undefined 

genetic background have been generated in three different laboratories (Kim et al., 2003b; 

Simonen et al., 2003; Zheng et al., 2003). They yielded different results, from a clearly 

increased regeneration capacity to no clear regeneration after spinal cord injury (Woolf, 

2003). To investigate whether the genetic backgrounds of the generated mice could influence 

their regenerative potential, Nogo-A KO mice have been backcrossed into the two pure strains 

C57Bl/6 and 129X1/SvJ. Both lines showed increased regeneration following spinal cord 

injury. However, the 129X1/SvJ Nogo-A KO mice regenerated two to four times more fibers.  

A transcriptomic analysis and further cell biological assays demonstrated an intrinsic 

difference in the growth/regenerative potential of the two strains. 

The molecular mechanisms underlying the increased regenerative properties of the lesioned 

CNS of Nogo-A KO mice are not clear. Furthermore, the possible functions of Nogo-A in the 

intact adult CNS remain to be identified.    

Inhibitory factors, e.g. Nogo-A, play a key role in restricting neurite outgrowth in the adult 

CNS. In order for the regenerative process to occur, Nogo-A neutralization following a lesion 

should induce a program of gene expression able and sufficient to support extension of 

axotomized axons. We present evidences of the selective regulation of two transcription 

factors, Sox11 and the zinc-finger protein 11s-6, in the lesioned spinal cord of adult Nogo-A 

KO mice. On the basis of our findings and previous literature, we suggest a potential role for 

Sox11 in orchestrating the shift in gene expression necessary for a successful regeneration to 

occur in the lesioned CNS in the absence of Nogo-A.  

Regeneration observed in Nogo-A knockout mice is not extensive, probably due to the 

upregulation of yet unidentified compensatory inhibitory molecules. On the other hand, 

following Nogo-A neutralization in adult rats, sprouting of fibers has been reported even in 
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the absence of a lesion (Bareyre et al., 2002; Buffo et al., 2000; Gianola et al., 2003). Through 

a combined genomic/proteomic screening approach, we identified potential compensatory 

inhibitory molecules belonging to the Ephrin and Semaphorin families, as well as their 

receptor families, Eph and Plexin. We also show that the ablation of Nogo-A in the intact 

CNS causes the enhancement of the neuronal growth machinery on the molecular level, 

reflected in the regulation of several cytoskeleton and signaling proteins, which is translated 

on a morphological level into enhanced growth cone surface area and dynamics. We provide 

evidences for the involvement of the LIMK1/cofilin pathway. Finally, we suggest two 

additional potential functions for Nogo-A in the intact CNS, in ER stress response and in 

synapse function and neurotransmission. 
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 Sommario 

Sommario 
 

Nogo-A, appartenente alla famiglia dei reticuloni, e’ una proteina di membrana espressa 

durante lo sviluppo embrionale nei neuroni e nello stadio di vita adulta principalmente nella 

mielina del sistema nervoso centrale (Huber et al., 2002; Oertle et al., 2003b; Oertle and 

Schwab, 2003). Successivamente ad una lesione, Nogo-A svolge un ruolo fondamentale 

nell’inibire la rigenerazione assonale, nonche’ la plasticità, del sistema nervoso centrale 

adulto. E’ stato dimostrato che la sua neutralizzazione per mezzo di anticorpi e’ in grado di 

promuovere la rigenerazione e lo sprouting assonale dopo una lesione spinale o cerebrale 

(Schwab, 2004).  

Per meglio comprendere i meccanismi d’azione di questa molecola, tre laboratori hanno 

generato indipendentemente topi Nogo knockout (KO) in background genetico misto (Kim et 

al., 2003b; Simonen et al., 2003; Zheng et al., 2003). Le conclusioni a cui i tre studi sono 

giunti si sono pero’ dimostrate alquanto differenti: da un chiaro incremento nelle proprieta’ 

regenerative sino all’assenza di regenerazione dopo lesione del midollo spinale (Woolf, 2003). 

Per investigare se il background genetico potesse influenzare il potenziale rigenerativo, i topi 

Nogo-A KO sono stati incrociati fino ad ottenere progenie in due background omogenei, 

C57Bl/6 e 129X1/SvJ. Entrambe le linee hanno mostrato un incremento nella rigenerazione 

assonale dopo lesione del midollo spinale, ma i topi Nogo-A KO 129X1/SvJ presentavano da 

due a quattro volte piu’ fibre nervose regeneranti. Un analisi transcrittomica e successivi 

esperimenti di biologia cellulare hanno permesso di dimostrare l’esistenza di una differenza 

intrinseca nel potenziale di crescita/rigenerativo, dovuta al diverso background genetico.  

I meccanismi moleculari responsabili dell’incremento delle proprieta’ rigenerative, osservato 

nel sistema nervoso centrale lesionato dei topi Nogo-A KO, non sono stati ancora chiariti. In 

aggiunta, le possibili funzioni di Nogo-A nel sistema nervoso centrale intatto restano da essere 

identificate.  

Fattori inibitori, come Nogo-A, giocano un ruolo chiave nel ridurre la rigenerazione nervosa 

nel sistema nervoso centrale adulto. Affinche’ il processo regenerativo possa aver luogo, la 

neutralizzazione di Nogo-A deve indurre un programma di espressione genica in grado, e 

sufficiente, a permettere la crescita degli assoni lesionati. Nel

presente studio, riportiamo che in topi Nogo-A KO adulti e’ possibile osservare la specifica 

regolazione di due fattori di trascrizione, Sox11 e zinc-finger 11s-6, in seguito a lesione 

spinale. Sulla base della corrente letterature scientifica e dei risultati ottenuti, formuliamo 
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l’ipotesi che Sox11, in assenza di Nogo-A, orchestri lo shift nell’espressione genica, 

necessario affinche’ il processo rigenerativo del sistema nervoso centrale lesionato possa 

avvenire con successo.  

Il grado di rigenerazione osservato in topi Nogo-A KO dopo una lesione del sistema nervoso 

centrale non e’ esteso,  probabilmente in sequito alla iper-regolazione di altre molecole 

inibitrici non ancora identificate, compensanti per la mancata espressione di Nogo-A.  D’altro 

canto, é stato pero’ riportato che  la neutralizzazione di Nogo-A in ratti adulti puo’ indurre 

sprouting delle fibre nervose anche in assenza di una lesione (Bareyre et al., 2002; Buffo et 

al., 2000; Gianola et al., 2003). Attraverso un approccio combinato di screening 

genomico/proteomico, abbiamo identificato nuove potenziali molecole inibitrici, appartenenti 

alle famiglie delle Efrine e Semaforine, nonchè alle famiglie dei loro recettori, Eph e Plexine. 

Mostriamo, inoltre, come la soppressione dell’espressione di Nogo-A nel sistema nervoso 

centrale adulto moduli la crescita neuritica, anche in assenza di una lesione. Tale modulazione 

si riflette nella regolazione di numerose proteine del citoscheletro e proteine di signaling, e 

viene tradotta a livello morfologico in un incremento nella superficie e nella dinamica dei coni 

di crescita. Forniamo evidenze del coinvolgimento della LIMK1 e della cofilina nella 

regolazione di questo processo. In ultimo, suggeriamo due ulteriori funzioni per Nogo-A nel 

sistema nervoso centrale adulto: nella risposta allo stress cellulare da parte del reticolo 

endoplasmatico e nella trasmissione sinaptica.  
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Defeating inhibition of axonal regeneration by myelin components 

1. CNS Myelin Neurite Outgrowth Inhibition: an 
historical Perspective 

The concept that the environment of the adult mammalian central nervous system 

(CNS) is hostile to the growth of axons due to the presence of myelin associated 

neurite outgrowth inhibitors is nowadays widely accepted. However, the concept of 

myelin associated neurite outgrowth inhibition developed only about 30 years ago, 

when first evidences suggested that neurons in the CNS of higher vertebrates fail to 

regenerate following a lesion due to the specific neurite outgrowth inhibitory role of 

CNS myelin. Pioneering work demonstrated that there seemed not to be obvious 

differences in the intrinsic ability of CNS and peripheral nervous system (PNS) 

neurons to regenerate following an injury: central axons can invade sciatic nerve 

implants in the spinal cord as well as in the brain but fail to maintain their growth 

potential when encountering CNS tissue again (Aguayo et al., 1981; David and 

Aguayo, 1981). On the contrary, if optic nerve explants are implanted into sciatic 

nerves, regenerating peripheral axons fail to invade them (Aguayo et al., 1981; 

Aguayo, 1978). For the differences between CNS and PNS, one suggested possibility 

was that the production of specific growth factors in the PNS could support neuronal 

growth and therefore regeneration, and that such factors would be lacking in the CNS 

(Ramón y Cajal and May, 1928; Tello, 1911). This hypothesis was invalidated when it 

was shown that sensory neurons could easily grow axons in the presence of sciatic 

nerve bridges in vitro but not in the presence of optic nerve explants and that the lack 

of growth could not be overcome by the presence of optimal concentrations of nerve 

growth factor (Schwab and Thoenen, 1985). The two explants differed in their myelin-

producing glial cells: Schwann cells in the sciatic nerve versus oligodendrocytes in the 

optic nerve. Schwab and Thoenen (1985) speculated for the first time that CNS tissue 

may be non-permissive for axonal regeneration. In mixed optic nerve primary cultures, 

neurons were then shown to attach to other cells, e.g. neurons and astrocytes, while 

forming “windows” around mature oligodendrocytes. As oligodendrocytes produce 

CNS myelin, the next obvious step was to address whether isolated rat CNS myelin 

had similar inhibitory properties, which was shown to be the case (Savio and Schwab, 

1989; Schwab and Caroni, 1988). In contrast, myelin from rat peripheral nerve and 
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 Defeating inhibition of axonal regeneration by myelin components 

even from fish CNS tissues, which do not possess inhibitory properties in vivo, were 

shown to provide a good substrate for the outgrowth of rat neurons in vitro (Schwab 

and Caroni, 1988). These experiments led to the conclusion that oligodendrocytes and 

CNS myelin of higher vertebrates actively inhibit neurite growth by a contact-

mediated mechanism (Schwab and Caroni, 1988). It was further shown that growth 

cones were unable to grow and collapsed when interacting with differentiated 

oligodendrocytes (Fawcett et al., 1989). 

In their following work, Caroni and Schwab demonstrated that two protein fractions of 

35kDa and 250kDa, isolated from rat CNS myelin, inhibited fibroblast spreading as 

well as neurite growth when used as culture substrates (Caroni and Schwab, 1988b). 

Monoclonal antibodies, IN-1 and IN-2, rose against these CNS myelin protein 

fractions were shown to bind to the surface of differentiated cultured oligodendrocytes 

and to partially neutralize their inhibitory properties. Adsorption of nonpermissive 

CNS myelin or nonpermissive oligodendrocytes with either antibody markedly 

improved their substrate properties while optic nerve explants injected with IN-1 

allowed axon ingrowth of cocultured sensory and sympathetic neurons. These results 

showed that the inhibitory properties of CNS white matter are at least partially due to 

the neurite growth inhibitory proteins NI-35/250 expressed on the surface of 

differentiated oligodendrocytes and of their in vivo product, myelin (Caroni and 

Schwab, 1988a). 

It was during the 90’s that the first successful applications of IN-1 in vivo started to 

raise hope for the possibility of a future treatment for spinal cord injury, by showing 

how neutralization of the inhibitory myelin components was translated into 

regeneration of fibers and functional improvement (Bregman et al., 1995; Schnell and 

Schwab, 1990; Schnell and Schwab, 1993; Schwab, 1992; Weibel et al., 1994). 

2. Nogo-A: restricting Neurite Outgrowth in the 
adult CNS 

Based on the biochemical data available for rat NI-35/-250, a bovine homolog (bNI-

220) was purified. It exerted a potent neurite outgrowth inhibitory effect on PC12 cells 

 13



Defeating inhibition of axonal regeneration by myelin components 

as well as chick dorsal root ganglion neurons, with growth cone collapsing properties, 

which could be fully neutralized by the monoclonal antibody IN-1 (Spillmann et al., 

1998). NI-220 homologs were observed also in other species of higher vertebrates, like 

opossum (Varga et al. 1995) and human (Spillmann et al. 1997).  Interestingly, NI-35 

could not be detected in these species and its exact molecular identity has not yet been 

determined; it could be a breakdown or processing product of NI-250 (Bandtlow and 

Schwab, 2000). The rat complementary DNA to NI-250/220 was cloned and the gene 

named Nogo (Chen et al., 2000b). The nogo gene, successfully cloned as well in 

human (Prinjha et al., 2000), is located at chromosome 2p14-->2p13 (Yang et al., 

2000) and belongs to the Reticulons (GrandPre et al., 2000; Oertle et al., 2003b; Oertle 

and Schwab, 2003), an evolutionary old family which occurs in all eukaryotes 

including plants, fungi and yeast (Oertle et al., 2003b). The Nogo gene encodes at least 

3 major splice variants: Nogo-A, -B and –C (Oertle et al., 2003a). As all the other 

reticulons, Nogo-A (rat sequence 1163 amino acids, apparent molecular weight 

200kDa), -B (360 aa, 55kDa) and –C (190 aa, 25kDa) are mainly localized 

intracellularly on the endoplasmic reticulum (ER) but they can also be found on the 

cell surface, where they have been reported being able to interact with each other 

(Dodd et al., 2005).  

Nogo-A is the only Nogo isoform shown to inhibit neurite outgrowth both in vitro and 

in vivo (Blochlinger et al., 2001; Chen et al., 2000b; Hauben et al., 2001; Merkler et 

al., 2001; Prinjha et al., 2000). It is characterized by a major Nogo-A specific 

inhibitory domain (Oertle et al., 2003a; Oertle et al., 2003c), which is recognized by 

the IN-1 antibody. In accordance with its myelin associated inhibitory function, Nogo-

A has been shown to be expressed in higher vertebrates starting from the anura, as 

described in Xenopus laevis, but not in fish (Diekmann et al., 2005; Klinger et al., 

2004; O'Neill et al., 2004; Oertle et al., 2003b). All the three Nogo splice variants 

share a common highly conserved carboxy (C) terminus reticulon domain, containing 

an extracellular loop called Nogo-66 (188 aa) which has been shown to possess growth 

cone collapsing properties in vitro (Kim et al., 2003a; Oertle et al., 2003c). 

Nogo-A is expressed during development mainly in neurons where it has been 

suggested to play a role in neuronal maturation and cortical development (Mingorance-

Le Meur et al., 2007), fasciculation (Petrinovic et al., In preparation) as well as to 

regulate synaptic plasticity (Aloy et al., 2006; Jin et al., 2003; Liu et al., 2003) and to 
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shape the ER (Voeltz et al., 2006). Following the onset of myelination its expression 

switches in myelinating oligodendrocytes. In adulthood it is maily found in 

oligodendrocytes and in the innermost, adaxonal, and outermost myelin membrane 

(Huber et al., 2002; Wang et al., 2002c). All the active inhibitory sites of Nogo-A are 

exposed extracellulary on the surface of cultured oligodendrocytes (Oertle et al., 

2003c). Nogo-B presents a widespread expression in the central and peripheral 

nervous systems as well as in lung, spleen and kidney. Nogo-C, on the contrary, is 

mainly found in skeletal muscle, even if brain and heart were also found to express this 

isoform at low levels (Huber et al., 2002; Josephson et al., 2001; Liu et al., 2002b; 

Meier et al., 2003).  

In order to better understand the molecular mechanisms of action of Nogo-A and its 

neurite outgrowth inhibitory properties, three different lines of knockout (KO) mice 

have been generated in three independent laboratories: Nogo-A, Nogo-A/B and Nogo-

A/B/C (Kim et al., 2003b; Simonen et al., 2003; Zheng et al., 2003). Both the Nogo-A 

KO mice from the Schwab group and the Nogo-A/B KO mice from the Strittmatter 

group displayed statistically significant improvement in axonal growth following a 

spinal cord injury. It has to be noted that the Nogo-A/B/C line from the Tessier-

Lavigne group was embryonically lethal, except for a single escaper which was used to 

derive a line of mutant viable mice. Despite of this, the Tessier-Lavigne group 

analyzed the Nogo-A/B/C KO mice, plus another line of Nogo-A/B KO mice, and 

failed to see significant increase in sprouting or regeneration. Technical factors such as 

the age of the animals, the type of lesion and the degree of labeled corticospinal axons 

by retrograde tracing could only partially explain the reported divergences (Woolf, 

2003). What should be considered is that these knockout lines were generated using 

different constructs as well as using 129X1/SvJ ES cells in C57Bl/6 foster mice. The 

analysis was conducted on genetic hybrids at an early F2 or F3 generation; therefore 

the lines contained different and unknown proportions of the 129X1/SvJ and C57Bl/6 

genetic backgrounds. In a later study, Nogo-A KO mice backcrossed into pure 

129X1/SvJ or C57Bl/6 genetic backgrounds showed both enhanced regeneration after 

spinal cord injury, but interestingly the 129X1/SvJ line regenerated two- to four-times 

better than the C57Bl/6 mice (Dimou et al., 2006), showing the important role of 

intrinsic genomic differences for regeneration capacities and experimental design.   
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3. The Nogo-Receptor (NgR)  

In 2001 a study identified for the fist time a Nogo-A receptor, therefore called NgR, 

able to bind to Nogo-66 and shown to possess inhibitory activity independently from 

the amino-Nogo fragment (Fournier et al., 2001). Recently, a novel Nogo-A-specific 

domain in Amino-Nogo (24 aa) which does not alter cell spreading or axonal 

outgrowth but which is also able to bind to NgR with nanomolar affinity has been 

identified. Fusion of the two NgR-binding Nogo-A domains creates a ligand with 

substantially enhanced affinity for NgR suggesting that NgR activation by Nogo-A 

could involve multiple sites of interaction (Munoz et al., 2005). Testing for cellular 

target specificity, it has been shown that amino-Nogo acts on diverse cell types, e.g. 

inhibiting fibroblast spreading in addition to affecting neuronal growth, whereas Nogo-

66 does not. Due to this fact and due to its unusual amino acid composition rich in 

prolines and negative charges, it has been suggested that amino Nogo-A could act by 

an NgR-independent mechanism based on an additional until now unidentified specific 

receptor (Brittis and Flanagan, 2001; Dodd et al., 2005; Oertle et al., 2003c).  

NgR (473 aa) is a glycosylphosphatidylinositol membrane anchored protein with a 

conventional amino-terminal translocation signal sequence, followed by eight leucine-

rich repeat motifs and a leucine-rich carboxy-terminal motif, usually present in a 

variety of cell surface and secreted proteins.  It translates its signal by activating the 

small guanosine triphosphatase (GTPase) RhoA (Bandtlow and Dechant, 2004) 

through a membrane complex involving NgR itself, the low-affinity neurotrophic 

receptor p75 (Wang et al., 2002a; Wong et al., 2002) and another membrane protein, 

namely LINGO-1 (Mi et al., 2004). The tumor necrosis factor family member TROY 

can bind to NgR as an alternative co-receptor in place of p75 (Park et al., 2005; Shao 

et al., 2005). 

NgR expression is restricted to several populations of postnatal neurons e.g. in the 

neocortex, hippocampal formation, amygdaloid nuclei, dorsal thalamus as well as at a 

lower level in spinal neurons and some primary sensory neurons (Hunt et al., 2002) 

Throughout much of the adult CNS, Nogo-A is detected on oligodendrocyte processes 

surrounding myelinated axons, including areas of axon-oligodendrocyte contact. The 

NgR protein is present throughout axons, indicating that Nogo-A and its receptor are 

juxtaposed along the course of myelinated fibers (Nyatia and Lang, 2007; Wang et al., 
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2002c). Recent studies have identified in mammals two additional NgR homolog 

proteins, NgRH1 and NgRH2, resulting in the hypothesis of an NgR family of 

receptors with potentially different functions based on their only partially overlapping 

expression patterns (Lauren et al., 2003; Pignot et al., 2003). Surprisingly, it has been 

discovered that NgR is an ubiquitous receptor able to bind not only Nogo-A, but MAG 

(Domeniconi et al., 2002; Liu et al., 2002a) and OMgp (Wang et al., 2002b) as well 

with high affinity (Nogo66, 7nM (Fournier et al., 2001); MAG, 8nM (Domeniconi et 

al., 2002); OMgp, 5nM (Wang et al., 2002b)). Although NgR was the only family 

member known to interact with multiple myelin-associated inhibitory molecules, 

MAG has been shown recently to preferentially interact with NgRH2 (Venkatesh et 

al., 2005). 

4. It might not be all about Nogo: additional 
potential Candidates for Myelin Inhibition 

The concept that the environment of the adult mammalian CNS is hostile to the growth 

of axons due to the presence of the myelin inhibitor Nogo-A has led to a search for 

additional inhibitory molecules. Despite of several studies on the topic only few 

candidates have proved to possess inhibitory functions in vitro and up to now no clear 

evidence for their capacity of inhibiting neurite outgrowth in vivo has been clearly 

provided. 

4.1. Myelin Associated Glycoprotein (MAG) 

 
MAG is a single transmembrane sialic acid-binding adhesion molecule protein 

expressed both by oligodendrocytes in the CNS as well as by Schwann cells in the 

PNS, even if in a lower amount. It exists as two isoforms which differ in the sequence 

and length of their cytoplasmic tail: large or L-MAG (72kDa) and small or S-MAG 

(67kDa). Due to its presence in the PNS, it is not surprising that despite several studies 

have reported its capacity to inhibit neurite outgrowth of mature neurons in vitro (Li et 

al., 1996; McKerracher et al., 1994; Mukhopadhyay et al., 1994; Shen et al., 1998), up 
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to now there is still a lack of sufficient evidence of its inhibitory role in vivo: MAG 

KO mice did not displayed enhanced sprouting and/or growth following a CNS lesion 

(Bartsch et al., 1995; Li et al., 1996). It has been suggested that the release of MAG at 

the lesion site could be responsible for its inhibitory activity following a lesion (Tang 

et al., 2001), due to the fact that it was found in the cerebrospinal fluid in a soluble 

form, dMAG, comprising most of its ectodomain. Even in this case, only the presence 

of different receptors in the CNS and in the PNS could potentially explain the lack of 

inhibitory activity of MAG in the PNS. MAG has a sialic acid binding site in its N-

terminal domain and binds to specific sialylated glycans and gangliosides present on 

the surface of neurons (Vinson et al., 2001), but the significance of these interactions 

for the effect of MAG on neurite outgrowth is unclear (Cao et al., 2007b; Mehta et al., 

2007).  

4.2. Oligodendrocyte Myelin glycoprotein (OMgp) 

 
OMgp is a 110 kDa glycosylphosphatidylinositol-linked membrane protein of 

oligodendrocytes and CNS myelin (Mikol et al., 1990), as well as large projection 

neurons, such as hippocampal pyramidal neurons and cerebellar Purkinje cells (Habib 

et al., 1998). In 2002 a study reported that a protein fraction purified from bovine brain 

myelin, previously called arretin because of its ability to inhibit neurite outgrowth, 

predominantly consisted of OMgp. Further analysis showed ability of OMgp to inhibit 

neurite outgrowth of different neuronal populations in vitro (Kottis et al., 2002). 

Despite of this first report, no further study has so far provided evidence for the neurite 

outgrowth inhibitory properties of OMgp in the adult CNS neither in vitro nor in vivo. 

4.3. Chondroitin Sulphate Proteoglycans (CSPGs) in Myelin 

 
Chondroitin sulphate proteoglycans expressed at the lesion scar substantially 

contribute to axon regeneration failure in the adult CNS (Fawcett, 2006b; Galtrey and 

Fawcett, 2007). Two studies have reported that CSPGs, brevican and versican V2, are 

also expressed on the surface of oligodendrocytes and in CNS myelin and that they are 
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able to inhibit neurite outgrowth in vitro (Niederost et al., 1999; Schweigreiter et al., 

2004). 

4.4. Inhibitory Role of axon guidance Cues in the adult CNS  

Attractive and repulsive guidance cues are required to guide axons to their specific 

targets during development. They have been shown to be also expressed in the CNS 

during adulthood. Interestingly, the expression level of a subset of these factors is 

regulated following spinal cord injury, suggesting their possible involvement in the 

lesion response and, eventually, in the failure of the regenerative process (Yamaguchi 

and Pasquale, 2004). However the potential role of axon guidance cues as myelin 

neurite outgrowth inhibitors in the adult CNS and their efficacy compared to known 

inhibitors, e.g. Nogo-A, still necessitate to be further clarified.  

4.4.1 Eph receptors and Ephrins 

The Eph receptor tyrosine kinases and their ligands ephrins are well known for 

mediating cell migration, axonal outgrowth and pathfinding, topographic mapping and 

axon fasciculation during development (Egea and Klein, 2007; Liu et al., 2006a; 

Mundy and Elefteriou, 2006; Pasquale, 2005; Reber et al., 2007). Sixteen members 

have been identified in mammals and subdivided in two classes, EphA and EphB, 

based on binding affinities to the ephrins: five A-ephrins, glycosylphosphatidylinositol 

linked membrane proteins which preferentially bind EphA receptors, and three B-

ephrins, transmembrane proteins which preferentially bind EphB receptors (Gale et al., 

1996; Goldshmit et al., 2006; Lemke, 1997; Pasquale, 2005) . 

The recent observation that several members of Eph/ephrins can be found upregulated 

following spinal cord injury, raised the interesting hypothesis of their possible 

involvement in adult CNS lesion related biological processes, with particular regards 

to gliosis and neuronal regeneration. The upregulation of the following ephrins and 

Eph receptors has been reported following a spinal cord lesion: EphB3 in both white 

matter astrocytes and motor neurons (Figueroa et al., 2006; Miranda et al., 1999), 

EphA3, EphA4, EphA6, EphA7 and EphA8 in white matter glial cells, both astrocytes 

and oligodendrocytes, as well as in motor neurons (Willson et al., 2002), EphB2 and 

ephrinB2 by astrocytes and meningeal fibroblasts, respectively (Bundesen et al., 
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2003), EphA4 in axon stumps proximal to the lesion site (Fabes et al., 2006), ephrinB2 

in astrocytes in the glial scar (Fabes et al., 2006). 

Upregulated Eph/ephrins on reactive astrocytes at the injury site could be directly 

involved in axon regeneration inhibition but could also regulate astrocytic functions. 

EphA4 KO mice have been described exhibiting axonal regeneration and functional 

recovery after spinal cord hemisection but also showing reduced astrogliosis and glial 

scar formation following injury (Goldshmit et al., 2004).  

On the other hand, Ephs and/or ephrins may act as well as myelin associated inhibitors 

of neurite outgrowth. Ephrin-B3 has been reported to be expressed in postnatal 

myelinating oligodendrocytes and, by using primary CNS neurons, to possess an 

inhibitory activity. Accordingly, CNS myelin from ephrinB3 KO mice showed 

reduced inhibitory properties in vitro (Benson et al., 2005).  

Despite of the putative role of Eph/ephrin in neurite outgrowth inhibition, the reports 

on the outcome of in vivo neutralization following spinal cord injury are contradictory. 

As previously discussed, adult mice lacking EphA4 have been described exhibiting 

axonal regeneration and functional recovery after spinal cord hemisection (Goldshmit 

et al., 2004), but this could also be due to the observed reduced gliosis. 

Downregulation of EphA4 by antisense oligonucleotides did not produce any 

anatomical or physiological response monitored with anterograde tracing studies or 

transcranial magnetic motor evoked potentials (tcMMEP) (Cruz-Orengo et al., 2007) 

nor any locomotor behaviour recovery, while an increase in allodynia has been 

reported (Cruz-Orengo et al., 2006). On the other hand, infusion with an EphA4 

antagonist peptide resulted in the absence of the retrograde degeneration that normally 

follows corticospinal tract injury and increased corticospinal tract axon sprouting up to 

and into the lesion centre, while improving behavioural recovery (Fabes et al., 2007).  

4.4.2 Semaphorins 

Semaphorins are a large family of axon guidance molecules which can act during 

development both as chemoattractant or chemorepellent cues (Casazza et al., 2007; 

Chen et al., 2008; Koncina et al., 2007; Pasterkamp and Kolodkin, 2003; Shim and 

Ming, 2007; Yazdani and Terman, 2006). According to the nomenclature (1999), they 

are represented by 20 members divided in 8 classes: class V for viral semaphorins, 

class 1 and 2 with members expressed in invertebrates, class 3 which represents 
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secreted semaphorins expressed in vertebrates and class 4 to 7 which are 

transmembrane or glycosylphosphatidylinositol-linked semaphorins expressed in 

vertebrates. All members of the family share a common extracellular sema-domain 

(500 aa) (Gherardi et al., 2004; Kolodkin et al., 1993).  

On a molecular level, semaphorins mainly act as receptor binding molecules (Casazza 

et al., 2007; Halloran and Wolman, 2006; Pasterkamp and Kolodkin, 2003). All 

classes, except class 3, are able to directly bind to the signal-transducer receptors 

plexins, represented by nine members divided in four subfamilies (A1-4, B1-3, C1 and 

D1) (Kruger et al., 2005; Negishi et al., 2005a; Pasterkamp and Kolodkin, 2003; 

Winberg et al., 1998). Class 3 semaphorins instead can bind to neuropilins (NP-1 and -

2) which, even if not able to tranduce semaphorin signals, act like co-receptors and 

permit the formation of semaphorins-NPs-plexins complexes (Fujisawa, 2004; Giger et 

al., 1998b; Kolodkin et al., 1997; Pasterkamp and Kolodkin, 2003). Triggered 

semaphorin signaling cascades regulate actin dynamics through a variety of 

intermediate modulatory players (collapsing response mediator proteins (CRMPs), Fes 

kinase, LIM kinase, Cdk5, Rac, MICAL, GTPase-activating proteins, guanine-

nucleotide exchange factors). However, the precise order of signal transduction 

cascade events has not been completely clarified (Ahmed and Eickholt, 2007; 

Pasterkamp and Kolodkin, 2003; Puschel, 2007; Sasaki et al., 2002; Schmidt et al., 

2008; Schmidt and Strittmatter, 2007; Yamashita et al., 2007). 

Semaphorin expression is not restricted to development. Several members of this 

family continue to be expressed during adulthood, in particular in CNS structures 

which undergo plastic changes, suggesting their possible involvement in structural 

synaptic plasticity (de Wit and Verhaagen, 2003; Gavazzi, 2001; Tanelian et al., 1997). 

Interestingly there have been several reports of semaphorin, plexin and neuropilin 

upregulation following spinal cord injury (Lindholm et al., 2004; Moreau-Fauvarque et 

al., 2003; Oschipok et al., 2008; Pasterkamp et al., 1999; Pasterkamp and Verhaagen, 

2006; Spinelli et al., 2007) and their possible contribution to the adult CNS inhibitory 

environment has been discussed, in particular for the Semaphorin-3 class as 

components of the glial scar (De Winter et al., 2002a; De Winter et al., 2002b; 

Pasterkamp et al., 1998). Two transmembrane semaphorins, i.e. semaphorin 4D and 

semaphorin 5A, have been recently shown to be expressed also by oligodendrocytes. 

Semaphorin 4D is upregulated in oligodendrocytes following spinal cord lesion 
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(Moreau-Fauvarque et al., 2003) and Semaphorin 5A has been shown to induce 

collapse of retinal ganglia cells growth cones and inhibit axon growth when presented 

as a substrate in vitro (Goldberg et al., 2004). 

4.4.3 Netrin-1 

Netrin-1 is primarily known for its role as a secreted long-range chemotropic guidance 

cue during early embryogenesis when it is released by the notochord and the floor 

plate in the ventral midline of the embryonic spinal cord, attracting DCC-expressing 

commissural axons (Kennedy et al., 1994; Serafini et al., 1996; Serafini et al., 1994; 

Tessier-Lavigne et al., 1988). During development, Netrin-1 can work also as a 

repulsive guidance cues towards axons expressing UNC5 alone or a UNC5/DCC 

receptor complex (Colavita and Culotti, 1998; Hedgecock et al., 1990; Hong et al., 

1999; Keleman and Dickson, 2001). Both netrin-1 and its receptors are still expressed 

in the intact adult CNS, where their role has not yet been clarified. In the adult spinal 

cord, Netrin-1 is expressed by oligodendrocytes and in periaxonal myelin membranes, 

where it is enriched in proximity to paranodal loops at nodes of Ranvier. On the other 

hand, subcellular fractionation of CNS white matter has demonstrated the absence of 

netrin-1 in compact myelin (Baker et al., 2006; Low et al., 2008; Manitt et al., 2001). 

The repulsion-mediating class of netrin UNC5 receptors is expressed by rubrospinal 

and corticospinal motor neurons, and by neurons in all laminae of spinal cord gray 

matter. Following spinal cord injury, Netrin-1 is not present in the glial scar; it is 

downregulated at the lesion site but still present in oligodendroglia and spared neurons 

adjacent to the lesion, while UNC5 expression can be found in fibers at the edge of the 

lesion (Manitt et al., 2006). The expression pattern of Netrin-1 and UNC5 raises the 

question whether Netrin-1 could act as myelin neurite outgrowth inhibitor in the adult 

CNS. Low et al. (2008) provided in vitro indirect evidences showing enhanced neurite 

outgrowth of UNC5 positive neurons on a myelin substrate when function blocking 

UNC5B receptor bodies were added to the culture system. Transplantation of 

fibroblasts overexpressing Netrin-1 at spinal cord lesion sites caused reduced neurite 

outgrowth. However, as Netrin-1 is physiologically not overexpressed following spinal 

cord injury and actually downregulated at the lesion site, the real physiological role of 

endogenous Netrin-1 following spinal cord injury remains to be clarified (Low et al., 

2008).  
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5. Overcoming CNS Myelin Neurite Outgrowth 
Inhibition for Treatment of CNS Injuries 

5.1. Blocking Nogo-A for Spinal Cord Regeneration: the Hope for a 
Treatment 

 

The first report on Nogo-A acute neutralization in vivo was based on intracerebral 

implantation of Nogo-A specific IgM IN-1 antibody producing tumours in a rat spinal 

cord injury model. Sprouting of CST fibers around the lesion site was present in both 

treated and untreated animals, but this last group showed axons up to 7-11 mm 

caudally to the lesion site compared to a maximum distance of 1 mm in control 

antibody treated animals (Schnell and Schwab, 1990). Very similar results were 

obtained in rats with spinal cord that were depleted of oligodendrocytes and myelin 

(Savio and Schwab, 1990). Several follow-up studies confirmed the increased 

regeneration (Brosamle et al., 2000) and also demonstrated enhanced sprouting of the 

injured or spared corticospinal tract (Raineteau et al., 1999; Thallmair et al., 1998) or 

rubrospinal tract (Raineteau et al., 2002; Raineteau et al., 2001; Z'Graggen et al., 1998) 

following anti-Nogo-A antibody treatment in different models of spinal cord injury 

(Blochlinger et al., 2001; Merkler et al., 2001; Raineteau et al., 1999; Z'Graggen et al., 

1998). Increased regeneration and sprouting resulted in improved functional recovery 

(Merkler et al., 2001; Thallmair et al., 1998; Z'Graggen et al., 1998). It has to be 

pointed out that axonal sprouting could be extremely beneficial, in combination with 

regeneration, since most spinal cord injuries in humans are anatomically incomplete 

and sprouting of spared fibers could play a key role in functional improvement. On the 

other hand aberrant sprouting could raise concern, e.g. with regard to pain. However, 

up to now no increased pain or allodynia has been observed following Nogo-A 

neutralization (Freund et al., 2006; Liebscher et al., 2005; Merkler et al., 2001). When 

intact adult rats were treated with the IN-1 antibody, they exhibited sprouting and 

formation of aberrant corticospinal tract (CST) projections, i.e. sensory fibers 

projecting into the ventral horn of the spinal cord and motor fibers projecting dorsally 

(Bareyre et al., 2002). When the IN-1 antibody was applied following CST 
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pyramidotomy, a progressive reorganization of the CST fibers sprouting across the 

midline could be observed, with sensory fibers projecting gradually into the 

denervated dorsal horn and motor fibers projecting into the denervated ventral horn 

(Bareyre et al., 2002). These data suggest that fibers growing in adult CNS tissue 

following a lesion in the absence of Nogo-A could be able to recognize meaningful 

targets and form new functional connections and circuits. Fine tuning of the new 

connections may occur by mechanisms normally operating mainly during 

development, in particular, activity-dependent stabilization and pruning (Bareyre et al., 

2002; Bareyre and Schwab, 2003; Maier and Schwab, 2006). 

IN-1 is an IgM which recognizes the Nogo-A specific domain (Caroni and Schwab, 

1988a; Fiedler et al., 2002). Recently, two additional IgG antibodies (m7B12 and 

m11C7) have been raised against the Nogo-A specific domain. When infused 

intrathecally, both antibodies were shown to penetrate in the adult CNS tissue within 7 

days and to reach a broad distribution, even far away from the infusion site 

(Weinmann et al., 2006). In contrast to controls, Nogo-A antibodies were retained in 

the CNS tissue, and were enriched in Nogo-A expressing cells, i.e. oligodendrocytes 

and neurons, where they colocalized intracellularly with lysosomal markers and 

endogenous Nogo-A. This suggested that m7B12 and m11C7 could mediate the 

internalization of Nogo-A, which was indeed reflected in the overall observed 

downregulation of endogenous Nogo-A levels (Weinmann et al., 2006). When infused 

intrathecally into spinal cord injured rats, both antibodies elicited regeneration of CST 

fibers and enhanced functional recovery in a variety of motor behavioral tasks. 

Functional MRI revealed significant cortical activity responses following hindpaw 

stimulation after anti-Nogo-A antibody treatment (Liebscher et al., 2005). Increased 

functional recovery and enhanced compensatory sprouting following m7B12 infusion 

were also observed in stroke models (Papadopoulos et al., 2002; Papadopoulos et al., 

2006; Seymour et al., 2005; Tsai et al., 2007; Wiessner et al., 2003) suggesting further 

potential therapeutical applications for Nogo-A neutralizing antibodies with regards to 

adult CNS regeneration. 

Further approaches have been used in order to neutralize Nogo-A in vivo in spinal cord 

injury animal models. Immunization with p472, a peptide derived from Nogo-A, 

caused a reduction in neuronal degeneration and increased functional recovery after 

incomplete spinal cord contusion in rats (Hauben et al., 2001). A soluble, truncated 
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version of the Nogo receptor that antagonizes outgrowth inhibition on both myelin and 

Nogo-A substrates, induced axonal sprouting of CST and raphespinal fibers, when 

intrathecally administered following midthoracic dorsal over-hemisection. The 

enhanced sprouting correlated with observed improved spinal cord electrical 

conduction and locomotion (Fournier et al., 2002; Li et al., 2004a).  

Due to the intrinsic differences that a rat or mouse spinal cord injury presents when 

compared to human cases, only proof of principle experiments in primates can further 

clarify whether Nogo-A neutralization could represent a possible successful treatment 

for spinal cord injured patients. Nogo-A neutralization by IN-1 antibody application 

into the cerebrospinal fluid by a graft of hybridoma cells following thoracic lesions of 

the CST in adult marmosets provided the first anatomical evidence that even in 

primates Nogo-A neutralization can increase regenerative sprouting and growth of 

lesioned axons. It resulted in neurites growing into, through and around the lesion site 

in four out of five treated animals, while control antibody-treated animals showed CST 

fibers which stopped rostral to the lesion site and often showed retraction bulbs (Fouad 

et al., 2004). Adult macaque monkeys subjected to unilateral cervical lesion showed 

corticospinal axons interrupted at the level of the lesion, accompanied by retrograde 

axonal degeneration which was reflected by the presence of terminal retraction bulbs. 

Neutralization of Nogo-A reduced the number of retraction bulbs which were located 

closer to the lesion site. Anti-Nogo-A antibody treatment stimulated axonal sprouting 

both rostral and caudal to the lesion and enhanced functional recovery of manual 

dexterity, when compared with lesioned monkeys treated with a control antibody 

(Freund et al., 2006; Freund et al., 2007).  Due to these very promising results, the 

discovery of Nogo-A as a major myelin neurite outgrowth inhibitor and its potential as 

therapeutic target to increase fiber sprouting and regeneration following spinal cord 

injury is now being translated into the clinic. The Novartis Institute for BioMedical 

Research is currently conducting a clinical trial to evaluate safety and efficacy of 

human monoclonal anti-Nogo-A antibody treatment following spinal cord injury 

(Baptiste and Fehlings, 2007; Walmsley and Mir, 2007).  In respect to the possibility 

of a future clinical application of anti-Nogo-A specific antibody treatment, one 

important aspect to be considered is the efficacy time window for the initiation of the 

treatment and whether a delayed treatment would be possible. Enhanced sprouting of 

midline crossing fibers following Nogo-A neutralization in stroke models has been 
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shown to occur even if the treatment start was delayed by 1 week following injury. 

Skilled forelimb function and anatomical studies revealed neuroplasticity also at the 

level of the red nucleus in animals in which the anti-Nogo-A antibody IN-1 was 

administered 1 week after stroke (Seymour et al., 2005). We found that lesioned CST 

fibers regenerated over several millimeters after acute or 1 week delayed treatments, 

but not when the animals were treated with a delay of 2 weeks or with control IgG. 

Swimming and narrow beam crossing recovered well in rats treated acutely or with a 1 

week delay with anti-Nogo-A antibodies, but not in the 2 weeks delay group 

(Gonzenbach et al., In preparation). These results show that the therapeutic time 

window for treatment of spinal cord lesions with anti-Nogo-A antibodies is restricted 

to less than 2 weeks in adult rodents.  

5.2. Targeting the NgR signaling Pathway  

 

Blocking components of the Nogo receptor complex could clearly be an additional 

strategy to promote regeneration. Despite of this, it should be taken into account that 

targeting the NgR complex could affect simultaneously several signaling pathways. 

Additionally, the existence of an NgR-independent Nogo-A signaling pathway has 

been hypothesized (see above). Such a concern is supported by studies showing only a 

moderate improvement in regenerative capacity in NgR KO mice when compared to 

WT. It seems that the lack of NgR can improve raphespinal and rubrospinal axon 

regeneration but not corticospinal one (Kim et al., 2004; Zheng et al., 2005). Still, a 

discrepancy exists between the regenerative capacity observed in NgR KO animals and 

animals treated with agents blocking NgR function. A peptide antagonist, NEP1-40 

which competes for the binding of Nogo-66 to NgR, was shown to promote 

regeneration in different spinal cord injury models: 1) significant axon growth of the 

corticospinal tract and improved functional recovery following mid-thoracic spinal 

cord hemisection when intrathecally delivered (GrandPre et al., 2002), 2) enhanced 

locomotor activity as well as extensive growth of CST axons, sprouting of 

serotonergic fibers and synapse re-formation following thoracic spinal cord injury and 

subcutaneous treatment, acute or delayed by 1 week (Li and Strittmatter, 2003), 3) 

partial functional recovery as well as increased axonal growth and diminished dieback 

of severed axons and growth of serotonergic and dorsal root axons adjacent to the 
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lesion in a rubrospinal tract lesion model following intrathecal delivery (Cao et al., 

2007a).  

The differences observed between NgR KO mice and animals treated with the NgR 

antagonist NEP1-40 could be, at least in principle, due to compensating mechanisms 

occurring in the KO animals, additional regenerative effects of NEP1-40 and/or 

additional roles of NgR beyond neuronal growth inhibition. Interestingly, a recent 

study has suggested that the growth cone-collapsing activities and the substrate 

growth-inhibitory activities of myelin associated inhibitory molecules could be 

dissociated, proposing that neuronal NgR has a circumscribed role in regulating 

cytoskeletal dynamics after acute exposure to soluble MAG, OMgp, or Nogo-66, but 

that it would not be required to mediate their growth-inhibitory properties in chronic 

outgrowth experiments, concluding therefore that chronic axon growth inhibition by 

myelin is mediated by NgR-independent mechanisms (Chivatakarn et al., 2007). 

As well as for anti-Nogo-A antibody treatment, an essential aspect to be considered is 

the time window following a lesion during which a treatment would be effective, i.e. 

whether treatment of chronic states would be possible and how efficacious it would be 

compared to an acute treatment. With regards to Nogo receptor blockers, this 

important point has not been fully addressed. “Delayed” Nogo receptor treatment 

(Wang et al., 2006) by infusion of the soluble Nogo-66 receptor (NgR(310)ecto-Fc) 

protein into rats after spinal cord contusion, starting 3 days after injury for 28 days, 

showed enhanced locomotor recovery compared to acute therapy. However, in the 

view of a potential clinical application the term “delayed” should refer to longer 

intervals considering that acute treatment can follow only the stabilization of spinal 

cord injured patients which often suffer of additional major injuries. Therefore in a 

clinical view, a 3-days delayed treatment should still be considered acute or subacute.  

An indirect way to target the Nogo receptor complex would be to target other 

components, namely p75, LINGO-1 or Troy. The NgR-p75 complex can mediate 

Nogo-A, MAG and OMgp growth cone collapse in vitro (Wang et al., 2002) and was 

therefore considered to be a good candidate for possible therapeutical approaches, in 

particular due to the fact that biochemical evidences indicate that p75 can directly 

interact with a GDP dissociation inhibitor and affect RhoA activation state  

(Yamashita and Tohyama, 2003). In p75NTR KO mice motoneurons regeneration 

following peripheral nerve injury was enhanced (Boyd and Gordon, 2001), but 
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immunohistochemical data showed that p75NTR was expressed in only a very small 

subset of ascending sensory axons and no CST axons in the dorsal column of either 

normal or injured spinal cord animals (Song et al., 2004). Accordingly, in p75 KO 

mice no increased regeneration of neither descending CST fibers nor ascending 

sensory neurons has been observed following spinal cord injury (Song et al., 2004). 

Negative results in KO mice can be related to compensatory mechanisms. However, 

also local administration of a p75NTR-Fc fusion protein, presumably acting in a 

dominant-negative way, did not improve regeneration of ascending sensory neurons in 

the injured spinal cord (Song et al., 2004). One possible explanation for these negative 

results could be the limited expression of p75 in specific neuronal subpopulations in 

the adult CNS. Troy, an orphan TNF receptor family member that is broadly expressed 

in postnatal and adult neurons, can be involved in the NgR complex instead of p75. 

Interestingly, neurons from Troy KO mice are less sensitive to the action of myelin 

inhibitors in vitro (Shao et al., 2005). Further in vivo studies on Troy KO mice will 

permit to characterize the potential of its neutralization.  

LINGO-1 is a component of the NgRp75/TROY complex on neurons but it is also 

expressed on oligodendrocytes where it has been shown to play a role in inhibiting 

differentiation and maturation (Lee et al., 2007; Mi et al., 2004; Mi et al., 2005). 

Attenuation of its expression in oligodendrocytes by dominant-negative LINGO-1, 

LINGO-1 RNA-mediated interference (RNAi) or soluble human LINGO-1 (LINGO-1-

Fc) resulted in a downregulation of RhoA activity, increased oligodendrocytes 

differentiation and myelination (Mi et al., 2005). On the other hand, overexpression of 

LINGO-1 lead to activation of RhoA and inhibition of oligodendrocyte differentiation 

and myelination (Mi et al., 2005). These data suggested that LINGO-1 neutralization 

following a CNS lesion could be beneficial for both neurite outgrowth and 

remyelination. Accordingly, LINGO-1-Fc treatment following rat spinal cord injury 

promoted axonal sprouting and increased oligodendrocyte and neuronal survival (Ji et 

al., 2006). 
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5.3. Combined Treatments 

 

Despite of the evidence that myelin associated neurite outgrowth inhibitors represent a 

major target for therapeutic intervention to promote axon regeneration, re-establishing 

functional connections to neuronal networks in the lesioned adult spinal cord could 

require combinatorial strategies, with e.g. neutralization of glial scar components or 

neurotrophic factors, in order to maximize functional recovery. A number of recent 

studies suggest enhanced axonal growth after use of combinatorial therapies (Azanchi 

et al., 2004; Cui et al., 2004; Fouad and Pearson, 2004; Schweigreiter and Bandtlow, 

2006). 

Hyaluronic acid hydrogels have been developed to serve as scaffold for neural 

regeneration following implantation into injured tissue. Since when unmodified they 

do not support cell attachment, the gels were modified with polyclonal anti-NgR 

antibody to both deliver the antibody and to alter the surface properties of the gels in 

order to improve neuronal adhesion and survival. Chicken dorsal root ganglia and 

dorsal root ganglia cells plated on the surface of the modified gels were able to adhere 

and maintain cell viability, assessed by neurofilament staining, 72 hours following 

adhesion. Neurite outgrowth assay of dorsal root ganglia cultured close to the gels 

showed that the number and length of forming neurites on the side toward modified 

hydrogels were significantly more than that on the opposite side, suggesting that 

hydrogels could have a potential application for spinal cord injury repair treatments 

(Hou et al., 2006; Tian et al., 2005). 

Degradation of the inhibitory scar components chondroitin sulfate proteoglycans by 

chondroitinase ABC (ChABC) has been combined with treatment with NEP1-40, a 

synthetic peptide blocking Nogo-66/NgR interaction, in the lesioned entorhino-

hippocampal pathway model in vitro. Both ChABC and NEP1-40 strongly facilitated 

the regrowth of entorhinal axons after axotomy, permitting the re-establishment of 

synaptic contacts with target cells. However, the combined treatment did not result in 

improved regeneration when compared to the single treatments (Mingorance et al., 

2006). 

Application of the mAb IN-1 in combination with neurotrophin-3 (NT-3) has been 

shown to promote axonal regeneration when applied to acute spinal cord injury models 
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as well as to produce a positive outcome in a subset of chronic injured animals 

(Gharabaghi and Tatagiba, 2005; Schnell et al., 1994; von Meyenburg et al., 1998). 

Two-week post-injury treatment of rats which underwent a bilateral dorsal hemisection 

resulted in the regeneration of corticospinal fibers for 2-11.4 mm into the caudal spinal 

cord in three out of eight animals. In the control group sprouting occurred rostral to the 

lesion but no long-distance regeneration was observed. Eight-week post-injury 

treatment resulted in a maximum regeneration of 2 mm into the caudal spinal cord. 

(von Meyenburg et al., 1998).  

Even if it is likely that strategies reducing inhibition in combination with factors 

stimulating growth, e.g. neurotrophic factors or activation of specific growth genes, 

would lead to combinatorial positive effects, it should not be forgotten that negative 

effects could also arise and that the implementation of these treatments, even if of 

great potential, is extremely complex. Therefore such combinatorial therapies are 

likely to reach the clinic only after safety and efficacy of the single components have 

been shown. Further studies are also needed to address and clarify how these novel 

therapies could influence and be influenced by current treatment options for spinal 

cord injury, e.g. methylprednisolone or rehabilitative physiotherapy.  
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1. Axon guidance Molecules in the adult CNS: a 
Role in Neurite Outgrowth Inhibition? 

Attractive and repulsive guidance cues and their receptors - belonging to several 

families e.g. ephrins, Ephs, semaphorins, plexins, netrins, slits - are required to guide 

axons to their specific targets during development. They have been shown to be 

expressed in the central nervous system (CNS) also during adulthood, a stage at which 

their role is starting to be addressed. Interestingly, the expression level of a subset of 

these developmental guidance cues is upregulated after a CNS lesion, suggesting a 

possible involvement in repair and regenerative processes (Yamaguchi and Pasquale, 

2004). Here we review the families of axon guidance molecules whose changes in 

expression in the adult CNS following an injury could be related to failure of 

regeneration: ephrins and their Eph receptors, semaphorins and their receptors plexins 

and neuropilins, and netrins. For each family, we first provide a summary of their 

molecular mechanisms of action, their expression pattern and their roles during 

development of the central nervous system. We will not cover other emerging roles for 

these molecules, e.g. angiogenesis, organogenesis, tumor pathogenesis or immune 

responses, which have been discussed in recent reviews (Chedotal et al., 2005; 

Chisholm, 2008; Comoglio et al., 2004; Hinck, 2004; Kikutani and Kumanogoh, 2003; 

Kikutani et al., 2007; Merlos-Suarez and Batlle, 2008; Neufeld et al., 2007; Neufeld et 

al., 2005; Potiron et al., 2007; Suchting et al., 2006; Suzuki et al., 2008; Takegahara et 

al., 2005). The second part of each section concentrates on the expression and possible 

roles in the intact and lesioned adult central nervous system of these proteins, focusing 

on present evidences regarding their possible implication in the failure of the axonal 

repair processes. 
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2. Ephrins and Eph Receptors  

During development, Eph receptor tyrosine kinases and their ligands ephrins have 

been shown to play a key role in network formation and topographic mapping by 

modulating cell migration, axonal outgrowth and pathfinding, and axon fasciculation 

(Egea and Klein, 2007; Liu et al., 2006a; Mundy and Elefteriou, 2006; Pasquale, 2005; 

Reber et al., 2007). According to the actual nomenclature, in mammals sixteen Ephs 

have been identified, subdivided in two classes, EphA and EphB, based on binding 

affinities to the ephrins: five A-ephrins, glycosylphosphatidylinositol linked membrane 

proteins which preferentially bind EphA receptors, and three B-ephrins, 

transmembrane proteins which preferentially bind EphB receptors (Gale et al., 1996; 

Goldshmit et al., 2006; Lemke, 1997; Pasquale, 2005). However, two Eph receptors, 

EphA4 (Brors et al., 2003) and EphB2 (Himanen et al., 2004), have been shown to be 

able to bind to members of both ephrin subfamilies. The ephrin-binding domain of the 

Eph receptors is in the most distal part of their extracellular region while the tyrosine 

kinase domain is located in the cytoplasm (Bruckner et al., 1997; Labrador et al., 

1997). In the absence of Eph/ephrin interaction the tyrosine kinase domain maintains 

its inactive conformation, which is stabilized by inhibitory interactions with the 

juxtamembrane domain. The interaction of ephrins with their Eph receptors results in 

the assembly of dimeric/multimeric clusters trans and cis on cell surface membranes, a 

mechanism which can also mediate cell-cell adhesion (Goldshmit et al., 2006; 

Himanen et al., 2001; Noren and Pasquale, 2004; Stapleton et al., 1999; Wimmer-

Kleikamp et al., 2004). The downstream Eph-ephrin activated signaling pathways, 

which can be bidirectional through both the receptor and the ligand allowing reciprocal 

communication between cells, can convert the adhesion into repulsion leading to the 

separation of the juxtaposed cells or to growth cone collapse (Goldshmit et al., 2006; 

Noren and Pasquale, 2004). Cleavage of the juxtamembrane domain of A-ephrins by 

metalloproteases (Hattori et al., 2000; Janes et al., 2005; Mancia and Shapiro, 2005) or 

internalization of B- as well as A-ephrin/Eph complexes (Marston et al., 2003; Zimmer 

et al., 2003) are two other mechanisms which are able to convert the adhesion effects 

into repulsion. Eph activity also depends on the stabilization of the active 

conformation of the kinase domain through autophosphorylation of clustered Eph 
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receptors on several cytoplasmic tyrosines. These phosphorylations also create 

docking sites for signaling adaptor molecules (Binns et al., 2000; Noren and Pasquale, 

2004; Wybenga-Groot et al., 2001; Yamaguchi and Pasquale, 2004). However, other 

protein interactions are phosphorylation independent, e.g. with PDZ domain-

containing proteins, with phosphatidylinositol (PI)-3 kinase subunit p110γ and several 

guanine nucleotide exchange factors for Rho family proteins (Kullander and Klein, 

2002; Noren and Pasquale, 2004; Torres et al., 1998).  

A great effort has been spent in the past few years trying to understand Eph/ephrin 

signaling mechanisms. Nevertheless, our knowledge is far from complete. 

Interestingly, Ephs/ephrins seem to be able to signal through RhoA, through which 

also at least part of the Nogo-A inhibitory signal is driven. The EphA4 receptor has 

been shown to bind to Ephexin, a guanine nucleotide exchange factor (GEF), which is 

specifically expressed in the CNS and during development is present in the same areas 

like EphA receptors (Shamah et al., 2001). Activation of EphA4 through ephrin 

binding has been shown to lead to Ephexin phosphorylation at a conserved tyrosine 

residue (Y87) and to activate Cdk5, Cdc42 and RhoA (Fu et al., 2007; Sahin et al., 

2005; Shamah et al., 2001). The capacity of EphA4, or other EphA receptors, to 

activate selected pathways could depend on the presence of specific exchange factors. 

This idea is supported by the fact that EphA4 overexpression by itself has been shown 

not to permit the activation of RhoA, unless coupled to the parallel overexpression of a 

Vms-Rho, another guanine nucleotide exchange factor (Noren and Pasquale, 2004; 

Ogita et al., 2003). Also the observation that Ephexin and Vms-RhoGEF preferentially 

bind to EphA receptors while EphB receptors associate with other exchange factors, 

e.g. Intersectin and Kalirin, indicates that these factors could participate in determing 

the specificity of the downstream activated signaling pathway (Irie and Yamaguchi, 

2002; Noren and Pasquale, 2004; Penzes et al., 2003).  

In addition to Rho-GTPases, both EphA and EphB receptors are able to inactivate H-

Ras, the prototype of the Ras family of proteins which, if active, can bind to and 

activate a cascade of serine/threonin kinases including Raf1, Mek1, and the MAP 

kinases Erk1 and Erk2 (Elowe et al., 2001; Miao et al., 2001; Tong et al., 2003; Vindis 

et al., 2003). However, in other cases it has been reported that the Eph receptors can 

activate rather than inactivate MAP kinases (Noren and Pasquale, 2004). Cross-talk 
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between signaling pathways downstream of Eph receptors/ephrins and G-protein 

coupled receptors has been postulated as well. 

The Eph signaling output has also been suggested to be modulated by differential 

clustering of Eph/ephrin complexes. Low clustering is not sufficient for all EphA4-

dependent functions, such as the guidance of thalamocortical axons into the 

somatosensory cortex in vivo, and high-order clustering of ephrin ligands has been 

shown to have additional functions besides receptor activation (Egea and Klein, 2007; 

Egea et al., 2005). 

Very little is known with regards to ephrin reverse signaling, even if both A-ephrins 

and B-ephrins have been reported to signal to the ligand expressing cells, and 

“reverse” signaling has been suggested to play a role in different processes such as 

axon guidance, synaptic plasticity and neuronal migration (Aoto et al., 2007; 

Armstrong et al., 2006; Bong et al., 2007; Davy and Robbins, 2000; Holmberg et al., 

2005; Tanaka et al., 2003).  

Despite of the fact that Ephs are often co-expressed with ephrins, up to now only 

couple of studies have reported the activation of signaling pathways due to cis 

interactions (Carvalho et al., 2006; Egea and Klein, 2007). 

2.1. Ephrins and Ephs in CNS Development 

 

Eph/ephrins have been involved in several important nervous system developmental 

processes. This is in line with their expression, which during development is 

predominantly, but not exclusively, in the nervous system. They have been reported to 

segregate groups of cells from each other, as in the developing rhombomeres of the 

hindbrain, through repulsive interactions (Cooke et al., 2005; Cooke and Moens, 2002; 

Klein, 1999). They also play an important role in guiding the migration of cells, such 

as neural crest cells (Davy and Soriano, 2005; Krull et al., 1997; Santiago and 

Erickson, 2002), contribute to the formation of selective neuronal connections by 

affecting growth cone dynamics at the leading edge of extending axons or axonal 

branches through cytoskeletal rearrangements (Brennan et al., 1997; Holland et al., 

1998; Klein, 2005; Mellitzer et al., 2000; Shamah et al., 2001), participate in the 

establishment of topographic maps in the superior culliculus as well as the lateral 
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geniculate nucleus and help establishing thalamocortical mapping (Cang et al., 2008; 

Rashid et al., 2005; Sato et al., 2007; Wilkinson, 2000). Furthermore, Eph/ephrins 

have been also implicated in the establishment of corticospinal circuitry (Dottori et al., 

1998; Kullander et al., 2001a; Yokoyama et al., 2001). EphA4 knockout (KO) mice 

show defects in corticospinal tract (CST) midline crossing as well as locomotor 

abnormalities, e.g. hopping gait (Akay et al., 2006; Coonan et al., 2001; Dottori et al., 

1998; Kullander et al., 2003). In mice in which the EphA4 kinase domain has been 

inactivated by a lysine-methionine substitution, CST abnormalities were also reported 

(Kullander et al., 2001b). Most of these processes are governed by gradients of 

Eph/ephrins which control repulsive forces through spatial regulation of expression 

(Braisted et al., 1997; Hindges et al., 2002; Lukehurst et al., 2006; Person et al., 2004; 

Stubbs et al., 2000). Although Ephs and ephrins are mainly known as repulsive 

guidance molecules, they have also been reported to exert positive functions. For 

example, ephrinA signaling seems to play a key role in attracting olfactory sensory 

neurons to specific glomeruli in the olfactory bulb (Cutforth et al., 2003). Further, 

Eberhart et al. (2004) showed that different subpopulations of motor neurons 

expressing the EphA4 receptor could respond differently to ephrinA5, either in a 

positive or inhibitory manner. Depending on the type of observed response, 

EphA4/ephrinA5 signaling activation was found in distinct subcellular compartments, 

suggesting the activation of different signaling pathways by the same Eph/ephrin 

complexes (Eberhart et al., 2004). 

2.2.  Ephrins and Ephs in the intact adult CNS 

 

Interestingly, in the last few years it has been shown that Ephs/ephrins are not only 

present in the CNS during development but during adulthood as well, even if at a 

much lower level. In the normal adult CNS both Ephs and ephrins are present in 

several cell types and regions, as thoroughly described by Goldshmit et al. (2006). 

They are expressed in different neuronal populations, e.g. cortical neurons, 

hippocampal neurons, cerebellar Purkinje cells, spinal cord motor neurons, as well as 

in the white matter, mainly on astrocytes (Goldshmit et al., 2006; Liebl et al., 2003; 

Migani et al., 2007; Olivieri and Miescher, 1999).  
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The role of Ephs and ephrins in the adult CNS is not yet clear. They have been 

implicated in synaptic plasticity and remodeling in the hippocampus, where the 

interaction and activation of EphA4 by ephrinA3 causes the downstream activation of 

Ephexin and subsequently of the Cdk5 complex, resulting in dendritic spine retraction 

(Fu et al., 2007; Grunwald et al., 2004; Murai et al., 2003; Tremblay et al., 2007; Xu et 

al., 2003). Another potential function of Ephs/ephrins in the adult CNS is related to 

their expression at the subventricular zone and in the rostral migratory stream where 

they have been suggested to influence neurogenesis by affecting proliferation and 

apoptosis (Chumley et al., 2007; Conover et al., 2000). In line with these observations, 

ephrinB3 KO mice show an increase in cell proliferation in the subventricular zone 

coupled to higher level of apoptosis with the result of a reduction in the number of 

neuroblasts reaching the olfactory bulbs (Ricard et al., 2006). Only few studies have 

directly addressed the expression and/or the role of Ephs and ephrins in 

oligodendrocytes, reporting a wide expression of both A and B class receptors and 

ligands (Benson et al., 2005; Cohen, 2005; Willson et al., 2002). 

2.3. Ephrins and Ephs in the injured adult CNS: what for? 

 

Recently, several members of Eph/ephrins have been found upregulated following a 

CNS lesion. This has led to the interesting hypothesis of their possible involvement in 

adult CNS injury related biological processes. The role of Eph/ephrin during 

development suggests that they could play a role in guidance during regeneration 

(Goldshmit et al., 2006; King et al., 2003; Knoll et al., 2001; Koeberle and Bahr, 

2004).  

Most of the studies addressing the expression level of ephrins and eph receptors 

following a CNS injury have been based on spinal cord injury models. Several Ephs 

have been found to be increased in white matter, EphB3 in astrocytes, EphA3, EphA4, 

EphA6, EphA7 and EphA8 in both astrocytes and oligodendrocytes. EphB3 has been 

found upregulated also in motor neurons (Figueroa et al., 2006; Miranda et al., 1999). 

EphB2 and ephrinB2, respectively, are expressed by astrocytes and meningeal 

fibroblasts. They exhibited a downregulation at 1 day followed by a significant 

increase at day 14 after injury (Bundesen et al., 2003). EphrinB2, normally expressed 
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in the grey matter flanking the CST, was markedly upregulated in astrocytes in the 

glial scar while its receptor EphA4 accumulated in proximal axon stumps. CST axons 

bearing high levels of EphA4 are therefore surrounded by a continuous basket of 

cognate inhibitory ephrin ligand with the possible consequence of corticospinal axons 

retraction after a spinal lesion (Fabes et al., 2006). 

After an optic nerve injury, recruited macrophages specifically upregulated mRNA 

encoding EphB3. Injured adult retinal ganglion cell axons in turn expressed EphrinB3, 

a known ligand for EphB3 (Liu et al., 2006b). EphA5 and EphrinA2 were also found 

upregulated, in the retina and in the superior culliculus respectively, after optic nerve 

injury (Rodger et al., 2001; Rodger et al., 2005).  

Eph/ephrins have been shown to be expressed and upregulated on astrocytes at the 

injury site. Gliosis, one of the first processes observed following a CNS injury, is 

characterized by an enhancement in glial reactivity and proliferation, and by 

morphological and functional changes in astrocytes and microglia coupled to an 

increase in the synthesis of inhibitory extracellular matrix molecules such as 

proteoglycans and tenascinR, contributing to the formation of the glial scar and to the 

inhibitory environment (Busch and Silver, 2007; Norenberg et al., 2004; Silver and 

Miller, 2004). Therefore, Eph/ephrins on reactive astrocytes could regulate astrocytic 

functions, like by contributing to the reactivity of astrocytes, as indicated by the 

observation that EphA4 KO mice show reduced astrogliosis and glial scar formation 

following injury (Goldshmit et al., 2004). Other two explanations could be possible: 

for the presence of Eph/ephrins on reactive astrocytes could be possible: 1) they may 

contribute to clearing of debris, as suggested by the upregulation of EphB receptors 

and ephrinB1 on astrocytes in the hippocampus at the lesion site at the time when 

clearing is ongoing (Wang et al., 2005); 2) they could directly participate in inhibiting 

axonal regeneration. 

On the other hand, Ephs and ephrins may also play a role as myelin associated neurite 

outgrowth inhibitors after spinal cord injury. Ephrin-B3 has been reported to be 

expressed in postnatal myelinating oligodendrocytes and, by using primary CNS 

neurons, to possess an inhibitory activity in vitro. Accordingly, CNS myelin from 

ephrinB3 KO mice had reduced inhibitory properties (Benson et al., 2005).  
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The therapeutic potential of the neutralization of Ephs and ephrins in vivo to promote 

neurite outgrowth following spinal cord injury remains to be clarified. There have been 

contradictory reports on the outcome of in vivo blockade of EphA4 upregulation 

following SCI. Adult mice lacking EphA4 have been described to exhibit axonal 

regeneration and functional recovery after spinal cord hemisection (Goldshmit et al., 

2004). One hypothesis for the increased regeneration, as previously discusses, is 

related to EphA4 expression on astrocytes at the lesion site, as EphA4 KO mice 

showed greatly reduced astrocytic gliosis and glial scar. EphA4 KO astrocytes failed to 

respond to the inflammatory cytokines, interferon-gamma or leukemia inhibitory 

factor in vitro, thus suggesting that EphA4 could regulates important features of spinal 

cord injury induced astrocytic gliosis (Goldshmit et al., 2004). On the contrary, 

applying antisense oligonucleotides did not produce an anatomical or physiological 

repair response monitored with anterograde tracing or transcranial magnetic motor 

evoked potentials (tcMMEP), respectively, suggesting that upregulation of EphA4 

receptors after trauma is not related to axonal regeneration or return of nerve 

conduction across the injury site (Cruz-Orengo et al., 2007). Furthermore, reducing 

EphA4 upregulation following lesion by intrathecal/subdural infusion of EphA4-

antisense oligodeoxynucleotide (ODN) did not result in enhanced locomotor behavior 

recovery, while an increase in mechanical allodynia has been observed by the Von 

Frey hair test (Cruz-Orengo et al., 2006). However, infusion with a peptide antagonist 

of EphA4 resulted in the absence of axonal die-back that normally follows CST injury 

(Fabes et al., 2007). In a behavioral test of CST function, peptide treatment 

substantially improved recovery relative to controls. In contrast to the previous report, 

these results suggested that blocking EphA4 can contribute to improved repair after 

spinal cord injury (Fabes et al., 2007). 

Further studies are needed to clarify the time course and localization of Eph receptors 

and ephrins after injury in both brain and spinal cord, and to address their potential 

role as neurite outgrowth inhibitors in vivo.  
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3. Semaphorins, Plexins and Neuropilins 

Semaphorins have been extensively characterized as potent neural repellents and for 

their role in patterning the developing nervous system. However, in relation to their 

wide expression in several other tissues, they have been also implicated in immune 

response mediated processes (Furuyama et al., 1996; Hall et al., 1996; Herold et al., 

1996; Holmes et al., 2002; Kumanogoh and Kikutani, 2003; Shi et al., 2000; Watanabe 

et al., 2001), organogenesis (Ginzburg et al., 2002; Hahn and Emmons, 2003; Ito et al., 

2000; Roy et al., 2000), angiogenesis and vasculogenesis (Feiner et al., 2001; 

Kawasaki et al., 1999; Roush, 1998; Serini et al., 2003), apoptosis (Gagliardini and 

Fankhauser, 1999; Shirvan et al., 1999) and linked to different diseases (Mann et al., 

2007; Williams et al., 2007) and tumors (Brambilla et al., 2000; Christensen et al., 

1998; Gutgemann et al., 2001; Tse et al., 2002; Xiang et al., 1996) (Herman and 

Meadows, 2007; Rieger et al., 2003). All semaphorins share an extracellular conserved 

Sema-domain (500 aa) and a plexin-integrin-semaphorin (PSI) domain. Twenty 

semaphorins have been identified up to now, which are divided into eight classes 

(Semaphorin Nomenclature Committee (1999)). ClassV represents viral Semaphorins, 

while Class 1 and 2 represent invertebrate Semaphorins. Semaphorins expressed in 

vertebrates belong to class 3 to 7. Class 3 consists of secreted semaphorins, Sema3A to 

Sema3F, while classes 4 to 7 consist of several transmembrane or 

glycosylphosphatidylinositol-linked Semaphorins, acting as short-range, membrane-

attached, axonal repellents. Some of these membrane-associated semaphorins can be 

proteolytically cleaved and generate soluble forms (Chabbert-de Ponnat et al., 2005; 

Zhu et al., 2007).   

Semaphorins exert their functions in the nervous system by signaling through Plexins, 

cell surface receptors which are divided into two subclasses: Plexin-A and –B. Only 

class 3 Semaphorins are not able to directly bind to plexins. However, they do form 

complexes with them through Neuropilin-1 and -2 coreceptors.  

The specific ways of action of many semaphorins and their receptors are far from 

clear. Plexins have been shown to activate small GTPases (Negishi et al., 2005b; 

Oinuma et al., 2004; Swiercz et al., 2002; Turner et al., 2004), MAPKs (Pasterkamp et 

al., 2003), and Cdk5 (Sasaki et al., 2002; Uchida et al., 2005), and to negatively 
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regulate the PI3K-Akt pathway (Chadborn et al., 2006; Gallo, 2008). They can also 

interact with  the phosphoproteins of the CRMP family (collapse response mediator 

proteins) (Schmidt et al., 2008; Schmidt and Strittmatter, 2007; Yamashita et al., 

2007). Additional identified Semaphorin receptors are Tiam2 and CD72 (Kumanogoh 

et al., 2000), which can modulate immune response mediated processes.  

3.1. Semaphorins, Plexins and Neuropilins in CNS Development 

 

In the developing CNS, almost all semaphorins are widely expressed by both neuronal 

and non-neuronal cells (Fiore and Puschel, 2003; Mann et al., 2007). Different plexins 

and neuropilins are often expressed in distinct neuronal populations (Kawakami et al., 

1996; Mauti et al., 2006; Perala et al., 2005; Tamagnone et al., 1999). Neuropilin-1 is 

enriched in growing axons and growth cones. Its expression persists at high levels 

while axons are actively growing and neuronal circuits established (Kawakami et al., 

1996). During this period, Neuropilin-1 transduces chemorepulsive semaphorin 

signals, which influence growth cone steering as well as neurite fasciculation (Bagri 

and Tessier-Lavigne, 2002; Fujisawa et al., 1997; Kolodkin and Ginty, 1997; 

Nakamura et al., 1998). Ectopic expression of Neuropilin-1 in mouse embryos has 

been shown to induce defasciculation (Kitsukawa et al., 1995), while Neuropilin-1 KO 

mice have shown defects in the trajectory and projections of the cranial and spinal 

efferent fibers, together with the almost complete lost of the segmental pattern of 

spinal nerves (Fujisawa et al., 1997). This phenotype closed mimicked the one 

described for Sema3A mutant embryos, which showed aberrant extension of axons 

into regions generally avoided during axon pathfinding (Kawasaki et al., 2002). 

However, these defects were not observed in Neuropilin-2 KO mice, which only 

showed irregular trajectories in the oculomotor nerve and lack of the throclear nerve, 

similarly to Sema3F mutants (Chen et al., 2000a; Gammill et al., 2006; Giger et al., 

2000; Sahay et al., 2003; Walz et al., 2002). These data, together with the observation 

that the two neuropilin members often present complementary expression patterns in 

the developing CNS, strongly suggest cell-type specificity in their chemorepulsive 

mechanisms of action. This is not true for plexins, for which redundancy in function 

has been shown. For example, semaphorin signaling through plexin-A3 and plexin-A4 
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restricts the migration of newly differentiated sympathetic neurons, and migration 

defects are only observed in plexin-A3/-A4 double mutants (Waimey et al., 2008).  

With regards to B-plexins, it has been reported that Plexin B2, but not Plexin B1, 

would be critical for neuronal pathfinding and migration. Plexin B2 KO mice showed 

brain disorganization and defects in closure of the neural tube. On the contrary, Plexin 

B1 KO did not show any obvious developmental neuronal abnormalities (Deng et al., 

2007). Further studies on B-plexin double- KO might reveal potential redundancy in 

their signaling pathways.  

Apart from their main role in axon guidance and neuronal migration (Chen et al., 

2008; Ito et al., 2008; Kerjan et al., 2005; Pasterkamp et al., 2007; Shim and Ming, 

2007), in the developing nervous system semaphorins have also been implicated in 

axon-axon interactions (Sweeney et al., 2007; Wolman et al., 2007), dendritic 

branching (Morita et al., 2006), spine formation (Lin et al., 2007), synaptic function 

(Bouzioukh et al., 2006) and neurotransmission (Sahay et al., 2005), oligodendrocyte 

migration (Cohen, 2005; Okada et al., 2007) and apoptosis (Ben-Zvi et al., 2006; 

Gagliardini and Fankhauser, 1999). 

3.2. Semaphorins, Plexins and Neuropilins in the adult CNS: 
Possible Roles in the Inhibition of Neurite Outgrowth. 

 

Accumulating evidence indicates that several semaphorins continue to display 

sustained expression in the adult CNS: SemaW (Encinas et al., 1999), sema3A in 

distinct neuronal populations with predominant expression in the motor system and 

olfactory-hippocampal pathway (Giger et al., 1998a), sema6B ubiquitously (Eckhardt 

et al., 1997), sema4C enriched in postsynaptic-densities (Inagaki et al., 2001), sema4D 

in oligodendrocytes, and sema4H in neuronal fibers and nerve terminals (Hirsch et al., 

1999).  

This sustained expression during adulthood has been shown to undergo injury-induced 

changes. It has been shown not only that following an injury in the adult CNS a 

regulation in semaphorin expression can be observed, but also that secreted 

semaphorins can be found in the glial scar, providing unexpected insights into a new 
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role for semaphorins in injury related neurite outgrowth inhibition. SemaIIIA is 

present in fibroblasts in the core of the scar tissue following injuries in different CNS 

area, e.g. cortex, spinal cord or lateral olfactory tract (Pasterkamp et al., 1999). 

Interestingly, this induction of expression following lesion was not observed in 

neonatal tissue (Pasterkamp et al., 1999). Meningeal fibroblasts invading the lesion 

core of the scar have been shown to express also the secreted semaphorins Sema3B, 

Sema3C, Sema3E and Sema3F (De Winter et al., 2002a).  

The fibrotic core of the scar is characterized by the presence of an extensive meshwork 

of extracellular matrix (ECM) containing collagen and chondroitin sulphate 

proteoglycans (CSPGs). Semaphorins can interact directly with CSPGs: GFP-tagged 

Sema3A associates with the cell surface of cultured neurons and is released into the 

medium by treatment with excess glycosaminoglycans or a glycosaminoglycan-

degrading enzyme (chondroitinase ABC, chABC) (De Wit et al., 2005). Following 

transection of the spinal dorsal columns, Sema3A staining overlaps with CSPG and 

tenascinR-C in the core of the scar; a conditioning lesion of the sciatic nerve promotes 

sprouting of ascending sensory neurites into areas where only CSPGs are expressed 

but fails to promote growth in areas where both Sema3A and CSPGs are expressed 

(Pasterkamp et al., 2001). Whether CSPGs can modulate the inhibitory properties of 

semaphorins remains to be clarified (Pasterkamp and Verhaagen, 2006). 

Adult injured CNS neurons express semaphorin receptors, suggesting that injured 

neurons might sense and respond to semaphorins present in the scar tissue. Following 

a lesion, Neuropilin-1 is present in the scar, but it can be detected additionally in the 

surrounding blood vessels and in the injured neurons projecting to the lesion site 

(Pasterkamp et al., 1999). Therefore, the interaction of semaphorin in the scar with 

Neuropilin-1 on the axotomized neurons could generate a growth inhibitory signal. 

Vachkov et al. showed that tumor cells expressing most of the class 3 semaphorins 

inhibited neurite outgrowth of dorsal root ganglia neurons in vitro and that their 

neutralization through soluble Neuropilin-1 receptor significantly counteracted this 

inhibition (Vachkov et al., 2007). Axotomized neurons have been shown to also 

overexpress Plexins, different family members in different subpopulations, suggesting 

that different regenerating tracts could respond differently to semaphorin inhibitory 

signals following injury (Spinelli et al., 2007), depending on the subset of 

receptors/coreceptors expressed. 
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Overall, the roles played by semaphorins in the regenerative processes after CNS 

injury are far from clear. 

It has to be pointed out that most of the studies have assessed the expression of 

semaphorins only on the mRNA level. Recent studies addressing their protein 

expression level have shown both ECM like staining and neuronal staining, in 

particular of Sema3A in rat Purkinje cells (Eastwood et al., 2003) and in numerous 

neurons located throughout the basal ganglia and thalamus (Majed et al., 2006). These 

data are in contrast with the observation that no mRNA expression for Sema3A has 

ever been detected in these areas (Giger et al., 1998a). However, other mRNA 

expression data in fact point to the fact that the regulation of semaphorins following a 

CNS injury is not restricted to the scar tissue (see above). A transient upregulation in 

Sema3C mRNA in axotomized facial motoneurons and rubrospinal neurons in both 

mouse and rat injury models has been reported (Oschipok et al., 2008) and some 

studies have suggested that semaphorin expression at the lesion site could play a role 

not only in neurite outgrowth inhibition but also in refining regeneration by 

recapitulating their role of developmental axon guidance cues (Tang et al., 2007). 

Recently, membrane-bound semaphorins have been also suggested to play a role as 

myelin associated inhibitors of neurite outgrowth. In the optic nerve, Sema5A is 

expressed by oligodendrocytes, but not by other glial cells. In vitro, axon growth of 

retinal ganglion cells is strongly inhibited when they are cultured on optic nerve 

explants. Blocking sema5A using a neutralizing antibody significantly increased axon 

growth on these optic nerve explants (Goldberg et al., 2004). Sema4D has been shown 

to be expressed during myelination in the intact CNS and to be upregulated following 

injury in oligodendrocytes surrounding the lesion site (Moreau-Fauvarque et al., 

2003). In vitro, Sema4D, used as a substrate, strongly inhibited axon growth from 

postnatal sensory neurons and cerebellar granule cells (Moreau-Fauvarque et al., 

2003). 
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4. Netrins 

Netrins (~70kDa) have been identified about one decade ago as a family of highly 

evolutionary conserved developmental axon guidance cues, structurally related to 

laminins, at the midline of the developing CNS in bilaterally symmetric animals 

(Colamarino and Tessier-Lavigne, 1995; Kennedy et al., 1994; Serafini et al., 1994; 

Tessier-Lavigne et al., 1988). In mammals, two different subfamilies are present:  

 

1) Netrins, represented by Netrin-1, -2 and -4, are secreted and can act as a “long” 

range chemotropic guidance cues, through gradients created by diffusion, or as a 

“short” range cues remaining close to or attached to the cell surface (Brankatschk 

and Dickson, 2006; Kennedy et al., 2006; Moore et al., 2007). They are expressed in 

the central nervous system by both neurons and oligodendrocytes but they are also 

present in non-neuronal tissues, where they have been involved in morphogenesis 

through regulation of cell adhesion, migration, survival and differentiation (Cirulli 

and Yebra, 2007; Lu et al., 2004; Moore et al., 2007). Netrins can signal through 

three main known receptors: DCC (deleted in colorectal cancer) (Fazeli et al., 1997; 

Keino-Masu et al., 1996) and neogenin (Meyerhardt et al., 1997; Vielmetter et al., 

1994), proteins related to the immunoglobulin superfamily, and UNC5 (Hedgecock 

et al., 1990; Leonardo et al., 1997). The possible interaction of netrins with the 

membrane-associated adenosine A2b receptor and with integrins (α6β4, α3β1) has 

been also suggested (McKenna et al., 2008; Yebra et al., 2003). During 

development, netrins can act as either chemoattractants or chemorepellents for 

distinct populations of developing neurons (Alcantara et al., 2000; Bloch-Gallego et 

al., 1999) depending on the specific combinations of receptors expressed (Hong et 

al., 1999; Keleman and Dickson, 2001). Receptor activation ultimately results in the 

rearrangement of the actin cytoskeleton, regulated by Rac and Rho GTPases, 

MAPKs, FAK, or Src Tyr kinases (Forcet et al., 2002; Li et al., 2004b; Li et al., 

2002; Liu et al., 2004; Shekarabi and Kennedy, 2002). In neuronal tissues, 

cytoskeleton rearrangements permit to control several functions, like steering of the 

growth cones, axonal guidance, axonal branching, cell migration and adhesion. 

Netrins are at the moment under study for their possible involvement in different 

biological processes. Interestingly, both DCC and UNC5 receptors are also caspase 3 
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substrates and their cleavage by caspase 3 in the absence of Netrin-1 can induce 

apoptosis (Llambi et al., 2001; Mehlen et al., 1998). Overexpression of Netrin-1 in 

the mouse intestinal tract leads to reduced apoptosis and to the formation of 

spontaneous hyperplastic lesions and/or adenomas (Mazelin et al., 2004), suggesting 

that UNC5 and DCC could function as tumor suppressor in the absence of Netrin-1 

(Chedotal et al., 2005; Mehlen and Fearon, 2004).  

During early embryogenesis, Netrin-1 acts as a secreted long-range chemiotropic 

guidance cue through the DCC and the UNC5 receptors. It is released at the floor 

plate of the embryonic ventral midline of the spinal cord, where it attracts DCC-

expressing commissural axons (Kennedy et al., 1994; Serafini et al., 1996; Serafini 

et al., 1994; Tessier-Lavigne et al., 1988), and repels axons expressing UNC5 alone 

or a UNC5/DCC receptor complex (Colavita and Culotti, 1998; Hedgecock et al., 

1990; Hong et al., 1999; Keleman and Dickson, 2001). 

 

2) G-netrins, represented by Netrin-G1 and –G2, are glycosylphosphatidylinositol 

membrane anchored proteins. Being recently discovered, not much is at the moment 

known about their possible biological functions (Nakashiba et al., 2000; Nakashiba 

et al., 2002). They are preferentially expressed in the CNS with complementary 

distribution in most brain areas: Netrin-G1 in the dorsal thalamus, olfactory bulb and 

inferior colliculus, and Netrin-G2 in the cerebral cortex, habenular nucleus and 

superior colliculus (Nakashiba et al., 2002; Niimi et al., 2007). They lack any 

appreciable affinity to the classical netrin receptors but have been shown to bind to 

Netrin G ligands, single pass transmembrane domain proteins suggested to provide 

short range guidance cues for axonal pathfinding (Lin et al., 2003; Moore et al., 

2007; Nakashiba et al., 2002).  

4.1. Netrin-1 in the adult CNS: a new Myelin associated Inhibitor of 
Neurite Outgrowth?  

 

Netrin-1 and its repulsion-mediating receptor UNC5 are expressed in the adult spinal 

cord. Netrin-1 can be found in oligodendrocytes and in the periaxonal myelin 

membranes, but not in compact myelin (Baker et al., 2006; Low et al., 2008; Manitt et 

al., 2001). UNC5 is expressed in several neural systems: rubrospinal motor neurons, 
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corticospinal motor neurons and neurons in all lamina of the spinal cord gray matter 

(Low et al., 2008; Manitt et al., 2004). On the other hand, in adulthood the attraction-

mediating Netrin-1 receptor DCC is downregulated (Manitt et al., 2004). The 

expression pattern of Netrin-1 and its repulsion-mediating receptor UNC5, together 

with reports that both Netrin-1 and UNC5 continue to be expressed after spinal cord 

injury and that axonal regeneration capacity in lamprey, following spinal cord 

complete transection, inversely correlates with UNC5 receptor expression (Shifman 

and Selzer, 2000), raised the interest in Netrin-1 as a possible neurite outgrowth 

inhibitor in the adult CNS, in particular as a myelin associated inhibitor. Netrin-1 was 

not observed in the glial scar but in oligodendroglia and spared neurons adjacent to the 

lesion, and UNC5 expression was found to be increased in fibers at the edge of the 

lesion in both the dorsal horn and white matter areas adjacent to the lesion  (Manitt et 

al., 2006). Up to now only one study has addressed the potential neurite outgrowth 

inhibitory role of Netrin-1 following a spinal cord injury, both in vitro and in vivo 

(Low et al., 2008). The in vitro experiments reported enhanced neurite outgrowth on a 

myelin substrate when UNC5B receptor bodies were added to the culture system, but 

no clear evidence of the presence/expression level of Netrin-1 in the myelin extract 

were provided. Additionally, even if Netrin-1 expression has so far not been reported 

to be increased following an injury, the in vivo experimental setup analyzed lesion 

sites to which fibroblasts overexpressing Netrin-1 were applied - with the intent of 

observing  the possible effect of Netrin1 independently of other endogenously 

expressed myelin inhibitors, e.g. Nogo-A, MAG and OMgp. Therefore, no clear 

conclusion can be deduced with regards to the possible role of endogenous Netrin-1 

(Low et al., 2008).  

Moreover, up to now it is still not clear how a secreted ligand like Netrin-1, mainly 

known for its long-range effects, could act locally as neurite outgrowth inhibitor. One 

hypothesis arises from subcellular fractionation of CNS tissue which revealed that the 

majority of Netrin-1 can be found in the extracellular matrix or in the cell membrane 

fractions (Manitt et al., 2001; Manitt and Kennedy, 2002; Serafini et al., 1994). 

Possible interacting molecules are: slit, the ECM protein collagen-IV, integrins (Baker 

et al., 2006; Brose et al., 1999; Yebra et al., 2003) and heparin, heparin sulfate and 

chondroitin sulfate (Baker et al., 2006; Kappler et al., 2000; Serafini et al., 1994; Shipp 

and Hsieh-Wilson, 2007). If and how these interactions can limit the diffusion rate of 
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Netrin-1 in the central nervous system and in particular how the rate of long-range 

versus short-range acting Netrin-1 can be differently regulated during development in 

comparison to adulthood still remain to be clarified.  

Based on current knowledge, it remains to be confirmed if Netrin-1 could be 

considered an additional myelin associated neurite outgrowth inhibitor in the adult 

CNS.  

4.2. Conclusions  

Several families of developmental axon guidance molecules have been recently shown 

to be still expressed in the adult CNS, where their functions are just starting to be 

addressed. Different members of the ephrins, Ephs, semaphorins and plexins have all 

be shown to be upregulated following spinal cord injury, opening the debate in the 

scientific community on their possible involvement in the failure of the axonal 

regeneration. A number of studies have started to address the potential neurite 

outgrowth inhibitory properties of single candidates. The available data speak for very 

complex phenomena, due for example to variability in expression and effects in 

different neuronal subpopulations, as well as various levels of action on different 

processes, e.g. neurite outgrowth, immune response, or scar formation. A more 

detailed characterization of the signaling pathways mediating the cellular effects of 

ephrins and semaphorins in the adult lesioned CNS would be important to understand 

also the degree of interaction between members of a family. 

Further in vivo studies may provide additional evidences of the physiological neurite 

outgrowth inhibitory role of these molecules and permit to demonstrate a causal 

relationship between their expression and the failure of axon regeneration following a 

lesion. Finally, the question should be addressed if the acute neutralization of a single 

member of these candidate proteins could effectively lead to an increased regenerative 

response following lesion even in the presence of the other strong inhibitors, e.g. 

Nogo-A. Supplementary studies on single and multiple knockout animals might 

provide insights into the existence of a “hierarchy of inhibition”.  
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 Aims of the thesis 

1. Investigating Nogo-A KO Mice 

In order to better understand the molecular mechanisms of action of the myelin 

associated neurite outgrowth inhibitor Nogo-A, Nogo KO mice have been generated in 

three independent laboratories. Two out of the three independent groups have shown 

different degrees of regeneration, compensatory fiber sprouting and functional 

recovery in adult Nogo-A and Nogo-A,-B KO mice following spinal cord injury. The 

third group failed to observe a clear increase in sprouting or regeneration (Kim et al., 

2003b; Simonen et al., 2003; Zheng et al., 2003). Technical factors, e.g. the gene 

targeting strategy used, age of the animals, type of lesion, or the degree of labeling of 

the corticospinal tract, could be of importance for explaining these differences (Woolf, 

2003). An additional important aspect was that the analyzed lines of Nogo KO mice 

where early F2, F3 generations of genetic hybrids, containing different undefined 

proportions of genetic backgrounds of the 129X1/SvJ ES cells and of the C57Bl/6 

foster mouse strains. The role of strain background in the regenerative response of 

Nogo-A KO mice is addressed in Chapter 1. 

For successful regeneration to occur, a programmed and regulated activation of genes 

for growth would be required. An analysis of the transcription factors regulated 

following spinal cord injury in Nogo-A KO mice deletion is presented in Chapter 2.  

Interestingly, the amount of regenerating fibers seen in the injured spinal cord of 

Nogo-A KO mice was moderate when compared to the amount observed following 

acute neutralization of Nogo-A by delivery a neutralizing antibody. This could speak 

for the upregulation of additional inhibitory proteins, which would compensate for the 

lack of Nogo-A, like MAG or OMgp as potential candidates. This hypothesis is 

investigated in Chapter 3 of this thesis. 

It has been shown that acute neutralization of Nogo-A in intact adult rats can also 

increase fiber sprouting (Bareyre et al., 2002; Buffo et al., 2000; Gianola et al., 2003), 

pointing to a potential role of Nogo-A as growth suppressor in the intact CNS. So far 

most of the functions of Nogo-A in the intact adult CNS remain unclear. In Chapter 3 

we present evidences for a role for Nogo-A in cytoskeleton remodeling and suggest 

additional potential roles. 

 51



 Aims of the thesis 

2. Aims of the Thesis 

The present thesis addresses the following specific questions concerning the Nogo-A 

KO mouse model: 

1) Which could be the cause of the differences in regeneration capacities observed in 

the Nogo KO mice generated in the three independent laboratories? Could intrinsic 

genetic differences due to the diverse background in Nogo-A KO mice contribute to 

their regenerative capabilities? 

2) Which transcription factors could regulate the shift in gene expression necessary for 

the successful regenerative response observed after a CNS lesion in Nogo-A KO mice? 

3) Which are the molecular mechanisms and signaling pathways responsible for the 

increased sprouting observed in intact rats following Nogo-A neutralization? Which 

other roles could Nogo-A play in the intact adult CNS? 

4) Which additional inhibitory molecules could be compensating for the lack of Nogo-

A in the Nogo-A KO mice and could be responsible for the incomplete, even if clearly 

increased, regeneration following a CNS injury? 

In order to be able to address these several questions at a time, we decided to approach 

them from a systems biology point of view, using genome and proteome screening 

techniques. Interesting changes were further analyzed in cell biological and 

biochemical experiments to further characterize the underlying biological processes. 
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Abstract 

 

Nogo-A, a membrane protein enriched in myelin of the adult CNS, inhibits 

neurite growth and regeneration; neutralizing antibodies or receptor blockers 

enhance regeneration and plasticity in the injured adult CNS and lead to 

improved functional outcome. Here we show that Nogo-A-specific knockouts 

in backcrossed 129X1/SvJ and C57BL/6 mice display enhanced regeneration 

of the corticospinal tract after injury. Surprisingly, 129X1/SvJ Nogo-A 

knockout mice had two to four times more regenerating fibers than C57BL/6 

Nogo-A knockout mice. Wildtype newborn 129X1/SvJ dorsal root ganglia in 

vitro grew a much higher number of processes in 3 d than C57BL/6 ganglia, 

confirming the stronger endogenous neurite growth potential of the 129X1/SvJ 

strain. cDNA microarrays of the intact and lesioned spinal cord of wildtype as 

well as Nogo-A knockout animals showed a number of genes to be 

differentially expressed in the two mouse strains; many of them belong to 

functional categories associated with neurite growth, synapse formation, and 

inflammation/immune responses. These results show that neurite regeneration 

in vivo, under the permissive condition of Nogo-A deletion, and neurite 

outgrowth in vitro differ significantly in two widely used mouse strains and 

that Nogo-A is an important endogenous inhibitor of axonal regeneration in the 

adult spinal cord. 
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1. Introduction 

Neurite growth in the adult injured CNS of higher vertebrates is limited to 

distances of often <1 mm (Schwab, 2002; Schwab and Bartholdi, 1996). 

Specific neurite growth inhibitory factors were found in the adult CNS in 

which they are particularly enriched in the axonal myelin sheaths (Caroni and 

Schwab, 1988b; Filbin, 2003; Schwab, 2002). Scars represent an additional 

mechanical and biochemical barrier (Bradbury et al., 2002; Fitch and Silver, 

1997). Functional importance of these factors has been demonstrated in vivo by 

inactivation experiments, in particular with regard to scar-associated 

chondroitin sulfate proteoglycans (Bradbury et al., 2002) and to Nogo-A 

(Schwab, 2004). Nogo-A is a protein with potent neurite growth inhibitory 

activity. It is enriched in CNS myelin and was the first discovered neurite 

growth inhibitor in the adult CNS (Caroni and Schwab, 1988b; Chen et al., 

2000b; Spillmann et al., 1998). In vivo studies in rats using neutralizing 

antibodies against Nogo-A (Brosamle et al., 2000; Liebscher et al., 2005; 

Merkler et al., 2001; Schnell and Schwab, 1990), an activity-blocking receptor 

fragment (Fournier et al., 2002; Li et al., 2004a) or peptides blocking the Nogo 

receptor subunit NgR (GrandPre et al., 2002) showed successful regeneration 

of corticospinal tract (CST) axons over long distances and significant 

enhancement of functional recovery (Schwab, 2004). Although some other 

proteins that inhibit neurite growth in vitro have been found in CNS myelin, 

including MAG, oligodendrocyte myelin glycoprotein, Netrin-1, 

semaphorin4D and 5A, and ephrinB3 (Benson et al., 2005; Filbin, 2003; 

Goldberg et al., 2004; Moreau-Fauvarque et al., 2003; Schwab, 2004), in vivo 

evidence for enhanced regeneration after injury is still missing for all of these 

candidates. Nogo-A- and -A,-B specific knockouts revealed an enhancement of 

CST regeneration in the partially transected spinal cord in two laboratories 

(Kim et al., 2003b; Simonen et al., 2003), but this effect was not observed by a 

third group (Zheng et al., 2003). Finally, a Nogo-A,-B,-C knockout line bred 

from a single animal that escaped lethality also did not show enhanced 

regeneration (Zheng et al., 2003). Like for the majority of the conventional 

 56



 Nogo-A deficient mice reveal strain dependent differences in axonal regeneration 

knockout studies, all the three Nogo studies used embryonic stem (ES) cells of 

the 129X1/SvJ (Sv129) strain injected into C57BL/6 (BL/6) blastocysts, and 

the analyzed mice were early generation chimeric animals. Such lines always 

contain unknown proportions of 129X1/SvJ and C57BL/6 genetic background, 

i.e., of two inbred mouse strains that differ in many aspects of their phenotypes. 

Although so far not studied, these genetic differences could also concern the 

endogenous regeneration potential of neurons. To study the effect of Nogo-A 

deletion under clearly defined conditions, the Nogo-A-specific knock-out was 

backcrossed into 129X1/SvJ and C57BL/6 strains. We observed consistent 

enhancement of regeneration of transected CST axons in adult mouse spinal 

cords in both knock-outs. Interestingly, fiber numbers caudal to the lesion were 

two to four times higher in the129X1/SvJ knockouts than in the C57BL/6 ones. 

Neurite growth was also strongly enhanced in vitro in Sv129 neurons compared 

with BL/6 neurons. A microarray experiment showed many differentially 

regulated genes between the two strains that belong to functional categories 

associated with neurite growth, synapse formation, and inflammation, showing 

a higher endogenous potential for neurite growth in the Sv129 strain. 
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2. Material and Methods 

2.1. Generation of backcrossed Nogo-A Knockouts  

All animal studies were performed under the license of the Veterinary Office of 

the Canton of Zurich. The deletion of the Nogo-A-specific region of the Nogo 

gene, exon 2 and 3, was produced by homologous recombination in 129X1/SvJ 

ES cells, which were injected into C57BL/6 blastocysts (Simonen et al., 2003). 

Resulting chimeric mice were then backcrossed with either C57BL/6 or 

129X1/SvJ wildtype mice for >10 generations. Male mice from the sixth and 

eighth generation were screened with a panel of at least 50 strain-specific 

microsatellite markers using the “speed congenics” approach(Markel et al., 

1997) (Medigenomix, Munich, Germany). The males with the highest 

proportion of specific strain markers were used for additional breeding. In this 

way, the strain purity of the Nogo-A knockout animals of the 10th generation 

was >99% for the Sv129 mice and >99.98% for the BL/6 mice. The 

backcrossed heterozygous mice were then bred accordingly to get homozygous 

wildtype or knockout mice. Genotyping was done with different PCRs as 

described (Simonen et al., 2003). 

2.2. Western Blot Analysis 

Total brain extracts were made from freshly dissected tissue of 3.5-month-old 

mice (two mice of each genotype and background) in extraction buffer [50 mM 

NaH2PO4, 150 mM NaCl, and 0.5% 3[(3cholamidopropyl) 

dimethylammonio]-1-propanesulfonate with a protease inhibitor cocktail 

(Roche Pharma, Basel, Switzerland)], using a polytron homogenizer at the 

highest setting (20–30 s). Insoluble material and nuclei were pelleted by 

centrifugation. The protein concentration was measured using Advanced 

Protein Assay Reagent (Cytoskeleton, Denver, CO). Equal amounts of protein 

(20 ug) were size separated on denaturing 10% SDS-polyacrylamide gels and 

transferred onto polyvinylidene difluoride membranes (Immobilon-P; 

Millipore, Bedford, MA). Blot membranes were incubated first with primary 
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antibodies overnight at 4°C and then with horseradish peroxidaseconjugated 

secondary antibodies for 1 h at room temperature. Immunoreactive protein was 

detected with an enhanced chemiluminescence kit (Pierce, Rockford, IL). 

Western blots were then washed (not stripped) and probed with an α-

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody as an internal 

standard for quantification. The NIH program Scion Image (Scion, Frederick, 

MD) was used to quantify the densitometric data. The Nogo-A antiserum 

Bianca (Rb1) detecting the common N terminus of Nogo-A,-B (Oertle et al., 

2003; Dodd et al., 2005) was diluted 1:20,000. Monoclonal mouse α-GAPDH 

antibody (Abcam, Cambridge, UK) was diluted 1:6000, and the secondary 

antibodies HRP-α mouse IgG was at 1:10,000 and HRP-α rabbit IgG was at 

1:15,000 (Pierce).  

2.3. Spinal Cord Injury and corticospinal Tract Tracing 

Six- to 7-week-old homozygous Nogo-A knockout and wildtype mice of both 

strains and sexes were deeply anesthetized by an intra-peritoneal injection of 

Hypnorm (Jansen Pharmaceutica, Beerse, Belgium) and Dormicum (Roche 

Pharma). A partial laminectomy was performed at the thoracic level T8. After 

opening the dura, the spinal cord was lesioned with the help of fine iridectomy 

scissors to produce a bilateral lesion of the dorsal and the dorsolateral funiculi 

and the dorsal horn. The resultant bleeding was usually minor and easily 

stopped with Gelfoam. The muscle layers over the laminectomy were sutured, 

and the skin on the back was closed with surgical staples. After closure of the 

wound, animals were passed to a second surgery in which they received 

injections of biotin dextran amine (BDA) (10,000 molecular weight; 2% 

solution; Invitrogen, Carlsbad, CA) into the sensorimotor cortex to label the 

CST (four injection sites, 0.5 ul each). The scalp was opened, a hole was drilled 

into the scull overlying the sensorimotor cortex 1 mm lateral and 1 mm 

posterior to bregma, and BDA was injected. Animals were killed 2 weeks after 

injury [homozygous Nogo-A knockouts (n = 10 and n = 15 for Sv129 and 

BL/6, respectively) and wildtypes (n = 10 and n = 15 for Sv129 and BL/6 

respectively)]. 
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2.4. Histology and Analysis of CST Reaction to Injury  

Two weeks after spinal cord injury, the mice received an overdose of the 

anesthetic Nembutal (75 mg/100 g body weight; Abbott Laboratories, North 

Chicago, IL) and were perfused with 4% paraformaldehyde in 0.1 M phosphate 

buffer, pH 7.6 with 5% sucrose. The spinal cords were removed and postfixed 

overnight at 4°C. On the following day, the tissue was placed for 1–2 d in 30% 

sucrose in phosphate buffer for cryopreservation. The thoracic and lumbar parts 

of the spinal cord were dissected, so that a piece of ~2 cm, comprising the 

lesion and ~15 mm of the spinal cord caudal to the lesion, resulted. Cryostat 

sections of 25 um were cut in the sagittal plane, mounted as a continuous 

section series on slides, and stained for BDA using a nickel enhanced 

diaminobenzidine protocol (Herzog and Brosamle, 1997). The sections were 

then air dried, dehydrated, and coverslipped. 

2.5. Quantification of Regeneration Properties 

The number of labeled axons was counted at different levels, i.e., 0.5, 2, and 5 

mm caudal to the lesion in bright-field illumination on all of the five to seven 

adjacent sections of the traced half of the spinal cord at a magnification of 

400X. Regenerative sprouting of the transected main CST axons rostral to the 

lesion was judged by two experienced observers using a 0–3 point scoring scale 

(0, no sprouting; 1, single and short fine fibers; 2, longer fibers, rarely reach the 

lesion, rarely growth cones; 3, dense fine outgrowth of curved fibers from the 

main CST toward and around the lesion, frequent growth cones). All of the 

animals were number coded and randomly mixed during the whole course of 

the evaluation. The Mann–Whitney U test was used for statistical analysis. 

2.6. Dorsal Root Ganglion Explants and Quantification 

Sv129 and BL/6 wildtype lumbar dorsal root ganglia (DRGs) at postnatal day 

0–1 were dissected, trimmed of connective tissue, and cultured for 3 d in the 

presence of 50 ng/ml nerve growth factor (NGF) on poly-L-lysine coated 

plates, as described (Niederost et al., 2002). The neurite density was assessed 
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as the number of neurites crossing a line placed at 200 um from the edge of the 

DRG within one quadrant. The length of DRG neurites was measured under a 

phase-contrast microscope at the magnification of 10X. The average distance 

of the three longest neurites between the edge of the explant and the tip of the 

maximally extended neurite was designated as the maximal neurite length. 

Values obtained are expressed as a mean of three independent experiments. 

2.7. Microarrays  

Lumbar spinal cords from three naive, non-injured, wildtype, and knockout 

male mice (3 months of age) per strain and genotype were dissected and 

immediately frozen in liquid nitrogen. For lesion microarray experiment, five 

female mice (6–7 weeks old) of each genotype and strain were lesioned as 

described above (see Spinal cord injury and corticospinal tract tracing). Six 

days after the lesion, we performed a Basso Mouse Scale behavioral analysis 

for open-field locomotion. We chose four of the five mice per category with the 

most similar score to use for microarray analysis. One week after the lesion, we 

dissected 1 cm of the spinal cord with the lesion site in the middle and 

immediately froze it in liquid nitrogen. For probe preparation, procedures 

described in the Affymetrix (Santa Clara, CA) GeneChip Analysis manual 

were followed. Biotinylated cRNA was hybridized onto Affymetrix Mouse 

Genome 430 2.0 arrays, which represent >45,000 probe sets, in the Affymetrix 

fluidics station 450, and the chips were then scanned with the Affymetrix 

Scanner 3000. Each chip was used for hybridization with cRNA isolated from 

one spinal cord sample from a single animal in a total number of 28 samples. 

Results were subsequently analyzed using the Affymetrix Microarray Suite 5, 

followed by the Genespring 7.2 (Silicon Genetics, Redwood City, CA). We 

applied a present call filter (two of three at least in one of the two strains for 

naive, non-injured spinal cord samples and three of four for the lesioned spinal 

cord samples), fold change thresholds (>1.5/<0.66 or >2/<0.5), and ANOVA, 

with p < 0.05. 
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2.8. Inflammation and Scar Formation 

For immunohistochemistry for the activated microglia/macrophage marker 

FA/11 (Rabinowitz and Gordon, 1991) and for GFAP, 25 um cryostat sections 

of the nontraced half of the spinal cord were incubated with the primary 

antibodies FA/11 (hybridoma supernatant at 1:20; generous gift from Dr. V. H. 

Perry, University of Southampton, Southampton, UK) or α-GFAP (rabbit 

antiserum, 1:2000; Chemicon, Temecula, CA) overnight at 4°C. Specifically 

bound antibodies were detected by HRP-coupled secondary antibodies. 

Microglia/macrophage invasion was scored on a 0–3 point scale taking the 

following parameters into consideration: the number and tissue density of 

FA/11-positive cells in lesion center and in the surrounding tissue and the size 

of infiltrated area. Astrocytic scarring reaction was scored (0–3 points) by 

considering the area containing strong GFAP-positive cells and the process 

network density. 
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3. Results 

3.1. Nogo-A KO Mice 

Nogo-A (200 kDa, 1163 aa) differs from Nogo-B (55 kDa, 357 aa) by the 

insertion of a large 787 aa exon (exon 3). A Nogo-A knockout mouse was 

generated by homologous recombination as described (Simonen et al., 2003). 

The chimeric Nogo-A knockout mice were backcrossed to either Sv129 mice 

or BL/6 mice for at least 10 generations. The speed congenics strain marker 

analysis (Markel et al., 1997) was used during backcrossing. Speed congenic 

breeding, or marker-assisted congenic production, uses microsatellite markers 

to follow the inheritance of the chromosomal segments of each strain. Optimal 

breeder mice are selected by the highest level of markers for each strain. The 

mice used in the present study had a 100% pure C57BL/6 background 

according to their marker profile, and a >99% pure background for the 

129X1/SvJ strain. PCR and Northern blots showed the absence of Nogo-A or 

truncated Nogo-A mRNAs (data not shown) (Simonen et al., 2003). Western 

blots of brain and spinal cord lysates of wildtype, heterozygous, and 

homozygous Nogo-A knockout animals showed the following results. (1) 

Protein levels for Nogo-A and -B were significantly different in the wildtypes 

of the two mouse strains: the Nogo-A protein level was approximately three 

times higher in the BL/6 wildtypes than in the Sv129 mice, whereas Nogo-B 

levels were approximately two times higher (Fig. 1). (2) In the homozygous 

knockouts, Nogo-A was absent as expected, and Nogo-B was upregulated 

threefold to fivefold (Fig. 1) in both strains. No significant differences between 

the two strains and the different genotypes could be seen for the very low 

Nogo-C levels (data not shown). The absence of Nogo-A was confirmed for its 

typical expression sites (CNS white matter, oligodendrocytes, and specific 

subtypes of neurons) by immunofluorescence. The results (data not shown) 

were identical to those described previously for the mixed-strain knock-out 

animals (Simonen et al., 2003). 
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Figure 1. Endogenous Nogo-A and Nogo-B protein levels differ depending on the mouse strain. 

Levels of Nogo-A and –B in wildtype (wt) are higher in BL/6 than in Sv129 mice. In the 

homozygous Nogo-A knockouts (KO), Nogo-A is absent and Nogo-B is upregulated three to 

five times in both strains. A) Immunoblotting with antiserum Bianca (Rb1) that recognizes 

Nogo-A and –B and a α-GAPDH antibody as internal standard. Total brain lysates from wild-

type (wt), heterozygous (+/-), and homozygous Nogo-A knockouts (KO) of 129X/SvJ and 

C57BL/6 backgrounds are loaded in each lane. Molecular weight markers are indicated on the 

left. B, C) Densitometry of immunoblots for Nogo-A (B) and Nogo-B (C). Values are 

expressed in percentage of the BL/6 wildtype values. 
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3.2. CST Regeneration in injured adult Spinal Cord  

The well defined spinal cord injury model of a partial microsurgical transection 

was used in adult 6- to 7-week-old mice. The dorsal columns containing the 

main CST, the dorsal part of the dorsal horn, and the dorsolateral funiculus 

(containing a minor CST component) were transected bilaterally in wildtype or 

homozygous Nogo-A knockout mice of the Sv129 and the BL/6 strains. Two 

weeks after the lesion, the mice were analyzed histologically by evaluating 

complete sagittal section series of the half of the spinal cord containing the 

labeled CST. The analyzed region comprised the lesion site, 2–3 mm of spinal 

cord tissue rostral and 15mm caudal to the lesion. Wildtype and homozygous 

knockout animals were number coded, randomly mixed, and evaluated blindly 

for the entire experiment. Sprouting of the transected main CST axons rostral 

to the lesion was judged by two experienced observers using a 0–3 point 

scoring scale. Regenerating axons were counted on every section for every 

animal on three levels: at 0.5, 2, and 5 mm caudal to the lesion. Because of the 

occasional occurrence of labeled CST axons in the ventral funiculus, which 

was spared by the lesion, regenerating axons had to fulfill the following criteria 

for being identified as regenerating and counted: no connection to possibly 

intact fibers in the ventral funiculus on serial sections; connection to fibers 

growing through/around the lesion area, often in a typical waving and irregular 

course on lateral or ventral tissue bridges; and frequent anatomically aberrant 

position outside of the original main CST territory, i.e., elongating over long 

distances in the gray matter or at the white matter/gray matter interface. Only 

animals with incomplete lesions of the main CST were excluded.  
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Figure 2. Regenerative sprouting in wildtype and Nogo-A knockout mice after spinal cord 

injury. In wildtypes (wt), sprouts (thin arrows) are short (A, B). In knockout mice (KO), 

sprouts elongate over ventral tissue bridges toward the caudal spinal cord in both strains (C, D). 

Many sprouts end at the scar in all of the animals (thick arrow). Scale bar, 68um. E, 

Quantification of regenerative sprouting of the transected main CST axons rostral to the lesion 

in wildtype (wt) and homozygous Nogo-A knockout (KO) animals of the Sv129 and the BL/6 

strain. Sprouting was assessed by two experienced observers using a 0 –3 point scoring scale. 

*p<0.02 (Mann–Whitney U test). 
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Sprouting of the transected CST axons rostral to the lesion was moderate in the 

wildtypes (Fig. 2A, B, E) compared with the strong sprouting in Nogo-A 

knockout littermates (Fig. 2C–E). Many of the sprouts ended close to or in the 

lesion scar. In the Nogo-A knockout animals, fine fibers growing around the 

lesion, often on the tissue bridges of the lateral and ventral cord, and entering 

the caudal spinal cord were observed (Fig. 2C, D). At the level of the lesion 

center, wildtype mice had no or only very few fibers in a minority of the 

animals. Nogo-A knockout mice had more fibers crossing the lesion center in 

both strains. A very irregular course and a thin axon caliber were typical for 

these regenerating fibers (Fig. 2C, D, and 3B–F). Long axons and axonal arbors 

could be observed in the spinal cord caudal of the lesion in most of the 

knockout animals but only very rarely in the wildtypes (Fig. 3). Fiber numbers 

increased with distance from the lesion, probably because of arborization (Fig. 

3H). Interestingly, fiber numbers in the caudal spinal cord were twofold to 

fourfold higher in the Sv129 knockout animals than in the BL/6 knockout mice. 

Weaker and more variable regeneration enhancement was also seen in 

heterozygous knockout mice of both strains (data not shown). 

The values of the individual animals plotted in Figure 3H show the large scatter 

that is typical for these experiments. The extent of secondary tissue damage 

and scarring and therefore the availability of conductive tissue bridges across 

the lesion varied from animal to animal. Although nonregenerating mice (mice 

showing no fibers caudal to the lesion) occurred in all of the groups, the 

percentage of successfully regenerating mice (animals showing CST fibers at 

two or three of the three counting levels) was clearly higher in the Nogo-A  

knockout groups of both strains (Fig. 3G). 
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Figure 3. CST axons caudal to the lesion and quantification of regeneration in Nogo-A 

knockout and wildtype animals of different strains. A, B, Low magnification of sagittal spinal 

cord section with injury site (asterisk), transected CST, and axons coursing into the caudal 

spinal cord (arrows). A, Wildtype animal without CST fibers caudal to lesion. B, Knockout 

mouse with regenerating fibers. C–F, CST fibers (arrows) in the caudal spinal cord of Nogo-A 

knockout animals at 2mm (C, D) and 5mm (E, F) from the lesion. Fibers are fine and show a 

typical irregular course. They are more numerous in the Sv129 (C, E) than in the BL/6 (D, F) 

animals. Scale bars: A, B, 520um; C–F, 68um. G, Percentage of the animals of the different 

strain and genotype groups showing CST fibers at two or three of the three counting levels 

caudal to the injury. H, Quantitation of labeled CST fibers found in white and gray matter of 

wildtypes (wt) (n=8 and 13, respectively) and homozygous Nogo-A knockout (KO) (n=9 and 

15, respectively) mice of the Sv129 and the BL/6 strains at 0.5, 2, and 5mm caudal to the 

lesion. Bars represent mean±SEM values. *p<0.05, ***p<0.0006 (Mann–Whitney U test). 
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3.3. Neurite Outgrowth of newborn DRGs in vitro 

To examine whether there are differences in the intrinsic capacity of neurite 

outgrowth between the two strains, we cultivated DRGs of newborn Sv129 and 

BL/6 wildtype mice for 3 d in presence of NGF and measured the following 

parameters: (1) the number of neurites per quadrant of DRG explant at a 200 

um distance from the edge of the explant (Fig. 4A, inset), and (2) the average 

length of the three longest neurites of every explant. We measured DRGs of 

three independent experiments with at least 10 DRGs for each strain and 

experiment, and we only quantified DRGs of similar size and equal distribution 

of the grown neurites (Fig. 4A, B). In the Sv129 strain, the majority of the 

explants (>92%) grew >50 axons per quadrant, whereas only a very small 

proportion (14%) of the BL/6 DRGs showed such a high number of neurites 

(Fig. 4C). The average length of the three longest neurites of every explant did 

not show a significant difference between the two strains (Fig. 4D). 
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Figure 4. Comparison of intrinsic growth capacity of DRG neurites. Lumbar DRG explants 

cultivated from wildtype Sv129 (A) and BL/6 (B) newborn mice. The majority of the Sv129 

DRGs (92%) extended >50 neurites per quadrant, whereas only a small percentage (14%) of 

the BL/6 DRGs was able to grow this high number of neurites (C). To determine neurite 

density, the number of neurites crossing a line placed at 200um from the edge of the DRG 

within one quadrant was quantified (inset in A). The average length of the three longest 

neurites of each DRG showed no significant difference between the strains (D). 
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3.4. Gene Expression Differences between SV129 and BL/6 
Spinal Cords 

To identify genes that are differentially expressed in the spinal cords of Sv129 

and BL/6 mice and that could account for the strain differences in the axonal 

growth response, we used GeneChip arrays on wildtype and knockout spinal 

cords of naive, non-injured, and spinal cord injured animals. Analysis of the 

non-injured wildtype microarrays showed ~2100 differentially expressed 

transcripts (fold changes >1.5 or <0.66), of which ~940 were coding for known 

proteins. A total of 365 genes were differentially expressed >2- or <0.5-fold in 

Sv129 compared with BL/6 mice. A large proportion (36%) of these 

differentially regulated genes is associated with: cytoskeletal functions (3.8%), 

neurite growth (3.6%) and guidance (1.4%), cell adhesion and extracellular 

matrix (ECM) (5.5%), synaptic function (1.9%), signaling (12.9%) and 

inflammatory and immune responses (7.1%) (Tables 1, 2). Analysis of the 

nonlesioned knockout microarrays revealed similar numbers as in the 

wildtypes, with 930 genes regulated >1.5- or <0.66-fold and 314 genes 

regulated >2- or <0.5-fold. A total of 38.5% of these differentially regulated 

genes belonged to functional categories important for neurite outgrowth such as 

that shown for the wildtypes (Tables 1, 3).  

Interestingly, many of the neurite growth-related genes were expressed at 

higher levels in the Sv129 mice than in BL/6 spinal cords (Tables 2, 3). We 

then compared the spinal cord gene expression profiles of the two mouse 

strains 1 week after a spinal cord lesion. We identified many genes that were 

differentially regulated between the two strains independent of the analyzed 

genotype. In the wildtype lesioned animals, we found 757 (Table 2) and in the 

knockout lesioned animals 682 (Table 3) known genes that were differentially 

regulated >1.5- and <0.66-fold between the two strains. Table 1 shows the 

number of regulated genes and the percentage of genes belonging to each 

category depending on the analyzed condition and genotype. Interestingly, the 

categories but also a high number of single genes were regulated similarly in 

all conditions. A list of all regulated genes is provided in the supplemental table 

(available at www.jneurosci.org as supplemental material). 
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Table 1. Number of genes regulated in Sv129 naive or spinal cord lesioned 

wildtype/Nogo-A knockout mice compared with BL/6.  

 

Genotype Wildtype Knockout Wildtype Knockout

Lesion - - + + 

Fold change interval Number of regulated genes 

Regulated genes 

≥1.5 or ≤0.66 
940 930 757 682 

Regulated genes 

≥2or ≤0.5 
365 314 309 271 

Functional Categories Number-% of regulated genes 

Signaling 47-12.9% 34-11.1% 35-11.3% 28-10.3%

Cytoskeleton 14-3.8% 11-3.5% 14-4.5% 13-4.8% 

Guidance 5-1.4% 9-2.9% 4-1.3% 2-0.7% 

Extracellular matrix 

and cell adhesion 
20-5.5% 20-6.4% 12-3.9% 12-4.4% 

Growth machinery 13-3.6% 15-4.8% 12-3.9% 11-4.1% 

Synapse 7-1.9% 5-1.6% 4-1.3% 3-1.1% 

Immune response 26-7.1% 24-7.6% 45-14.6% 32-11.8%

Myelin proteins 2-0.6% 2-0.6% 2-0.6% 2-0.7% 

Channels 2-0.5% 4-1.3% 12-3.9% 14-5.2% 
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Transport related 35-9.6% 30-9.6% 5-1.6% 3-1.1% 

Cancer related 3-0.8% 4-1.3% 2-0.6% 2-0.7% 

Blood related 4-1.1% 1-0.3% 6-1.9% 3-1.1% 

Cell cycle/growth 27-7.4% 8-2.5% 9-2.9% 10-3.7% 

DNA/RNA related 56-15.3% 37-11.8% 31-10.0% 34-12.5%

Transcription factors 10-2.7% 17-5.4% 10-3.2% 8-3.0% 

Protein related 27-7.4% 25-8 % 21-6.8% 18-6.6% 

Organelle related 1-0.3% 4-1.3% 3-1.0% 3-1.1% 

Metabolism 29-7.9% 29-9.2% 23-7.4% 24-8.9% 

Others 37-10.1% 34-10.8% 60-19.4% 49-18.1%
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Table 2. List of genes regulated >2- and <0.5-fold in Sv129 wildtype mice 

compared with BL/6 

 

Regulated mRNAs Description Symbol 
Fold 

change 

CYTOSKELETON 

ARP1 actin-related protein 1 homolog A  Actr1a  0.34 

ARP1 actin-related protein 1 homolog A 

(yeast)  

Actr1a  0.14 

Axonemal dynein heavy chain 7   0.45 

Beaded filament structural protein 2, 

phakinin  

Bfsp2  0.41 

Capping protein (actin filament), gelsolin-like  Capg  2.39 

Centrin 4  LOC207175  0.48 

CLIP-associating protein 1  Clasp1  3.14 

CLIP-associating protein 2  Clasp2  3.85 

Cysteine-rich hydrophobic domain 1  Chic1  0.31 

Ectodermal-neural cortex 1  Enc1  3.18 

Formin 2  Fmn2  0.47 

Gelsolin  Gsn  0.14 

Gelsolin  Gsn  0.15 

Kinesin 7   0.47 

Kinesin family member 11  Kif11  2.68 

LIM and SH3 protein 1  Lasp1  2.12 

LIM homeobox protein 2  Lhx2  6.25 

Myosin IB  Myo1b  2.31 

Myosin VIIa  Myo7a  0.44 

Spectrin α1  Spna1  2.08 

Spectrin α1  Spna1  7.10 

Tau tubulin kinase 1  Ttbk1  2.27 

T-complex testis expressed 1  Tctex1  2.05 

T-complex testis expressed 1  Tctex1  2.72 
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T-complex-associated testis expressed 1  Tcte1  2.04 

Tropomodulin 2  Tmod2  0.30 

Troponin I, skeletal, slow 1  Tnni1  0.07 

Villin 2  Vil2  2.77 

ECM/CELL ADHESION 

Cadherin 1  Cdh1  3.63 

Cadherin 4  Cdh4  0.42 

Calnexin  Canx  0.40 

Catenin α 1  Catna1  2.48 

Cell adhesion molecule with homology to 

L1CAM  
Chl1  0.32 

Collagen XII α 1 (Col12a1)  Cox7a2  0.45 

Dentin matrix protein 1  Dmp1  0.38 

Dentin matrix protein 1  Dmp1  0.48 

EGF-like module containing, mucin-like, 

hormone receptor-like sequence 4  

Emr4  3.19 

Hyaluronic acid binding protein 4  Habp4  2.58 

Integrin α 4  Itga4  3.50 

Integrin α 6  Itga6  2.38 

Kin of IRRE-like 3 (Drosophila)  Kirrel3  2.41 

Kin of IRRE-like 3 (Drosophila)  Kirrel3  2.01 

Lectin, galactose binding, soluble 3  Lgals3  0.49 

Lectin, galactoside-binding, soluble 3, 

binding protein  

Ppicap  0.40 

Neogenin  Neo1  2.01 

Ninjurin 2  Ninj2  0.30 

Periostin, osteoblast-specific factor  AI747096  3.64 

Poliovirus receptor-related 3  Pvrl3  2.77 

Procollagen, type I, α 2  Col1a2  3.47 

Procollagen, type IV, α 1  Col4a1  2.05 
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Procollagen, type V, α 2  Col5a2  3.35 

Procollagen, type XIV, α 1  Col14a1  3.54 

Proteoglycan 4 (megakaryocyte-stimulating 

factor, articular superficial zone protein)  

Prg4  2.63 

Protocadherin 10  Pcdh10  2.77 

Protocadherin 18  Pcdh18  0.45 

Protocadherin 8  Pcdh8  2.44 

Protocadherin β 16  Pcdhb16  2.24 

Spondin 1 (f-spondin) extracellular matrix 

protein  
Spon1  0.41 

UBX domain containing 2  1300013G12

Rik  

0.28 

UBX domain containing 2  1300013G12

Rik  

0.42 

GROWTH MACHINERY 

Bone morphogenetic protein 1  Bmp1  0.25 

Bone morphogenetic protein 4  Bmp4  2.66 

CAP, adenylate cyclase-associated protein 1  Cap1  12.95 

Doublecortin  Dcx  0.40 

Fibroblast growth factor 1  Fgf1  3.43 

Fibroblast growth factor 7  Fgf7  3.59 

Growth arrest-specific 5  Gas5  0.43 

Heat shock protein 1-like  Hspa1l  0.15 

Histocompatibility 2, class II antigen A, β 1  H2-Ab1  2.69 

Histocompatibility 2, class II antigen E, β  H2-Eb1  0.34 

Histocompatibility 28  H28  19.07 

Hypoxia upregulated 1  Cab140  2.92 

IL2-inducible T-cell kinase  Itk  7.88 

Ig heavy chain (J558 family)  Igh-VJ558  0.49 

Ig k chain variable 8 (V8)  Igk-V8  2.87 

Ig superfamily, member 4  

A830029E02

Rik  2.35 
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Interferon activated gene 202B  Ifi202b  101.53 

Interferon activated gene 202B  Ifi202b  10.22 

Interferon activated gene 205  Ifi205  0.18 

Interferon-dependent positive-acting 

transcription factor 3 γ  Isgf3g  0.47 

Interferon γ -induced GTPase  Igtp  0.46 

Interferon γ -inducible protein 30  Ifi30  2.04 

Interferon inducible protein 1  Ifi1  0.41 

Interferon γ -inducible protein 16  Ifi16  0.38 

Interferon-induced protein plus tetratrico 

repeats 1  Ifit1  0.31 

Interferon-induced protein plus tetratrico 

repeats3  Ifit3  0.35 

Interferon-stimulated protein  G1p2  0.30 

Interleukin 2 receptor, γ chain  Il2rg  0.47 

Lymphocyte-activation gene 3  Lag3  0.35 

Macrophage scavenger receptor 2  Msr2  0.17 

Mouse IgE-binding factor mRNA   0.27 

Myeloid cell leukemia sequence 1  Mcl1  2.10 

Paired Ig-like type 2 receptor β Pilrb  3.12 

Pentaxin-related gene  Ptx3  0.38 

Programmed cell death 4  Pdcd4  3.19 

Programmed cell death 6-interacting protein Pdcd6ip  0.46 

Serine (or cysteine) proteinase inhibitor, 

clade A, 1b  Serpina1b  86.03 

Serine (or cysteine) proteinase inhibitor, clade 

A, 3N  Serpina3n  3.30 

TAP binding protein  Tapbp  0.44 

T-cell-specific GTPase  Tgtp  0.31 

TRAF-binding protein  Trabid  2.07 

Tumor necrosis factor receptor superfamily, 

11b  Tnfrsf11b  2.94 

MYELIN 
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Galactosylceramidase  Galc  0.12 

Galactosylceramidase  Galc  0.10 

Myelin basic protein  Mbp  2.80 

Myelin basic protein  Mbp  7.56 

SYNAPSE FORMATION/MAINTENANCE 

Caveolin, caveolae protein  Cav  2.54 

Cellubrevin  Vamp3  0.45 

Pam, highwire, rpm 1  Phr1  2.60 

Rab6 interacting protein 2  Rab6ip2  0.26 

Receptor-associated protein of the synapse  Rapsn  4.09 

SNAP-associated protein  Ilf2  3.09 

Synaptic vesicle glycoprotein 2c  Sv2c  21.13 

Synaptopodin  Synpo  0.48 

Synaptotagmin 1  Syt1  2.17 

Synaptotagmin 2  Syt2  0.35 

Syntaxin 11  Stx11  2.67 

SIGNALING 

3-Monooxygenase/tryptophan 5-

monooxygenase activation protein, γ  Ywhag  0.44 

Activin receptor IIA  Acvr2  2.71 

Adenomatosis polyposis coli  Apc  2.21 

Adenylate cyclase 7  Adcy7  2.73 

Adenylate kinase 3α -like  Ak3l  0.27 

Ankyrin repeat domain 17  Ankrd17  2.13 

Ankyrin repeat domain 17  Ankrd17  2.33 

Calbindin-28K  Calb1  2.32 

Calcium/calmodulin-dependent kinase II, δ Camk2d  0.23 

Growth factor receptor bound protein 2-

associated protein 3  Gab3  3.51 

Insulin-induced gene 2  Insig2  2.42 

Insulin-like growth factor binding protein 3  Igfbp3  2.98 

Insulin-like growth factor binding protein 3  Igfbp3  2.92 

MAD homolog 4 (Drosophila)  Madh4  2.81 
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Myocilin  Myoc  0.14 

Myocilin  Myoc  0.05 

Platelet-derived growth factor, D 

polypeptide  Pdgfd  0.28 

Platelet-derived growth factor, D polypeptide  Pdgfd  0.36 

Suprabasin  Sbsn  0.43 

Suprabasin  Sbsn  0.35 

Teratocarcinoma-derived growth factor  Tdgf1  0.24 

Timeless homolog (Drosophila)  Timeless  2.25 

Timeless interacting protein  

1110005A05

Ri  2.72 

Timeless interacting protein  

1110005A05

Ri  5.98 

Transforming growth factor β 1-induced 

transcript 4  Tgfb1i4  15.92 

Transforming growth factor, β induced  Tgfbi  2.88 

Zinc finger protein 91  Zfp91  2.51 

GUIDANCE 

Deleted in colorectal carcinoma  Dcc  2.90 

Eph receptor A3  Epha3  2.64 

Eph receptor B3  Ephb3  2.32 

Neuron navigator 1  Nav1  0.48 

Sema domain 6D  Sema6d  7.56 

Sema domain 6D  Sema6d  2.37 

Sema domain 5A  Sema5a  2.08 

SemaF cytoplasmic domain-associated protein 

3  

1110020C07R

i  2.48 

Slit homolog 2 (Drosophila)  Slit2  2.43 

IMMUNE RESPONSE 

Baculoviral IAP repeat-containing 6  Birc6  0.40 

Bcl2-antagonist/killer 1  Bak1  2.84 

Bcl2-like 2  Bcl2l2  2.42 

Beclin 1 (myosin-like Bcl2-interacting protein)  Becn1  3.08 
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β 2 microglobulin  B2m  0.39 

C1q and tumor necrosis factor-related 

protein 4  

0710001E10

Rik  14.28 

Caspase 8-associated protein 2  Casp8ap2  3.12 

Caspase recruitment domain, member 10  Card10  2.58 

Cathepsin E  Ctse  7.52 

CD5 antigen-like  Cd5l  0.03 

CD59a antigen  Cd59a  2.72 

CD59a antigen  Cd59a  2.32 

CD84 antigen  Cd84  0.29 

Chemokine (C-C motif) ligand 12  Ccl12  0.30 

Chemokine (C-C motif) ligand 2  Ccl2  0.48 

Chemokine (C-C motif) ligand 25  Ccl25  3.67 

Chemokine (C-C) receptor-like 1  Ccrl1  3.55 

Chemokine (C-X-C motif) ligand 10  Cxcl10  0.27 

Chemokine (C-X-C motif) ligand 9  Cxcl9  0.12 

Colony stimulating factor 2 receptor  Csf2rb2  7.67 

Complement component 1, q subcomponent, 

β polypeptide  C1qb  0.40 

Complement component 1, q subcomponent, 

γ polypeptide  C1qg  0.46 

Complement component 1, q subcomponent, γ 

polypeptide  C1qg  0.43 

Complement component 1, r subcomponent  C1r  0.49 

Complement protein C1q B-chain  C1qb  0.39 

Constant region of Ig μ  Igh-6  0.41 

Cystatin F (leukocystatin)  Cst7  0.44 

Cytotoxic granule-associated RNA binding 

protein 1  Tia1  0.04 

EF hand domain containing 2  D4Wsu27e  0.38 

EF hand domain containing 2  D4Wsu27e  0.35 

Fibrinogen-like protein 2  Fgl2  2.13 

Friend virus susceptibility 1  Fv1  3.28 
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Friend virus susceptibility 1  Fv1  2.98 

Heat shock 70 kDa protein 8   0.45 

Heat shock protein 1-like  Hspa1l  0.09 

Calmodulin-like 4  Calml4  2.04 

Diacylglycerol kinase ζ  Dgkz  2.08 

Diaphanous homolog 2 (Drosophila)  Diap2  2.66 

Doublecortin plus calcium/calmodulin-

dependent kinase-like 1  Dcamkl1  0.46 

Doublecortin plus calcium/calmodulin-

dependent kinase-like 1  Dcamkl1  2.69 

Down syndrome critical region gene 1-like 1  Dscr1l1  0.30 

Fibroblast activation protein  Fap  2.16 

Formyl peptide receptor-like 1  Fprl1  2.66 

Frizzled-related protein  Frzb  2.17 

G-protein-coupled receptor 23  Gpr23  2.63 

G-protein-coupled receptor 27  Gpr27  2.47 

G-protein-coupled receptor 84  Gpr84  0.45 

G-protein-coupled receptor, family C, group 

5, B  Gprc5b  4.96 

Guanine nucleotide binding protein, γ 4 

subtype  Gng4  0.31 

Guanine nucleotide binding protein, β 1  Gnb1  3.45 

GDP dissociation inhibitor 3  Gdi3  2.02 

Guanylate nucleotide binding protein 1  Gbp1  47.62 

Guanylate nucleotide binding protein 2  Gbp2  0.33 

Guanylate nucleotide binding protein 3  Gbp3  0.39 

Guanylate nucleotide binding protein 3  Gbp3  2.90 

Inositol polyphosphate-4-phosphatase, type I Inpp4a  3.09 

Jagged 1  Jag1  5.42 

Microtubule associated serine/threonine kinase 

2  Mtssk  2.14 

Mitogen-activated protein kinase 8  Mapk8  3.54 

Mitogen-activated protein kinase kinase kinase Map3k12  3.19 
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12  

Mitogen-activated protein kinase kinase 

kinase 6  Map3k6  0.46 

Patched homolog  Ptch  0.26 

Periaxin  Prx  2.77 

Phosphatidylinositol 3 kinase, regulatory 

subunit, polypeptide 4, p150  Pik3r4  0.42 

Phosphatidylinositol 3-kinase, C2 domain-

containing, α polypeptide  Pik3c2a  8.33 

Phosphatidylinositol 4-kinase, catalytic, β  Pik4cb  5.45 

Phosphatidylinositol glycan, class F  Pigf  2.01 

Phosphodiesterase 7A  Pde7a  2.28 

Phosphoinositide-3-kinase adaptor protein 1  Pik3ap1  2.74 

Phospholipase C, β 4  Plcb4  2.06 

Protein kinase C, α  Prkca  5.00 

Protein kinase inhibitor, γ  Pkig  0.45 

Protein kinase, AMP-activated, α 2 catalytic  Prkaa2  2.03 

Protein phosphatase 1, regulatory (inhibitor) 

1A  Ppp1r1a  2.10 

Protein phosphatase 1, regulatory (inhibitor) 1A Ppp1r1a  2.74 

Protein phosphatase 1, regulatory (inhibitor) 7  Ppp1r7  2.02 

Protein tyrosine phosphatase 4a2  Ptp4a2  2.24 

Protein tyrosine phosphatase, nonreceptor type 

12  Ptpn12  2.32 

Protein tyrosine phosphatase, receptor type, C  Ptprc  2.20 

RAB2, member Ras oncogene family  Rab2  2.58 

RAB3C, member Ras oncogene family  Rab3c  0.19 

Ras association (RalGDS/AF-6) domain 

family 2  Rassf2  0.40 

Ras association (RalGDS/AF-6) domain family 

2  Rassf2  0.48 

Ras association (RalGDS/AF-6) domain family 

5  Rassf5  0.22 
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Regulator of G-protein signaling 2  Rgs2  2.17 

Regulator of G-protein signaling 4  Rgs4  2.04 

Rhophilin, Rho GTPase binding protein 2  Rhpn2  0.48 

Rhophilin, Rho GTPase binding protein 2  Rhpn2  0.50 

Secreted Frizzled-related sequence protein 1  Sfrp1  0.40 

Secreted Frizzled-related sequence protein1  Sfrp1  0.33 

Septin 3 (Sept3), mRNA   2.02 

Serine/threonine kinase 25 (yeast)  Stk25  0.49 

Serine/threonine kinase 25 (yeast)  Stk25  0.27 

Sorting nexin 4  Snx4  2.03 

T-complex expressed gene 1  Tce1  0.26 

Transducer of ErbB2, 2  Tob2  2.54 

Transducin-like enhancer of split 1  Tle1  2.10 

Tripartite motif protein 12  Trim12  0.05 

Tripartite motif protein 30  Trim30  0.35 

Tripartite motif protein 30-like  LOC209387  0.16 

Tripartite motif protein 30-like  LOC209387  0.27 

Tripartite motif protein 34  Trim34  0.12 

Tripartite motif protein 34  Trim34  0.24 

Tubby-like protein 4  Tulp4  3.22 

Tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation protein, ζ Ywhaz  4.86 

Tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation protein, ζ  Ywhaz  5.52 

Unc-51-like kinase 2 (Caenorhabditis elegans)  Ulk2  4.74 

Wingless-related MMTV integration site 7B  Wnt7b  0.47 

 

Table 2. Differentially regulated genes (Sv129 compared with BL/6) belonging to the 

categories cytoskeleton, neurite growth and guidance, ECM/cell adhesion, immune response, 

myelin, synaptic function, and signaling, which show fold changes >2 or <0.5 (regulated genes 

1 week after lesion in bold). A list of all the regulated genes (also categories metabolism, RNA 

and DNA related, protein synthesis, proteolysis, channels/transporters/carriers, cell cycle, stress 

related, endocytosis, and transport) with fold changes >1.5 or <0.66 are shown in the 

supplemental table (available at www.jneurosci.org as supplemental material). CLIP, 

Cytoplasmic linker protein; EGR, epidermal growth factor: Eph, ephrin; IAP, inhibitor of 
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apoptosis; IRRE, irregular chiasm; LIM, lin-11/Isl-1/Mec-3; PDZ, postsynaptic density 

95/Discs large/zona occludens-1; REC8, recombination 8; Sema, semaphorin; SH3, Src 

homology 3; UBX, ubiquitin-like. 

 

Table 3. List of genes regulated >2-and <0.5-fold in Sv129 Nogo-A knockout 

mice compared with BL/6 

Regulated mRNAs Description 
Symbol Fold 

change 

CYTOSKELETON 

ARP1 actin-related protein 1 homolog A 

(yeast)  

Actr1a  0.12 

Axonemal dynein heavy chain 7   0.46 

Beaded filament structural protein 2, 

phakinin  

Bfsp2  0.37 

Beaded filament structural protein 2, phakinin  Bfsp2  0.31 

Bicaudal D homolog 1 (Drosophila)  Bicd1  2.15 

Centrin 4  LOC207175  0.43 

CLIP-associating protein 1  Clasp1  2.07 

CLIP-associating protein 1  Clasp1  2.99 

CLIP-associating protein 2  Clasp2  3.22 

Coiled-coil-helix-coiled-coil-helix domain 

containing 3  

0610041L09

Rik  

2.45 

Cysteine-rich hydrophobic domain 1  Chic1  0.14 

Fascin homolog 1, actin bundling protein  Fscn1  0.40 

Formin 2  Fmn2  0.44 

Gelsolin  Gsn  0.25 

Gelsolin  Gsn  0.10 

Keratin complex 2, basic, gene 8  Krt2– 8  0.42 

Microtubule-associated protein 1 light chain 3α  1010001H21

Rik  

0.47 

Myosin VIIa  Myo7a  0.34 

Myosin, heavy polypeptide 4, skeletal muscle  Myh4  0.03 

Myosin, heavy polypeptide 6, cardiac muscle,α  Myh6  0.43 

T-complex testis expressed 1  Tctex1  2.54 

 85



 Nogo-A deficient mice reveal strain dependent differences in axonal regeneration 

Tropomodulin 2  Tmod2  0.25 

Troponin I, skeletal, slow 1  Tnni1  0.06 

Troponin I, skeletal, slow 1  Tnni1  0.05 

ECM/CELL ADHESION 

Bone morphogenetic protein 1  Bmp1  0.32 

Chondroitin sulfate proteoglycan 2  Cspg2  2.25 

Chondroitin sulfate proteoglycan 3   2.20 

Claudin 19  Cldn19  0.46 

Contactin 2  Cntn2  2.69 

Dedicator of cytokinesis 1  Dock1  0.34 

Dedicator of cytokinesis 4  Dock4  5.18 

Dentin matrix protein 1  Dmp1  0.46 

EGF-like repeats and discordin I-like domains 3 Edil3  2.23 

Fibromodulin  Fmod  0.46 

Fibulin 1  Fbln1  0.42 

Glypican 6  Gpc6  2.09 

Hemicentin; fibulin 6   0.40 

Hyaluronic acid binding protein 4  Habp4  2.55 

Integrin α 4  Itga4  2.66 

Integrin α 4  Itga4  3.76 

Integrin, β-like 1  B930011D01

R  

0.26 

Kin of IRRE-like 3 (Drosophila)  Kirrel3  2.67 

Laminin B1 subunit 1  Lamb1–1  2.58 

Matrilin-2 precursor   0.42 

Neural cell adhesion molecule 1  Ncam1  2.19 

Neural cell adhesion molecule 2  Ncam2  2.12 

Procollagen, type VIII, α 2  Col8a2  0.47 

Protocadherin 8  Pcdh8  2.15 

Protocadherin β 16  Pcdhb16  3.60 

Protocadherin γ subfamily A, 12  Pcdhga12  0.49 

Spondin 1 (f-spondin) extracellular matrix 

protein  

Spon1  0.42 
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Spondin 2, extracellular matrix protein  Spon2  0.45 

Thrombospondin 1  Thbs1  0.24 

UBX domain containing 2  1300013G1R  0.31 

GROWTH MACHINERY 

BMP2 inducible kinase  Bmp2k  0.30 

CAP, adenylate cyclase-associated protein 1  Cap1  9.03 

CAP, adenylate cyclase-associated protein 1  Cap1  3.99 

c-fos induced growth factor  Figf  2.40 

Doublecortin  Dcx  0.41 

Fibroblast growth factor inducible 15  Fin15  2.43 

Growth arrest-specific 5  Gas5  0.43 

Growth factor receptor bound protein 14  Grb14  2.35 

Growth factor receptor bound protein 14  Grb14  2.11 

Hepatoma-derived growth factor  Hdgf  6.78 

Hepatoma-derived growth factor, related 

protein 3  
Hdgfrp3  2.13 

Insulin-like growth factor binding protein 2  Igfbp2  0.50 

Insulin-like growth factor binding protein 2  Igfbp2  0.50 

Myocilin  Myoc  0.06 

Myocilin  Myoc  0.05 

Papillary renal cell carcinoma  Prcc  0.32 

Platelet-derived growth factor, D 

polypeptide  
Pdgfd  0.20 

Platelet-derived growth factor, D polypeptide  Pdgfd  0.29 

T-cell lymphoma invasion and metastasis 1  Tiam1  2.07 

Tumor necrosis factor α induced protein 6  Tnfaip6  2.39 

MYELIN 

Galactosylceramidase  Galc  0.10 

Galactosylceramidase  Galc  0.11 

Myelin basic protein  Mbp  6.05 

Myelin basic protein  Mbp  3.14 

SYNAPSE FORMATION/MAINTENANCE 

Cellubrevin  Vamp3  0.39 

 87



 Nogo-A deficient mice reveal strain dependent differences in axonal regeneration 

Rab6 interacting protein 2  Rab6ip2  0.24 

SNAP-associated protein  Ilf2  2.54 

Synaptic vesicle glycoprotein 2c  Sv2c  13.36 

Synaptic vesicle glycoprotein 2c  Sv2c  14.06 

Synaptotagmin 2  Syt2  0.30 

Synaptotagmin 7  Syt7  2.73 

Tubulin, β 2  Tubb2  2.11 

SIGNALING 

Adenylate cyclase 7  Adcy7  2.50 

Adenylate kinase 3 α -like  Ak3l  0.32 

Adenylate kinase 3 α -like  Ak3l  0.24 

Calcium/calmodulin-dependent kinase II α Camk2a  2.26 

Calcium/calmodulin-dependent kinase II, δ  Camk2d  0.40 

Calmodulin-like 4  Calml4  2.52 

Casein kinase II, α 1 polypeptide  Csnk2a1  2.51 

Deleted in liver cancer 1  Dlc1  4.18 

Diaphanous homolog 2 (Drosophila)  Diap2  2.10 

Doublecortin and calcium/calmodulin-

dependent protein kinase-like 1  
Dcamkl1  0.32 

Down syndrome critical region gene 1-like 1  Dscr1l1  0.36 

Dual specificity phosphatase 16  Dusp16  2.17 

Era (G-protein)-like 1 (Escherichia coli)  Eral1  2.01 

G-protein-coupled receptor 23  Gpr23  2.19 

G-protein-coupled receptor 34  Gpr34  2.00 

G-protein-coupled receptor 64  Gpr64  2.80 

G-protein-coupled receptor, family C, group 

5, B  
Gprc5b  4.30 

G-protein-coupled receptor, family C, group 5, 

B  
Gprc5b  5.22 

Guanine nucleotide binding protein, γ 4  Gng4  0.33 

Guanine nucleotide binding protein, β 1  Gnb1  3.04 

Guanine nucleotide binding protein, β 1  Gnb1  3.12 

Guanylate nucleotide binding protein 1  Gbp1  8.53 
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REC8-like 1 (yeast)  Rec8L1  0.07 

REC8-like 1 (yeast)  Rec8L1  0.02 

Suprabasin  Sbsn  0.31 

Suprabasin  Sbsn  0.26 

Teratocarcinoma-derived growth factor  Tdgf1  0.30 

Teratocarcinoma-derived growth factor  Tdgf1  0.33 

Timeless interacting protein  
1110005A05

Rik  
4.53 

Transforming growth factor β 1 induced 4  Tgfb1i4  9.50 

GUIDANCE 

Deleted in colorectal carcinoma  Dcc  2.38 

Eph receptor B2  Ephb2  2.19 

Ephrin B2  Efnb2  2.11 

Netrin G1  Ntng1  2.05 

Neuron navigator 1  Nav1  0.35 

Plexin C1  Plxnc1  0.47 

Sema domain 5A  Sema5a  3.21 

Sema domain 6D  Sema6d  6.62 

Sema domain 7A  Sema7a  2.01 

Sema domain 6D  Sema6d  4.13 

Slit homolog 2 (Drosophila)  Slit2  2.38 

IMMUNE RESPONSE 

Baculoviral IAP repeat-containing 6  Birc6  2.03 

B-cell stimulating factor 3  Bsf3  0.35 

Bcl2-like 11 (apoptosis facilitator)  Bcl2l11  0.36 

Bcl2-like 2  Bcl2l2  3.09 

C1q and tumor necrosis factor-related 

protein 4  

0710001E10

R  
17.35 

Caspase 8-associated protein 2  Casp8ap2  2.75 

Caspase recruitment domain family 10  Card10  2.48 

Cathepsin E  Ctse  5.72 

CD1d1 antigen  Cd1d1  2.36 

CD5 antigen-like  Cd5l  0.01 
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CD59a antigen  Cd59a  2.58 

CD84 antigen  Cd84  0.20 

Chemokine (C-C) receptor 2  Ccr2  0.35 

Chemokine (C-C) receptor-like 1  Ccrl1  2.52 

Chemokine (C-X-C motif) ligand 13  Cxcl13  2.93 

Chemokine (C-X-C motif) ligand 7  Cxcl7  0.47 

Complement component 1,q subcomponent,β C1qb  0.35 

Complement component 1,q subcomponent,β  C1qb  0.33 

Complement component1,q subcomponent, γ C1qg  0.31 

Complement component factor h  Cfh  0.34 

Complement protein C1q B-chain  C1qb  0.35 

Constant region of Ig μ  Igh-6  0.29 

Cystatin F (leukocystatin)  Cst7  0.42 

Cytotoxic granule-associated RNA binding 

protein 1  
Tia1  0.01 

EF hand domain containing 2  D4Wsu27e  0.11 

Engulfment and cell motility 1, ced-12 

homology  
Elmo1  2.17 

Friend virus susceptibility 1  Fv1  3.20 

Guanylate nucleotide binding protein 1  Gbp1  48.55 

Guanylate nucleotide binding protein 3  Gbp3  2.24 

Heat shock protein 4  Hspa4  2.33 

Histocompatibility 2, class II antigen A, α  H2-Aa  0.32 

Histocompatibility 2, class II antigen A, β 1  H2-Ab1  2.06 

Histocompatibility 2, class II antigen E β  H2-Eb1  0.26 

Histocompatibility 2, class II antigen E β  H2-Eb1  0.41 

Histocompatibility 2, K region  H2-K  2.55 

Histocompatibility 2, T region locus 24  H2-T24  2.14 

Histocompatibility 28  H28  34.75 

Hypoxia upregulated 1  Cab140  2.26 

Ig heavy chain 6 (of IgM)  Igh-6  0.39 

Ig heavy chain 6 (of IgM)  Igh-6  0.28 

Ig K chain variable 8 (V8)  Igk-V8  0.21 
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Interferon activated gene 202B  Ifi202b  45.89 

Interferon activated gene 202B  Ifi202b  37.97 

Interferon activated gene 205  Ifi205  0.21 

Interferon-stimulated protein  Isg20  0.45 

Interleukin 15  Il15  0.50 

Interleukin 6 signal transducer  Il6st  3.16 

Macrophage scavenger receptor 2  Msr2  0.08 

Macrophage scavenger receptor 2  Msr2  0.15 

Myeloid/lymphoid or mixed-lineage leukemia 5 Mll5  2.92 

Pentaxin-related gene  Ptx3  0.37 

Programmed cell death 4  Pdcd4  2.39 

Serine/cysteine proteinase inhibitor, clade A, 

1b  
Serpina1b  49.97 

Serine/cysteine proteinase inhibitor, clade A, 1b Serpina1b  59.35 

Guanylate nucleotide binding protein 2  Gbp2  0.39 

Inositol polyphosphate-4phosphatase, type I  Inpp4a  2.31 

Intersectin (SH3 domain protein 1A)  Itsn  2.62 

Mitogen-activated protein kinase 8  Mapk8  4.27 

Mitogen-activated protein kinase 8  Mapk8  3.48 

Mitogen-activated protein kinase kinase kinase 

12  
Map3k12  4.12 

Mitogen-activated protein kinase 6  Mapk6  0.43 

Myristoylated alanine-rich protein kinase C 

substrate  
Marcks  2.56 

Patched homolog  Ptch  0.36 

PDZ and LIM domain 2  Pdlim2  0.49 

Phosphatidylinositol 3 kinase, regulatory 

subunit, polypeptide 4, p150  
Pik3r4  0.44 

Phosphatidylinositol 3 kinase, regulatory 

subunit, polypeptide 4, p150  
Pik3r4  0.39 

Phosphatidylinositol 4-kinase, catalytic, β Pik4cb  6.59 

Phosphoinositide-3-kinase adaptor protein 1  Pik3ap1  4.15 

Phosphoinositide-3-kinase adaptor protein 1  Pik3ap1  2.56 
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Protein kinase inhibitor, γ  Pkig  0.41 

Protein kinase inhibitor, γ  Pkig  0.40 

Protein phosphatase 1, catalytic subunit, β  Ppp1cb  2.21 

Protein phosphatase 1, regulatory (inhibitor) 

16B  
Ppp1r16b  2.13 

Protein phosphatase 2, regulatory B α Ppp2r5a  2.03 

Protein phosphatase 2, regulatory B, ε  Ppp2r5e  2.19 

Protein phosphatase 2, regulatory B, δ  Ppp2r2d  2.19 

Protein tyrosine phosphatase 4a2  Ptp4a2  6.46 

Protein tyrosine phosphatase, nonreceptor type 

11  
Ptpn11  0.39 

Protein-tyrosine kinase   0.42 

Ras homolog gene family, member G  Arhg  0.40 

Rhophilin, Rho GTPase binding protein 2  Rhpn2  0.50 

Secreted frizzled-related sequence protein 1  Sfrp1  0.50 

Serine/threonine kinase 25 (yeast)  Stk25  0.48 

Sorting nexin 5  Snx5  0.49 

Sorting nexin 6  Snx6  0.04 

Spinocerebellar ataxia 1 homolog (human)  Sca1  2.09 

Spinocerebellar ataxia 2 homolog (human)  Sca2  2.21 

Sprouty homolog 4 (Drosophila)  Spry4  0.50 

Suppressor of cytokine signaling 3  Socs3  2.42 

T-complex expressed gene 1  Tce1  0.27 

T-complex expressed gene 1  Tce1  0.09 

Tripartite motif protein 12  Trim12  0.03 

Tripartite motif protein 30-like  LOC209387  0.19 

Tripartite motif protein 34  Trim34  0.27 

Tubby-like protein 4  Tulp4  2.44 

 

Table 3. Differentially regulated genes (Sv129 compared with BL/6) belonging to the 

categories cytoskeleton, neurite growth and guidance, ECM/cell adhesion, immune response, 

myelin, synaptic function, and signaling, which show fold changes >2 or <0.5 (regulated genes 

1 week after lesion in bold). CLIP, Cytoplasmic linker protein; EGF, epidermal growth factor; 

Eph, ephrin; IAP, inhibitor of apoptosis; IL2, interleukin 2; IRRE, irregular chiasm; L1CAM, 
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L1 cell adhesion molecule; LIM, Lin-11/Isl-1/Mec-3; MAD, max dimerization protein; PDZ, 

postsynaptic density 95/Discs large/zona occludens-1; REC8, recombination 8; Sema, 

semaphorin; SH3, Src homology 3; TAP, tapasin precursor; TRAF, tumor necrosis factor 

receptor-associated factor; UBX, ubiquitin-like. 

3.5. Macrophage Invasion and Scar Formation  

To study possible strain differences in the inflammatory reaction of the spinal 

cord to injury, we stained the sections of the nontraced side of the injured 

spinal cords with the antibody FA/11, which recognizes a membrane 

sialoglycoprotein highly expressed by activated macrophages and microglia 

(Rabinowitz and Gordon, 1991). The astrocytic scar was visualized by 

immunohistochemistry for GFAP. Activated microglia/macrophages carrying 

the FA/11 antigen filled the debris zone of the lesion center 2 weeks after 

injury and were also found in the surrounding tissue with pronounced 

differences between the two mouse strains and between wildtype and knockout 

animals (Fig. 5A–D). The areas of tissue infiltrated with activated 

microglia/macrophages were scored by three blinded observers on three 

sections per animal for four to six animals per group. The results (Fig. 5E) 

show a conspicuous difference in macrophage recruitment between the Sv129 

and the BL/6 strains: not only was the number of activated microglia/ 

macrophages much lower in the Sv129 strain, but their FA/11 staining was also 

remarkably weaker, pointing toward a lower expression of this activation-

specific antigen (Fig. 5A–E). In both strains, more microglia/macrophages 

were observed in the Nogo-A knockout than in the wildtype animals (Fig. 5A–

E). In contrast to the microglia/macrophage reaction, the astrocytic scar as 

reflected by the staining for GFAP was similar in the two mouse strains at this 

time point after lesion and not significantly enhanced in the Nogo-A knockout 

animals (Fig. 5F). 
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Figure 5. Inflammatory response and scar formation in Sv129 and BL/6 wildtype and Nogo-A knockout 

mice. Mouse strain- and genotype-specific differences in number, density, and staining intensity of 

activated FA/11-positive microglia/macrophages in and around the lesion site 2 weeks after spinal cord 

injury. A) 129X1/SvJ wildtype (wt). B) C57BL/6 wildtype (wt). C) 129X1/SvJ Nogo-A knockout (KO). 

D) C57BL/6 Nogo-A knockout (KO). Activated microglia/macrophages are more numerous and more 

activated in the BL/6 strain than in Sv129 mice and more frequent in the KO mice in both strains. Scale 

bar, 250um. E) Quantification of activated, FA/11-positive microglia/macrophages in and around lesion 

sites. F) Quantification of activated, strongly GFAP-positive astrocytes and astrocyte process network. 

*p<0.05, **p<0.01 (Mann-Whitney test). 
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4. Discussion 

Partial transection of the spinal cord in Nogo-A knockout mice with the pure 

strain backgrounds of 129X1/SvJ and C57BL/6 resulted in enhanced 

regenerative sprouting and long-distance regeneration compared with wildtype 

mice of the same strains. Surprisingly, Nogo-A knockout animals of the Sv129 

strain had two to four times higher numbers of fibers regenerating caudal to the 

lesion than the knockout animals of the BL/6 strain. A higher endogenous 

neurite growth potential of the Sv129 strain was also demonstrated by the 

higher number of DRG neurites growing from ganglion explants in culture, as 

well as by RNA profiling of non injured but also lesioned adult spinal cord 

tissue: Sv129 mice showed stronger endogenous expression of many neurite 

growth-related genes when compared with spinal cords of BL/6 mice. 

Important differences of the two mouse strains were also observed in the 

posttraumatic inflammatory reaction. The importance of Nogo-A as a 

physiological inhibitor of neurite growth in the adult CNS of higher vertebrates 

was for a long time based on the in vivo effects of neutralizing monoclonal 

antibodies (Liebscher et al., 2005; Schwab, 2004), which showed enhancement 

of regenerative and compensatory fiber growth and increased functional 

recovery. A confusing situation arose, however, when three papers (Kim et al., 

2003b; Simonen et al., 2003; Zheng et al., 2003) describing independently 

generated lines of Nogo knockout mice came to partially divergent results. The 

scatter in the data were large in all the three studies, and all of them used early 

F2/F3 generations of chimeric mice originating from Sv129 recombined ES 

cells implanted into BL/6 blastocysts. None of the three laboratories has 

determined the proportions of the strain-specific genomes in their mouse lines. 

The present results show two remarkable features compared with these 

previous studies. (1) The Nogo-A-deleted mice in both of the pure backgrounds 

showed clear enhancement of CST regeneration within 2 weeks after lesion in 

adult mice. The scatter among the individual animals within each group was 

large, but this is typical for partial spinal cord lesions in which the detailed 

anatomy of the lesion and the availability of tissue bridges vary from animal to 

animal because of ischemia, bleeding, and secondary tissue loss. (2) 
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Regenerative growth and arborization of CST fibers was two to four times 

higher in the Sv129 Nogo-A knockout mice than in the BL/6 background. This 

result is in line with a previous observation showing the occurrence of local 

sprouting of primary afferent nociceptive fibers caudal to a spinal cord lesion in 

Sv129 but not in BL/6 mice (Jacob et al., 2003). The present data therefore 

clearly show a major regeneration-enhancing effect of Nogo-A deletion in mice 

and a strong influence of the genetic background. If we take into account that 

even the best tracing techniques only stain a few percent of the total number of 

axons in the CST and that the mice used in this study had a mean number of 

1100±339 (mean±SD; n = 14) labeled CST fibers, then the numbers observed 

correspond to 5–15% of all traced CST fibers. This is well in line with 

regeneration results using antibodies or Nogo-blocking peptides (Schwab, 

2004). Many strain differences have been observed between inbred mouse 

strains. Sv129 strains have been studied extensively because of their 

widespread use as donors of ES cells. The following properties of Sv129 mice 

are remarkable in the context of the present regeneration results: Sv129 mice 

have lower endogenous Nogo-A and Nogo-B levels than BL/6 mice. Sv129 

DRG explants grow a higher number of axons within 3 d in vitro compared 

with BL/6 DRGs. In line with these findings, Sv129 mice express higher 

mRNA levels of a number of neurite growth-related genes in the adult spinal 

cord. Sv129 mice show a lower level of inflammatory cell recruitment after 

thioglycolate injection into the peritoneum (White et al., 2002). After spinal 

cord contusion, the initial lesion development and macrophage number was 

identical in 129X1/SvJ and C57BL/6 mice but, at 2 weeks after injury, the 

Sv129 mice were observed to have less inflammation, more astrocytes and 

Schwann cells migrating into the lesion, less chondroitin sulfate proteoglycans, 

more laminin, and also more serotonergic (central) and calcitonin gene-related 

peptide-positive (peripheral) axons within the lesion (Worzfeld et al., 2004). 

These results are in good agreement with the observations on 

microglia/macrophage recruitment made in the present study. Interestingly, the 

enhanced activation of microglia/macrophages in knockouts of the BL/6 strain 

correlates with the higher sprouting score in these mice. It has been shown that 

the molecular mechanism of sprouting rostral to a lesion is involving 

neurotrophic factors such as BDNF and glial cell line-derived neurotrophic 
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factor, which are produced by activated macrophages and microglia as a local 

trophic gradient increasing toward the lesion center (Batchelor et al., 2000; 

Batchelor et al., 2002). A lower level of inflammatory reactions in Sv129 mice 

is also reflected by the fact that these mice are resistant to experimental allergic 

encephalomyelitis induced by myelin oligodendrocyte glycoprotein, in contrast 

to BL/6 mice, which mount a severe, progressing disease (Willenborg et al., 

1996). All of these data clearly show the big differences between Sv129 and 

BL/6 mice in a number of parameters that may be relevant to neurite growth, 

regeneration, and circuit rearrangement after spinal cord lesions. We 

hypothesize that the contradictory results obtained in the previous Nogo 

knockout studies are attributable to specific properties of the mouse lines used, 

in particular their specific composition and mixture of background genes. The 

fact that the Nogo-A,-B,-C knockout line used by one of the laboratories 

originated from a single animal that escaped lethality (Zheng et al., 2003) 

already demonstrates drastically how background genes can influence the 

outcome of gene deletions. For a better understanding of the strain differences 

in regeneration capacity of the two Nogo-A knock-outs, we performed gene 

expression microarray analyses on spinal cords of Sv129 and BL/6 wild-type 

and knock-out animals. To study the endogenous, strain-specific capacity of 

these animals to regenerate, in the absence of the very complex gene 

expression changes induced by the lesion, we first used naive, non-injured 

animals. The results show, independent of the genotype, higher mRNA levels 

in adult Sv129 mice for a remarkable number of genes involved in neurite 

growth, axonal guidance, cell adhesion, and synapse formation and function. 

The lower intrinsic growth capacity of BL/6 mice, in turn, could well explain 

why regeneration was much more difficult to detect if chimeric mice have a 

high proportion of BL/6 genetic background. To better understand potential 

differences in repair capacity of animals of the two different strains, we also 

performed a gene chip experiment between Sv129 and BL/6 spinal cords 1 

week after a spinal cord injury. Again, the same functional categories of 

differentially expressed genes in the Sv129 versus the BL/6 mice were 

observed as in the intact spinal cords. Many of the differentially expressed 

genes in Sv129 versus BL/6, independent of the genotype (wildtype or Nogo-A 

knockout) or presence or absence of a spinal cord lesion belong to functional 
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categories such as signaling, cytoskeleton, growth and trophic factors, 

extracellular matrix, guidance, synapse formation, and maintenance. Signaling 

molecules such as the small GTPases and the mitogen activated protein 

kinases, which are differentially expressed between the two strains, are known 

to play a role in growth of neurites and cytoskeletal dynamics. Interesting 

differences in cytoskeletal proteins were seen for tubulins and troponins, the 

actin regulator Gelsolin (downregulated in Sv129), or the cytoplasmic linker 

associated proteins (CLASPs) that are involved in stabilizing microtubules in 

neuronal growth cones (upregulated in Sv129). Growth-promoting substrates 

such as laminins and neural cell adhesion molecules were upregulated in the 

Sv129 knockout spinal cords after the lesion. Strain-specific differential 

expression was also seen for axonal guidance molecules, such as ephrins and 

semaphorins, and their receptors (ephrins, netrins, slits, deleted in colorectal 

cancer), which were mainly upregulated in the Sv129 strain. In addition to 

neurite growth-associated components, we also observed strain differences in 

many synaptic mRNAs, e.g., synaptotagmins, syntaxins, soluble N-

ethylmaleimide-sensitive factor attached proteins, and Piccolo. These distinct 

patterns of gene expression support the hypothesis that a higher endogenous 

neurite growth capacity of the adult Sv129 CNS could lead to the higher 

numbers of regenerating CST fibers observed in the injured spinal cord of 

Sv129 Nogo-A knockout compared with the BL/6 mice. In conclusion, 

comparison of the Sv129 to BL/6 mice showed a surprising difference in 

neurite growth capacity, both in vivo in the injured spinal cord under the 

growth-permissive conditions of Nogo-A deletion and in vitro for newborn 

wildtype DRG neurons. Differences in gene expression levels of the intact or 

lesioned adult spinal cord mirror the strain difference in neurite growth 

capacity, suggesting underlying genetic differences in regulatory factors. The 

present results also demonstrate the importance of Nogo-A as an in vivo 

inhibitor of neurite growth and regeneration in the spinal cord. The 

regeneration obtained in the knockout mice closely resemble the results 

obtained with acute treatments with neutralizing antibodies in the rat 

(Liebscher et al., 2005; Schwab, 2004). These findings on important genetic 

differences in neurite growth and regeneration may be relevant for studies of 
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nervous system development and repair in experimental animals, as well as in 

humans. 

5. Acknowledgments 

We thank Prof. V. H. Perry, University of Southampton (Southampton, UK) for 

the FA/11 antibody, Franziska Christ (Zurich, Switzerland) for genotyping of 

the mice, Jeannette Scholl for support with the histology, Roland Schoeb and 

Eva Hochreutener for the assistance with the figures. 

The study was supported by Swiss National Science Foundation Grant 31-

63633.00, the National Center of Competence in Research “Neural Plasticity 

and Repair” of the Swiss National Science Foundation, the Spinal Cord 

Consortium of the Christopher Reeve Paralysis Foundation (Springfield, NJ), 

the Transregio-Sonderforschungsbereich Konstanz–Zurich, and the European 

Union NeuroNetwork Project.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 99



  

Chapter II.                                  
Sox11: Orchestration of Regeneration? 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 100



  

Sox-11: orchestration of regeneration? 

Laura Montani, Aileen Schroeter, Marija M. Petrinovic, Anissa Kempf, Michaela Thallmair 

and Martin E. Schwab 

Brain Research Institute, University of Zurich and Department Biology, Swiss Federal Institute of 

Technology, CH-8057 Zurich, Switzerland 

In preparation 

 

 

 

 

 

 

 

 

 

 

 

Own contribution: 

L. Montani contributed to this work with project design, help during lesioning procedures, 

post-operative care of the animals, tissue dissection, RNA extraction and quality assessment, 

GeneChip experiment and analysis, and writing of the manuscript. Lesioning of the animals 

was performed by Aileen Schroeter and Marija M Petrinovic. Anissa Kempf helped with the 

dissections and processing of the samples.  

 101



 Sox11: orchestration of regeneration? 

Abstract 

 

In contrast to the adult CNS, the adult PNS is capable to show regeneration 

following lesion due to the combination of the lack of inhibitory proteins, like 

Nogo-A, and of the presence of a program of gene expression induced by 

peripheral axotomy which can support axon extension. Genetic ablation, as 

well as antibody neutralization, of the myelin associated inhibitory protein 

Nogo-A following adult CNS injury results in increased fiber regeneration, 

sprouting and functional recovery. However, for successful nerve regeneration 

to occur a coordinated shift in gene expression pattern in axotomized neurons is 

required. We addressed whether such a program is activated in regenerating 

CNS neurons in the absence of the myelin inhibitor Nogo-A by analyzing the 

changes in the expression level of transcription factors following spinal cord 

lesion in adult C57Bl/6 as well as 129X1/SvJ Nogo-A KO versus WT mice. 

We identified Sox-11 as a transcription factor potentially orchestrating the 

increased regenerative response observed in Nogo-A KO mice following spinal 

cord lesion. 
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1. Introduction 

In contrast to the peripheral nervous system (PNS), the adult mammalian 

central nervous system (CNS) is not able to regenerate transected axons. This 

results in a high degree of physiological impairment following brain or spinal 

cord injury. The quest for molecules involved in the difference in regeneration 

properties between CNS and PNS has led to the identification of the major 

myelin outgrowth inhibitor Nogo-A as well as of its receptor complex 

Ngr/p75/LINGO-1/Troy (Chen et al., 2000b; Mi et al., 2004; Park et al., 2005; 

Wang et al., 2002a). Nogo-A expression pattern switches from being mainly 

neuronal during development to be in adulthood mainly at the myelin 

membrane surface, where it acts as a growth suppressor molecule interacting 

with its neuronal receptor complex (Huber et al., 2002; Liu et al., 2002b; 

Schwab, 2004). Nogo-A is present in oligodendrocytes in the CNS but absent 

in Schwann cells in the PNS (GrandPre et al., 2000; Huber et al., 2002). 

Previous work has shown how genetic deletion or antibody neutralization of 

Nogo-A causes increased sprouting and neurite regeneration following a spinal 

cord injury (Bareyre et al., 2002; Brosamle et al., 2000; Dimou et al., 2006; 

Fouad et al., 2004; Kim et al., 2003b; Liebscher et al., 2005; Simonen et al., 

2003). These experiments showed that the environment plays a key role in the 

capacity for axonal regeneration. However, cell-autonomous factors are also 

important: for successful nerve regeneration to occur a coordinated shift in 

gene expression pattern in the axotomized neurons is required.  

The adult PNS is capable of axonal regeneration following lesion due to the 

combination of the lack of neurite outgrowth inhibitory proteins, like Nogo-A, 

and the presence of a program of gene expression induced by peripheral 

axotomy which can support axon extension (Snider et al., 2002). Up to now no 

study has addressed whether such a program is activated in regenerating CNS 

neurons in the absence of myelin inhibitors, and whether there are common key 

players. We expect that the adult CNS of Nogo-A knockout (KO) mice would 

provide not only an environment favorable for growth, but an efficient shift in 

gene expression, too. This would clearly require the fine regulation of specific 

growth factors.  
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We addressed the question whether the adult CNS can mount a specific 

program shift in gene expression induced by a spinal cord lesion which can 

support axon regeneration in the absence of the major myelin associated neurite 

outgrowth inhibitor Nogo-A. We identified candidate transcription factors in 

the adult lesioned spinal cord of C57Bl/6 and 129X1/SvJ Nogo-A KO versus 

wildtype (WT). Our results suggest that SOX11 could play a role in the 

regenerative response observed in Nogo-A KO mice following a CNS lesion.  
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2. Material and Methods 

2.1. Animals 

Young adult (6-8 weeks) female C57Bl/6 as well as 129X1/SvJ Nogo-A KO 

and WT mice were used. 

All animal experiments were performed with the approval of and in strict 

accordance with the guidelines of the Zurich Cantonal Veterinary office. All 

efforts were made to minimize animal suffering and to reduce the number of 

animals required. 

2.2. Surgery  

For GeneChip analysis, 16 female mice (4 wild type and 4 Nogo-A KO 

C57Bl/6 as well as 4 wild type and 4 Nogo-A KO 129X1/SvJ), 6-8 weeks of 

age, were deeply anesthetized by Hypnorm (Jansen Pharmaceutica, Beerse, 

Belgium)/Dormicum by intraperitoneal injection. A partial laminectomy at 

spinal vertebra thoracic level 8 was performed. A bilateral lesion of the dorsal 

and the dorsolateral funiculi and dorsal horn was produced. After lesion, 

muscle layers were sutured and skin closed with surgical staples. For post-

operative care, animals were injected with antibiotics. 1 week after the lesion 

animals were sacrificed. For GeneChip analysis 1 cm of tissue surrounding the 

lesion site was dissected and immediately processed for total RNA extraction.  

2.3. Microarray Analysis 

 

2.3.1 Tissue Dissection and total RNA Extraction 

1 cm of spinal cord tissue surrounding the lesion site from 4 wildtype and 4 

Nogo-A KO mice from both strains (129X1/SvJ and C57Bl/6) was dissected 

and transferred into RNA later stabilization solution (Ambion, Austin, US). 

Total RNA extraction was performed with an RNeasy micro kit (Qiagen, CA, 
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US) according to manufacturer’s protocol with the addition of an on-column 

DNaseI digestion step. The quality of the isolated RNA was determined with a 

NanoDrop ND 1000 (NanoDrop Technologies, Thermo Fisher Scientific, MA, 

US) and a Bioanalyzer 2100 (Agilent, CA, US). 

2.3.2 cRNA Preparation 

Total RNA from a total of 16 samples (4 WT and 4 KO from both 129X1/SvJ 

and C57Bl/6) was reverse-transcribed into double-stranded cDNA with One-

Cycle cDNASynthesis Kit (Affymetrix, Santa Clara, CA, US). The double-

stranded cDNA was purified using a Sample Cleanup Module (Affymetrix, 

Santa Clara, CA, US). The purified double-stranded cDNA were in vitro 

transcribed in presence of biotin-labeled nucleotides using an IVTLabeling Kit 

(Affymetrix, Santa Clara, CA, US). The biotinylated cRNA was purified using 

a Sample Cleanup Module (Affymetrix, Santa Clara, CA, US) and its quality 

and quantity was determined using NanoDrop ND 1000 (NanoDrop 

Technologies, Thermo Fisher Scientific, MA, US) and Bioanalyzer 2100 

(Agilent, CA, US).  

2.3.3 Array Hybridization and Data Acquisition 

Biotin-labeled cRNA samples (10 μg) were fragmented randomly to 35–200 bp 

at 94°C in Fragmentation Buffer (Affymetrix, Santa Clara, CA, US) and were 

mixed in 300 μl of hybridization buffer containing a hybridization Control 

cRNA and Control Oligo B2 control (Affymetrix, Santa Clara, CA, US), 0.1 

mg/ml herring sperm DNA and 0.5 mg/ml acetylated bovine serum albumin in 

2-(4-morpholino)-ethane sulfonic acid (MES) buffer, pH 6.7, before 

hybridization to GeneChip® Mouse Genome 430 2.0 array for 16 h at 45°C. 

Arrays were then washed using an Affymetrix Fluidics Station 450 

FS450_0001 protocol. An Affymetrix GeneChip Scanner 3000 (Affymetrix, 

Santa Clara, CA, US) was used to measure the fluorescent intensity emitted by 

the labeled target. 

2.3.4 Data Analysis 

Raw data processing was performed using the Affymetrix GCOS 1.4 software 

(Affymetrix, Santa Clara, CA, US). After hybridization and scanning, probe 
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cell intensities were calculated and summarized for the respective probe sets by 

means of the MAS5 algorithm. To compare the expression values of the genes 

from chip to chip, global scaling was performed, which resulted in the 

normalization of the trimmed mean of each chip to target intensity (TGT value) 

of 500 as detailed in the statistical algorithms description document of 

Affymetrix (2002). Quality control measures were considered before 

performing the statistical analysis. These included adequate scaling factors 

(between 1 and 3 for all samples) and appropriate numbers of present calls 

calculated by application of a signedrank call algorithm. The efficiency of the 

labeling reaction and the hybridization performance was controlled with the 

following parameters: Present calls and optimal 3'/5' hybridization ratios 

(around 1) for the housekeeping genes (GAPDH and ACO7), for the poly A 

spikein controls and the prokaryotic control (BIOB, BIOC, CREX, BIODN). 

Further data analysis was performed by GeneSpring 7.2 (Silicon Genetics, 

Agilent, CA, US). A present call filter (3 out of 4 present calls) was applied. 

Normalization was run per chip as well as per gene to the median of the control 

replicates. Data were statistical restricted through a 1-way Anova (p≤0.05). A 

final threshold of ≥1.2 fold of increase or decrease in the expression level of 

each single transcript was applied.  
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3. Results  

3.1. Expression of Transcription Factors in the lesioned 
Spinal Cord of Nogo-A KO Mice 1 Week after Injury 

 

The comparison of the transcriptome of the lesioned Nogo-A KO spinal cord 

with the transcriptome of the lesioned WT spinal cord, 1 week after injury, 

resulted in the identification of 493 regulated identified transcripts coding for a 

known protein in the C57Bl/6 strain and 389 in the 129X1/SvJ strain. We 

focused our analysis on the specific regulation of transcription factors. 

In the area of and surrounding the lesion in the spinal cord of Nogo-A KO 

C57Bl/6 mice, we observed 58 regulated transcription factors. 23 (39.66%) 

were found upregulated and 36 (60.34%) downregulated. In the area of and 

surrounding the lesion in the spinal cord of Nogo-A KO 129X1/SvJ mice, we 

observed 41 regulated transcription factors. 24 (58.54%) were upregulated and 

17 (41.46%) downregulated (Table I).  

In order to identify only those transcription factors whose regulation could be 

directly related to the lack of Nogo-A, we merged the obtained lists and 

highlighted the transcription factors and transcription factor families whose 

expression level was affected in both strains (C57Bl/6 and 129X1/SvJ) of 

Nogo-A KO mice when compared to WT. 

Only 10 families of transcription factors were regulated in the lesioned spinal 

cord tissue of both Nogo-A KO strains (Table I, highlighted in yellow): ataxia 

telangiastica transcription factors, braf transcription factors, breast carcinoma 

amplified sequences, bromodomain containing transcription factors, forkhead 

box Ps, longevity assurance homologs, period homologs, signal transducer and 

activator of transcriptions, SRY-box containg genes,  zinc finger proteins. Most 

of these families were represented by different members in the two strains. 

Only 4 specific transcription factors were found commonly regulated in the 

lesioned spinal cord of both strains (C57Bl/6 and 129X1/SvJ) of Nogo-A KO 
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mice when compared to WT (Table I, highlighted in red). One of them, Zinc 

finger protein 143, was upregulated in the 129X1/SvJ strain but downregulated 

in the C57Bl/6 strain, pointing to no common regulatory mechanism. The other 

three (Table I, highlighted in red, bold) were: SRY-box containing gene 11 

(SOX11), upregulated in the lesioned spinal cord of both strains of Nogo-A KO 

mice versus WT (C57Bl/6 = 1.684 fold; 129X1/SvJ = 1.4 fold), zinc finger 

protein of the cerebellum 3, downregulated in the lesioned spinal cord of both 

strains of Nogo-A KO versus WT (C57Bl/6 = 0.697 fold; 129X1/SvJ = 0.817 

fold), and zinc finger protein s11-6 (ZFPs11-6), upregulated in the lesioned 

spinal cord of both strains of Nogo-A KO mice versus WT (C57Bl/6 = 1.325 

fold; 129X1/SvJ = 1.363 fold). 
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Table I. Transcription factors regulated in 129X1/SvJ and C57Bl/6 Nogo-A 

KO versus WT lesioned spinal cord. 

Fold 

Change 
Nogo-A KO 

vs. WT 

Bl/6 

Gene  

Description 
Nogo-A KO vs. WT  

Bl/6 

Gene  

Description 
Nogo-A KO vs. WT  

SV129 

Fold 

Change
Nogo-A 

KO 

vs. WT 
SV129 

   ajuba 0.77 

   

AT rich interactive 

domain 5B (Mrf1 like) 0.589 

1.509 

ataxia telangiectasia and 

rad3 related 

ataxia telangiectasia 

mutated homolog 

(human) 0.359 

0.742 BRAF35/HDAC2 complex Braf transforming gene 1.347 

1.298 

breast carcinoma amplified 

sequence 2 

breast carcinoma 

amplified sequence 3 0.794 

0.802 bromodomain containing 4    

0.767 bromodomain containing 4    

0.478 bromodomain containing 4    

   

bromodomain 

containing 8 0.696 

1.279 

cAMP responsive element 

modulator    

   

cut-like 1 (Drosophila), 

transcript variant 2, 

mRNA (cDNA clone 

IMAGE:4224923), 

complete cds. 0.731 

0.518 

DEAH (Asp-Glu-Ala-His) 

box polypeptide 38    

2.552 developmental pluripotency-    
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associated 3 

1.277 E2F transcription factor 5    

1.208 E2F transcription factor 5    

   

early growth response 

3 0.747 

   ect2 oncogene 3.316 

0.656 early B-cell factor 1    

0.764 ets variant gene 5    

   forkhead box P1 0.828 

1.403 forkhead box P2    

1.235 forkhead box P2    

0.554 GATA binding protein 2    

1.263 

general transcription factor 

II H, polypeptide 1    

1.281 globin inducing factor, fetal    

1.328 

hairy and enhancer of split 6 

(Drosophila)    

0.801 homeo box A7    

0.825 homeo box C6    

0.569 homeo box D3    

0.57 

interferon dependent 

positive acting transcription 

factor 3 gamma    

0.379 interferon regulatory factor 7   

1.229 inversin    

   jagged 1 0.762 

1.627 

kelch repeat and BTB (POZ) 

domain containing 3    

0.813 

KRAB-zinc finger protein 

62    

0.797 

Kruppel-like factor 13, full 

insert sequence    

   leucine zipper 1.22 
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transcription factor-like 

1 

   

LIM homeobox protein 

5 0.688 

0.791 

longevity assurance 

homolog 4 (S. cerevisiae)    

   

longevity assurance 

homolog 5 (S. 

cerevisiae) 3.635 

   

MAD homolog 7 

(Drosophila) 0.275 

   Max protein 0.715 

   

Mblk1-related protein-

1 1.256 

1.33 

neural precursor cell 

expressed, developmentally 

down-regulated gene 1    

0.748 

neural stem cell-derived 

dendrite regulator    

0.78 neurogenic differentiation 1    

0.716 

nuclear factor of activated 

T-cells 5    

1.266 

nuclear receptor coactivator 

4    

0.529 

nuclear receptor subfamily 

2, group C, member 2    

0.703 

nuclear receptor subfamily 

4, group A, member 1    

0.661 

nuclear receptor subfamily 

6, group A, member 1    

   

nuclear transcription 

factor, X-box binding 1 1.36 

0.726 period homolog 2     
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(Drosophila) 

   

period homolog 3 

(Drosophila) 1.264 

0.666 

POU domain, class 2,  

transcription factor 1    

   

prolactin regulatory 

element binding 1.585 

   

putative homeodomain 

transcription factor 2 1.349 

0.489 

signal transducer and 

activator of transcription 1    

0.471 

signal transducer and 

activator of transcription 1    

0.669 

signal transducer and 

activator of transcription 2    

0.569 

signal transducer and 

activator of transcription 2    

   

signal transducer and 

activator of 

transcription 5B 1.392 

   

sine oculis-related 

homeobox 4 homolog 

(Drosophila) 1.529 

1.684 

SRY-box containing gene 

11 

SRY-box containing 

gene 11 1.4 

0.555 

SRY-box containing gene 

17    

0.621 

T-cell leukemia, homeobox 

3    

1.205 

transcription elongation 

factor B (SIII), polypeptide 

2 (18 kDa, elongin B)    

0.814 YY1 transcription factor    
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0.605 

zinc finger CCCH type 

domain containing 1    

2.01 zinc finger proliferation 1 zinc finger protein 119 2.239 

0.812 zinc finger protein 142 zinc finger protein 120 1.328 

0.828 zinc finger protein 143 zinc finger protein 143 1.303 

0.75 zinc finger protein 236 zinc finger protein 148 0.823 

1.254 zinc finger protein 260 zinc finger protein 26 1.203 

0.752 zinc finger protein 261 zinc finger protein 294 0.482 

1.25 zinc finger protein 291 zinc finger protein 313 1.205 

1.201 zinc finger protein 292 zinc finger protein 326 1.296 

1.227 zinc finger protein 330 zinc finger protein 403 0.574 

1.234 

zinc finger protein 386 

(Kruppel-like) zinc finger protein 52 1.262 

0.759 zinc finger protein 462 zinc finger protein 580 1.319 

   

zinc finger protein 97 

(Zfp97), mRNA. 1.496 

   

zinc finger protein 

interacting with K 

protein 1 1.243 

0.697 

zinc finger protein of the 

cerebellum 3 

zinc finger protein of 

the cerebellum 3 0.817 

1.75 

zinc finger protein of the 

cerebellum 4    

1.325 zinc finger protein s11-6 

zinc finger protein 

s11-6 1.363 

   

zinc finger, DHHC 

domain containing 7 1.238 

0.826 

Zinc Finger transcription 

factor Pegasus homolog 

[Homo sapiens], full insert 

sequence    

0.806 zinc finger, FYVE domain    
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 containing 27 

   

zinc finger, X-linked, 

duplicated A 

 

0.77  

 

Table 1. Differentially regulated transcripts of transcription factors (lesioned Nogo-A KO adult spinal 

cord compared with lesioned wildtype adult spinal cord) in alphabetical order. Transcripts found regulated 

in C57Bl/6 strain and in 129X1/SvJ strain with a threshold of ≥1.2 and ≤ 0.83 fold are shown. Families of 

transcription factors regulated in both strains are highlighted in yellow. Single, specific, transcription 

factors regulated in the lesioned spinal cord of both strains of Nogo-A KO mice are highlighted in red and 

with bold characters when they showed the same direction of regulation, e.g. up or down in both strains. 
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4. Discussion  

In the present study we show that genetic ablation of Nogo-A caused the 

specific upregulation of only two transcription factors, zinc-finger protein s11-

6 and SOX11, in the spinal cord of both C57Bl/5 and 129X1/SvJ strain of adult 

Nogo-A KO mice, 1 week following injury.  

The role of environmental cues for the axonal regeneration capacity has been 

extensively described in particular with regard to the presence in the adult CNS 

of myelin associated neurite outgrowth inhibitors, e.g. Nogo-A (Liu et al., 

2006a; Schwab, 2004; Walmsley and Mir, 2007). However, cell-autonomous 

factors should also play a key role: for successful nerve regeneration to occur a 

coordinated shift in the gene expression pattern of the axotomized neurons is 

required. The adult PNS is capable to show regeneration following lesion due 

to the combination of the lack of inhibitory proteins, e.g. Nogo-A, as well as 

due to the presence of a program of gene expression induced by peripheral 

axotomy which can support axon extension (Snider et al., 2002). Despite of the 

importance of cell-autonomous factors in the regeneration process, up to now 

no study had addressed whether such a program can be activated in 

regenerating CNS neurons in the absence of myelin inhibitors and whether 

there are common key players. Therefore, we analyzed the changes in the 

expression level of transcription factors following spinal cord lesion in adult 

C57Bl/6 as well as 129X1/SvJ Nogo-A KO versus WT mice. Of the several 

regulated transcription factors, only four (SRY-box containing gene 11, zinc 

finger protein 143, zinc finger protein of the cerebellum 3, and zinc finger 

protein s11-6) were regulated in both mouse strains, pointing to the fact that 

these changes were directly related to the ablation of Nogo-A and not due to 

unspecific secondary effects. Interestingly, only three of these transcripts were 

regulated in the same direction and only two were upregulated (Sox11 and zinc 

finger protein 143). No information is at the moment available regarding the 

functional roles of the zinc finger protein 143 in the CNS, in adulthood as well 

as during development. On the other hand, Sox11 can regulate the genetic 

program that drives the acquisition of the neuronal phenotype of post-mitotic 

neurons regulating pan-neuronal gene expression (Bergsland et al., 2006; 
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Hyodo-Miura et al., 2002). Sox11 belongs to the group C of the Sox family of 

genes together with the highly related genes Sox4 and Sox22 (Prior and Walter, 

1996; Wegner and Stolt, 2005). During gastrulation and post-gastrulation it is 

present throughout the embryo, while in later developmental stages it is 

prominently expressed in the developing nervous system in both glial and 

neuronal lineages (Hargrave et al., 1997; Kuhlbrodt et al., 1998; Rimini et al., 

1999). Sox11 and Sox4 exhibit an expression profile that is very similar, only 

in few tissues the occurrence of both proteins is complementary. In particular, 

significant differences were found in the spinal cord and brain at late 

developmental stages: Sox11 expression is more transient than Sox4 expression 

except in the spinal cord, where the reverse is true. However, by P7 expression 

of both Sox4 and Sox11 in the spinal cord in WT animals can be no longer 

detected (Cheung et al., 2000; Lioubinski et al., 2003). A possible role of Sox-

11 in the regenerative response following a lesion has been suggested by 

studies in the PNS, showing that it is induced in axotomized DRG neurons after 

sciatic nerve transection (Jankowski et al., 2006; Tanabe et al., 2003). 

However, up to now no upregulation of Sox-11 following a CNS lesion has 

been shown, in line with the lack of successful regenerative responses. 

Furthermore, Sox11 has been suggested to play an important role in the 

regulation of neuronal survival and neurite outgrowth in Neuro2a cells as well 

as in primary sensory neurons (Jankowski et al., 2006). Treatment with Sox11 

siRNA of postnatal cultured primary DRG neurons, expressing Sox11, caused a 

significant decrease in neurite growth and branching (Jankowski et al., 2006). 

These data together with our observation that the expression of Sox11 is 

upregulated in the lesioned CNS only after Nogo-A ablation, when 

regeneration can be observed, but not in the presence of Nogo-A in wildtype 

animals, where regeneration is not possible, clearly makes Sox11 an extremely 

interesting potential player in orchestrating the regenerative response in both 

the adult PNS as well as the Nogo-A KO adult CNS. Ongoing in vitro and in 

vivo studies will permit to further address the role of Sox11 in the regenerative 

process of the adult CNS of Nogo-A KO mice or after treatment with function 

blocking anti-Nogo-A antibodies following a lesion.  
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Abstract 

 

Antibody mediated neutralization or genetic ablation of the myelin neurite 

outgrowth inhibitor Nogo-A enhances sprouting and regeneration following 

spinal cord injury in the adult CNS. Regeneration observed in Nogo-A 

knockout mice is not extensive, probably due to yet unidentified compensatory 

mechanisms. On the other hand, following Nogo-A neutralization in adult rats, 

sprouting of fibers has been reported even in the absence of a lesion. The roles 

of Nogo-A in the intact adult CNS have not been clarified so far. Results from 

systems biology profiling of the intact adult spinal cord of Nogo-A knockout 

mice showed three major novel findings: 1) identification of upregulated 

inhibitory molecules that could compensate for the lack of Nogo-A: 

Semaphorin-3F, Semaphorin-4D, EphrinA3, EphrinB2, and their receptors 

PlexinB2, EphA4. EphrinA3 can inhibit neurite outgrowth of cortical and 

cerebellar granule neurons in vitro. No upregulation of MAG or OMgp was 

observed; 2) regulation of several components of the neuronal growth 

machinery and the actin cytoskeleton resulting in the enhancement of growth 

cone surface area and dynamics, e.g. NF68, alpha-internexin, MAP2, dynein, 

gelsolin, F-actin capping protein,  14-3-3 proteins, PAK4, cofilin, LIMK1. 

Application of a LIMK1 blocking peptide to Nogo-A knockout growth cones 

rescued wildtype dynamics, providing a first mechanism through which Nogo-

A ablation can modulate cytoskeleton dynamics and suggesting that Nogo-A 

acts as a tonic growth suppressor/controller in the intact adult CNS; 3) 

regulation of molecules involved in ER stress response and in synaptic function 

and neurotransmission, suggesting two potential novel functions for Nogo-A 

which remain to be investigated.    
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1. Introduction 

During postnatal development central nervous system (CNS) neurons lose their 

ability to regenerate in part due to the expression of neurite outgrowth 

inhibitors, e.g. in myelin or in the glial scar (Fawcett, 2006a; Schwab, 2004). A 

number of molecules with suggested growth inhibitory activity are present in 

the adult CNS: Nogo-A, oligodendrocyte myelin glycoprotein (OMgp), myelin-

associated glycoprotein (MAG), repulsive guidance molecule-RGM (Benowitz 

and Yin, 2007; Schwab, 2004; Yiu and He, 2006) as well as certain Ephrins 

(Fabes et al., 2006; Figueroa et al., 2006), Semaphorins (de Wit and 

Verhaagen, 2003; Kaneko et al., 2006; Pasterkamp and Verhaagen, 2006) and 

several proteoglycans (Fawcett, 2006a). Up to now only Nogo-A has been 

extensively studied for its role in inhibiting axonal regeneration as well as 

compensatory fiber growth in the injured CNS in vivo (Cafferty and 

Strittmatter, 2006; Schwab, 2004; Yiu and He, 2006). Neutralization of Nogo-

A through in vivo application of function blocking antibodies induces sprouting 

and regeneration after spinal cord or brain injury in adult rodents as well as 

primates (Freund et al., 2006; Schwab, 2004). A moderate increase of 

regeneration and compensatory fiber growth after lesion has also been observed 

in Nogo-A knockout (KO) mice, with a different degree of regeneration 

depending on intrinsic genetic differences of different analyzed mouse strains 

(Cafferty and Strittmatter, 2006; Dimou et al., 2006; Kim et al., 2003b; 

Simonen et al., 2003; Zheng et al., 2003). The presence of residual inhibitory 

activity in Nogo-A KO mice could speak for the presence of additional 

compensatory inhibitory proteins.  

During development, Nogo-A is expressed in neurons where it has been 

suggested to play a role in neuronal migration and cortical development 

(Mingorance-Le Meur et al., 2007) as well as to regulate synaptic plasticity 

(Aloy et al., 2006; Jin et al., 2003; Liu et al., 2003) and to shape the ER (Voeltz 

et al., 2006). Neuronal expression of Nogo-A is downregulated in parallel with 

its appearance in myelin, but persists at higher levels in particular neuronal 

population like in the hippocampus (Huber et al., 2002; Trifunovski et al., 

2006), olfactory bulb, deep cerebellar nuclei, spinal motor neurons (Nyatia and 
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Lang, 2007) and also in dorsal root ganglia (Dodd et al., 2005). It has been 

shown that Nogo-A neutralization in vivo in intact adult rats produced a 

transitory growth response of Purkinje axons and of the corticospinal tract 

(Bareyre et al., 2002; Buffo et al., 2000; Gianola et al., 2003).  However, the 

function and cellular/molecular ways of action of Nogo-A in the intact adult 

CNS have not yet been fully addressed and clarified. 

In the last few years, the application of systems biology approaches based on 

large-scale analysis of proteins have been successfully applied to complex 

biological networks, e.g. for the analysis of neurodegenerative disorders and 

infections (Minn et al., 2005; Zhang et al., 2008). In the present study we 

addressed the potential presence of compensating inhibitory molecules, as well 

as the functions of Nogo-A in the intact CNS. We applied a systems biology 

approach, analyzing specific functional categories affected by the lack of 

Nogo-A in the intact CNS of Nogo-A KO mice. We identified several 

semaphorins and ephrins as compensatory growth inhibitory factors.  The 

absence of Nogo-A also caused the reorganization of the neuronal outgrowth 

machinery through regulation of several cytoskeleton and signaling 

transcripts/proteins which resulted in increased growth cone dynamics. Other 

observed regulations suggest a possible role of Nogo-A in the ER stress 

response, as well as in synaptic transmission and function. 
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2. Material and Methods 

2.1. Animals  

Male and female postnatal day 5 Wistar rats were used for cell culture 

experiments testing the inhibitory proteins of ephrinA3-Fc. Male C57Bl/6 

Nogo-A KO and WT mice were used for the other experiments. All animal 

experiments were performed with the approval of and in strict accordance with 

the guidelines of the Zurich Cantonal Veterinary office. All efforts were made 

to minimize animal suffering and to reduce the number of animals required. 

2.2. Antibodies and recombinant Proteins  

Rabbit anti-cofilin (WB 1:1000, Chemicon, Millipore, MA, US), Rabbit anti-

phospho-cofilin Ser3 (WB 1:1000, ICC 1:100 Chemicon, Millipore, MA, US), 

Mouse anti-GAPDH (WB 1:15000, Abcam, UK), Rabbit anti-EphrinA3 (WB 

1:1000, Santa Cruz Biotechnology, Santa Cruz, US), Mouse anti-MAP1B (ICC 

1:250, Chemicon, Millipore, MA, US), Phalloidin-Alexa 488 (ICC 1:40, 

Molecular Probes, Invitrogen, Carlsbad, US), Rabbit anti-LIM kinase 1 (WB 

1:1000, Abcam, UK), Mouse anti-Nogo-A 11C7 (WB 1:15000; neutralization 

assay 3ug/ml), Rabbit anti-phospho-Lim kinase 1 T508 (WB 1:1000, ICC 

1:150 Abcam, UK), Rabbit anti-beta tubulin (ICC 1:150, Abcam, UK), Mouse 

anti-beta-III Tubulin (ICC 1:2000, Promega, Madison, US), Goat anti-Mouse 

IgG HRP coupled (WB 1:15000, Pierce, Rockford IL, US), Donkey anti-Rabbit 

IgG HRP coupled (WB 1:10000, Pierce, Rockford, IL, US), Goat anti-Mouse 

IgG H+L Cy3 coupled (ICC 1:3000, Jackson Laboratories, PA, US). The 

following recombinant Fc proteins were used: Human EphrinA3-Fc (R&D 

Systems, MN, US) and Human IgG-Fc (Jackson Laboratories, Bar Harbor, ME, 

US).  
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2.3. Affymetrix GeneChips  

2.3.1 Tissue Dissection and total RNA Extraction 

Spinal cord from 3 Nogo-A KO and 3 WT adult male mice were explanted, 

transferred into RNA later stabilization solution (Ambion, Austin, US). Total 

RNA extraction was performed with an RNeasy micro kit (Qiagen, CA, US) 

according to manufacturer’s protocol with the addition of an on-column 

DNaseI digestion step. The quality of the isolated RNA was determined with a 

NanoDrop ND 1000 (NanoDrop Technologies, Thermo Fisher Scientific, MA, 

US) and a Bioanalyzer 2100 (Agilent, CA, US). 

2.3.2 cRNA Preparation 

Total RNA from a total of 6 samples (3 WT and 3 KO spinal cords) was 

reverse-transcribed into double-stranded cDNA with One-Cycle 

cDNASynthesis Kit (Affymetrix, Santa Clara, CA, US). The double-stranded 

cDNA was purified using a Sample Cleanup Module (Affymetrix, Santa Clara, 

CA, US). The purified double-stranded cDNA were in vitro transcribed in 

presence of biotin-labeled nucleotides using a IVTLabeling Kit (Affymetrix, 

Santa Clara, CA, US). The biotinylated cRNA was purified using a Sample 

Cleanup Module (Affymetrix, Santa Clara, CA, US) and its quality and 

quantity was determined using NanoDrop ND 1000 (NanoDrop Technologies, 

Thermo Fisher Scientific, MA, US) and Bioanalyzer 2100 (Agilent, CA, US).  

2.3.3 Array Hybridization and Data Acquisition 

Biotin-labeled cRNA samples (10 μg) were fragmented randomly to 35–200 bp 

at 94°C in Fragmentation Buffer (Affymetrix, Santa Clara, CA, US) and were 

mixed in 300 μl of hybridization buffer containing a hybridization Control 

cRNA and Control Oligo B2 control (Affymetrix, Santa Clara, CA, US), 0.1 

mg/ml herring sperm DNA and 0.5 mg/ml acetylated bovine serum albumin in 

2-(4-morpholino)-ethane sulfonic acid (MES) buffer, pH 6.7, before 

hybridization to GeneChip® Mouse Genome 430 2.0 array for 16 h at 45°C. 

Arrays were then washed using an Affymetrix Fluidics Station 450 

FS450_0001 protocol. An Affymetrix GeneChip Scanner 3000 (Affymetrix, 
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Santa Clara, CA, US) was used to measure the fluorescent intensity emitted by 

the labeled target. 

2.3.4 Data Analysis 

Raw data processing was performed using the Affymetrix GCOS 1.4 software 

(Affymetrix, Santa Clara, CA, US). After hybridization and scanning, probe 

cell intensities were calculated and summarized for the respective probe sets by 

means of the MAS5 algorithm. To compare the expression values of the genes 

from chip to chip, global scaling was performed, which resulted in the 

normalization of the trimmed mean of each chip to target intensity (TGT value) 

of 500 as detailed in the statistical algorithms description document of 

Affymetrix (2002). Quality control measures were considered before 

performing the statistical analysis. These included adequate scaling factors 

(between 1 and 3 for all samples) and appropriate numbers of present calls 

calculated by application of a signedrank call algorithm. The efficiency of the 

labeling reaction and the hybridization performance was controlled with the 

following parameters: Present calls and optimal 3' /5' hybridization ratios 

(around 1) for the housekeeping genes (GAPDH and ACO7), for the poly A 

spikein controls and the prokaryotic control (BIOB, BIOC, CREX, BIODN). 

Further data analysis was performed by GeneSpring 7.2 (Silicon Genetics, 

Agilent, CA, US). A present call filter (2 out of 3 present calls in at least one 

out of the different studied conditions) was applied. Normalization was run per 

chip as well as per gene to the median of the control replicates. Data were 

statistical restricted through a 1-way Anova (p≤0.05). A final threshold of ≥1.2 

folds of increase or decrease in the expression level of each single transcript 

was applied. Regulated transcripts have been assigned to functional categories 

according to GeneOntology as well as literature and database mining (Pubmed 

http://www.ncbi.nlm.nih.gov/sites/entrez/; Bioinformatics Harvester EMBL 

Heidelberg http://harvester.embl.de/). 

GeneChip data are available online at the GEO database: 

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=jlcnjkwuyccocxk&acc=GSE1

1276 
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2.4. TaqMan qRT-PCR 

Primer and probe sets were designed through Primer Express Software version 

2.0 (Applied Biosystems, CA, US). Total RNA from 3 Nogo-A KO and 3 WT 

adult lumbar spinal cords were transcribed to cDNA using the TaqMan Reverse 

Transcription Reagents (Applied Biosystems, CA, US) and further processed 

for TaqMan qRT-PCR. Target amplification with TaqMan Universal PCR 

Master Mix for three replicates per sample, according to manufacturer’s 

instructions, followed. Signal was detected by the ABI Prism 7700 Sequence 

Detection System. To standardize the amount of sample added to a reaction, 

amplification of 18S ribosomal subunit as endogenous reference control was 

performed, running amplifications in separate tubes. Relative quantification 

with data from the ABI Prism 7700 Sequence Detection System (using version 

1.6 software) has been performed using the comparative CT method (Muller et 

al., 2002).  

Gene Rev Primer Fwd Primer NCBI 

Sema3F ATGCACTCCTCAATGCGCT CATCAACCGAGAGCCCCTTA BC010976 

Sema4D TCTGGATCACGTCAGCAAAGA CCTTGAGGACGGAGTATGCC BC049780 

Sema6A ATCCAGCACAACAGCCTGG ACCTGACTCTACCTGGACACCC Bc059238 

PlexinB2 GAGCCGCATGGGAAGC CTTCCACGGAGAAATCCAGT BC031202 

EphrinA3 GACCGGCTTCTCCCCG TGTCTGAGGATGAAGGTGTTCG BC107002 

EphA4 GCATGCCCACCAGCTGA GGCTCCTTGGATGCTTTCC BC052164 

GAPDH GATGCCTGCTTCACCACCTT GTCGTGGATCTGACGTGCC BC096440 

18S CTGACCGGGTTGGTTTTGAT CTTTGGTCGCTCGCTCCTC X00686 

 

2.5. 2D Gel Electrophoresis 

Lumbar spinal cord of 3 adult Nogo-A KO and WT mice were dissected and 

transferred to CHAPS lysis buffer (50mM NaH2PO4 pH8.0, 150mM NaCl, 

0.5% CHAPS, protease inhibitor cocktail (Roche, Basel, Switzerland) ) on ice. 

Tissues were disrupted using a rotor-stator homogenizer. After 30’ on ice, 

samples were centrifuged (15’, 2000g, 4°C) and total protein concentration of 

the supernatant was determined using a NanoDrop ND 1000 (NanoDrop 

Technologies, Thermo Fisher Scientific, MA, US). 150ug of proteins were 
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loaded on 3-10 and 4-7 IPG strips (Amersham Bioscience, UK) in rehydration 

solution (Urea 7M, Thiourea 2M, 2% CHAPS , 0.3% DTT, 3-10 or 4-7 

IPGbuffer (Amersham Bioscience, UK). IPG strips were refocused and 

transferred on 11% SDS-PAGE gels. Second dimension was resolved in SDS-

electrophoresis buffer in an EttanDALTtwelve system (GE Healthcare, UK) 

according to system instructions. Protein spot staining was performed with 

SyproRuby (Molecular probes, Invitrogen, Carlsbad, US) according to 

manufacturer’s protocol. 

Images were captured using a Typhoon 9400 scanner (GE Healthcare, UK) and 

analyzed with ProteomWeaver software (Version 2.2; Definiens, Germany). A 

protein target excision list of the regulated spots was generated, spots excised 

with a GelPix Spot Picking Robot (Genetix, UK) and processed for in-gel 

digestion, extraction and purification of the peptides as well as spotting onto 

MALDI target plates using a TECAN Genesis ProTeam 150 Digester/Spotter 

running under Gemini software. Samples were analyzed on a 4700 Proteomics 

Analyser MALDI TOF/TOF system (Applied Biosystems, CA, US). All mass 

spectra were recorded in positive reflector mode, and they were generated by 

accumulating data from 5000 laser pulses. Up to five spectral peaks per spot 

were included in the list for the acquisition of MS/MS spectra. GPS (Global 

Proteome Server) Explorer Software version 2.0 (Applied Biosystems, CA, 

US) was used for submitting MS and MS/MS data for database searching. 

Mascot (Matrix Science) was utilized as the search engine. A mouse protein 

database from the European Bioinformatics Institute (33081 sequences; release 

date, March 19 2005) was used. 

2.6. ICAT 

Lumbar spinal cords of 3 adult Nogo-A KO as well as WT mice were 

dissected. Tissues from the same genotype were pooled, transferred to lysis 

buffer (5mM EDTA, 50mM Tris-HCl pH 8.3, 1% Rapigest (Waters 

Corporation, MA, US)) and disrupted using a rotor-stator homogenizer. After 

30’ on ice, samples were centrifuged (15’, 2000g, 4°C) and total protein 

concentration of the supernatant was determined using a NanoDrop 
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Spectrophotometer system (NanoDrop Technologies, Thermo Fisher Scientific, 

MA, US). 600ug of both samples were reduced with tributylphosphine and 

labeled with ICAT reagents (Applied Biosystems, CA, US), 2hrs at 37ºC. 

After quenching with DTT, samples were combined and digested with trypsin 

overnight at 37°C. The peptide mixture was fractionated by HPLC in a KCl 

gradient. Biotinylated peptides were purified on Applied Biosystems ICAT 

avidin cartridges according to the manufacturer’s protocol. Fractions were 

dried by speed-vacuuming, biotin cleaved with Applied Biosystems cleaving 

reagents and cleaned with Sep-Pak Cartridges (Vac C18 1cc – Waters 

Corporation, MA, US). ICAT peptides were analyzed by nano-LC-MS using an 

LTQ-FTTM mass spectrometer (Thermo Electron, Thermo Fisher Scientific, 

MA, US). Peptides were separated on a nano-HPLC (Agilent, CA, US) online 

prior to MS analysis on a home made C18 reversed phase column (Magic 5um, 

100A C18 AQ, Michrom) using an acetonitrile/water system at a flow rate of 

200 nl/min. Tandem mass spectra were acquired in a data dependent manner. 

Typically, 4 MS/MS were performed after each high accuracy spectral 

acquisition range survey. Data analysis was performed through Sisyphus 

software (developed at the Institute for Molecular Systems Biology, Group of 

Dr. B. Wollscheid, Zurich, Switzerland). 

2.7. Dissociated Dorsal Root Ganglia  

DRG from P0 and adult KO and WT mice were dissected and trypsinized at 

37°C. After trituration cells were filtered (45um filter), plated at low density 

(1.5 x 104, glass coverslips coated with 20ug/ml PLL and 5ug/ml laminin) and 

cultured (L15 with L-Glutamine, N1 additives, 50ug/ml NGF, 0.25% NaHCO3, 

at 5% CO2 and 37°C) for 6hr (P0) or 14hrs (adult). Each experiment was 

repeated 3 times with 4 experimental replicates each, unless differently stated.  

Parameters of neuronal morphology were measured through ImageJ software 

(NIH) in 20 neurons per experiment, in 3 independent experiments, for a total 

of 60 neurons. 100 growth cones from Nogo-A KO as well as WT neurons 

were randomly selected and percentage of growth cones presenting protrusions 

longer than 10um calculated. Total length of the neurite tree was measured 
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through Metamorph software (Molecular Devices, MDS, Ontario, Canada). 

Parameters of neuronal morphology for P0 dissociated DRG were measured 

through ImageJ software (NIH) in at least 10 neurons per coverslip in 4 

coverslips (experimental replicates) in two separate experiments, for a total of 

at least 80 neurons.  P0 neurons were manually traced through ImageJ software 

(NIH) using the NeuronJ plug-in (Meijering et al., 2004). Data analysis was 

performed by Prism 4.0 (GraphPad software, San Diego, CA, US). 

2.8. Dissociated cortical Neurons 

Cortices from P5 rats were rapidly dissected in ice-cold Hibernate A medium 

(BrainBits) supplemented with 1% Pennicilin/Streptomycin (Gibco, Carlsbad, 

CA, US), 2% B27 (Gibco, Carlsbad, CA, US) and 200mM L-Glutamine 

(Gibco, Carlsbad, CA, US), cleaned of meninges, finely chopped into little 

pieces, and digested for 35 min at 30ºC with 2mg/ml Papain (Worthington, NJ, 

US) with intermittent shaking. After gentle trituration with a fire-polished 

Pasteur pipette, cortical neurons were purified from oligodendrocytes and 

microglial cells on an OptiPrep (Greiner, Austria) density gradient. The cells 

were plated at 15’000 cells/cm2 on glass coverslips coated with 1ug/ml poly-

DL-ornithine. Cultures were grown for 24 h at 37ºC and 5% CO2 in 

Neurobasal A medium (Gibco, Carlsbad, CA, US) supplemented with 1% 

Pennicilin/Streptomycin (Gibco, Carlsbad, CA, US), 2% B27 (Gibco, Carlsbad, 

CA, US) and 200mM L-Glutamine (Gibco, Carlsbad, CA, US). Each 

experiment was repeated three times with four experimental replicates per 

condition. 

2.9. Dissociated cerebellar granule Neurons 

Cerebella from P5 rats were dissected in ice-cold Krebs solution (72ug/ml 

NaCl, 4ug/ml KCl, 1.4ug/ml NaH2PO4*H2O, 26ug/ml Glucose, 0.1ug/ml 

Phenol red in H2O, pH 7.4) supplemented with 0.3% BSA and 0.8% MgSO4, 

cleaned of meninges, and carefully dissociated using a 1ml pipette. After 

digestion with 0.025% Trypsin (Gibco, Carlsbad, CA, US) for 10 min at 37ºC, 

the cells were gently triturated with a fire-polished Pasteur pipette in Krebs 
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solution supplemented with 0.1mg/ml DNaseI (Roche, Basel, Switzerland), 

0.5mg/ml Trypsin inhibitor (Gibco, Carlsbad, CA, US) and 1% MgSO4, and 

resuspended in cultivating medium (Neurobasal A (Gibco, Carlsbad, CA, US) 

with 2% B27 (Gibco, Carlsbad, CA, US), 1% 200mM L-Glutamine (Gibco, 

Carlsbad, CA, US) and 50ug/ml Gentamicin (Sigma, St. Louis, MO, US)). 

After 1 h pre-plating at 37ºC, CGNs were plated on glass coverslips coated 

with 1ug/ml poly-L-lysine (Sigma, St. Louis, MO, US) at 30000 cells per cm2. 

Cultures were grown for 24 h at 37ºC and 5% CO2. Experiments were repeated 

twice with four experimental replicates per condition. 

2.10. COS-7 Cultures 

Native COS7 cells were cultured o/n in DMEM, 10% FBS, gentamicin, then 

treated for 1 hour with increasing concentrations (5, 10, 20, 40 ug/ml) of S3- or 

the reverse-sequence control RV-peptide.  

2.11. EphrinA3-Fc functional Assay 

Coated glass coverslips were overlaid with dimeric 0.1nM, 1nM, 10nM, 50nM, 

75nM and 168nM EphrinA3-Fc (R&D Systems, Minneapolis, MN, US) in PBS 

for 2 h at 37ºC, reaching a final coating of 0.05ug/cm2, 0.5ug/cm2, 5ug/cm2, 

25ug/cm2 and 25ug/cm2 considering a 100% binding efficiency. Control IgG-

Fc (Jackson Laboratories, Bar Harbor, ME, US) was used (50nM).  

2.12. Neurite outgrowth Assay: Imaging and Quantification.  

Pictures were taken with a fluorescence microscope (Axioskop 2 mot plus, 

Zeiss) using a 10x or 20x objective and imaged with AxioVision 4.2 Software. 

Total neurite outgrowth was blindly quantified using MetaMorph Software 

(Molecular Devices, MDS, Ontario, Canada). Relative pixel staining intensity 

above local background, approximate maximum width and minimum area or 

minimum cell growth were assigned for cell bodies and neurites, respectively. 

For each experimental condition, 16 random images for each of four well 

replicates from three independent experiments were analyzed. Data plotting 
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and statistical analysis was performed with GraphPad Prism 4.0 (GraphPad 

Software, San Diego, CA, US).  

2.13. Time-lapse Video Microscopy  

Adult dissociated DRG from adult Nogo-A KO and wild type mice were 

cultured for 14hrs in 2-well Lab-Tek chambered coverglass (Nalge Nunc, 

Rochester, NY, US). Samples were observed under a Leica WideField IRBE 

Microscope by phase contrast at 37ºC, 5% CO2, with a 100X oil immersion 

objective. Images were captured with a Hamamatsu camera using OpenLab 

3.1.7 software (Improvision, Waltham, MA, US). At least 5 KO as well as WT 

neurons were randomly chosen and the largest growth cone of each of them has 

been imaged per experiment in 6 independent experiments. For each growth 

cone, 60 images at intervals of 15 seconds were acquired, for a total real time 

of 15 minutes of recordings. Movies were further processed through OpenLab 

and QuickTime (Apple) (0.15s/frame). Statistical data analysis was performed 

by Prism 4.0 (GraphPad software, San Diego, CA, US). For S3- and RV-

peptide treatments, after 14 hours culturing, adult dissociated KO DRGs were 

treated with 20ug/ml peptide for 1hour and then imaged as above, with a 40X 

oil immersion objective. 

2.14. Immunoblotting 

Lumbar spinal cords from 8 adult Nogo-A KO as well as WT mice were 

processed for protein lysates as for 2DE. Samples (30ug) were resolved by 7-

14% NuPAGE (Invitrogen, Carlsbad, US), transferred onto 

polyvinylidenedifluoride membranes. After blocking, incubation with primary 

antibodies at 4°C overnight followed. After washing membranes were 

incubated with secondary antibodies. Proteins were detected by a 

chemiluminescent substrate (SuperSignal West Pico, Pierce Biotechnology, 

Rockford IL, US)). Images were captured with Stella system (Agilent 

technologies). Densitometry was performed with AIDA software (Raytest, 

Germany). Data analysis was performed by Prism 4.0 (GraphPad software, San 

Diego, CA, US). 
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2.15. Immunocytochemistry 

Cells were fixed with 4% PFA, 15 min at RT and permeabilized (0.1% Triton 

X-100, 1XPBS). After blocking, cells were incubated for double staining with 

primary antibodies. Incubation with appropriate secondary antibody for 30 min 

and with DAPI followed. Preparations were mounted in Mowiol/DABCO 

before examination under a conventional fluorescence microscope (Axioscope 

2 mot plus, Zeiss). Imaging was performed using an AxioVision system.  

2.16. In-Situ Hybridization 

DIG-labeled cRNA probes for EphrinA3, EphA4, Semaphorin3F, 

Semaphorin4D, Semaphorin6A and PlexinB2 were synthesized from linearized 

cDNA clones obtained from Invitrogen (Carlsbad, US) (clone numbers 

6415327, 6410342, 6812963, 6842513, 6416938 and 6855091 respectively) by 

in vitro transcription using T7 and T3 polymerases (Roche, Basel, Switzerland) 

and DIG RNA Labeling mix (Roche, Basel, Switzerland) and hydrolyzed to 

achieve 200-bp fragments to improve tissue penetration. Frozen spinal cords 

were cut on cryostat at 16µm, mounted on Superfrost-Plus slides (Menzel-

Gläser, Germany). ISH was performed as described earlier (Schaeren-Wiemers 

and Gerfin-Moser, 1993). In brief, sections were post-fixed in 4% 

paraformaldehyde, acetylated in 0.1 M triethanolamine and 0.25% acetic 

anhydride, and permeabilized for 5 min in 1% Triton X-100. Hybridization was 

performed overnight in 5XSSC buffer containing 50% formamide and 2% 

blocking reagent (Roche, Basel, Switzerland) at 68°C in a chamber humidified 

with 5XSSC/50% formamide. Two stringent washes were performed in 

0.2XSSC at the same temperature for 1 hr, and signals were detected with an 

AP-conjugated anti-DIG antibody (Roche, Basel, Switzerland) using nitroblue 

tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) as color 

reaction substrates. Sense controls were included in all experiments as controls 

for non-specific background signals.  
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3. Results  

3.1. Profiling of Nogo-A KO versus WT adult mouse Spinal 
Cord by Affymetrix GeneChips, 2DE and ICAT 

We analyzed the adult spinal cord (SC) of C57Bl/6 Nogo-A KO versus WT 

mice by Affymetrix GeneChips, 2DE (pH 4-7 and pH 3-10 isoelectrophocusing 

strips were both used to increase the number of identified regulated spots (Fig. 

1B, Supplemental Fig. 1)) and ICAT, followed by HPLC peptide separation 

and subsequent run and analysis through an LC-MS/MS.  

Affymetrix GeneChip analysis revealed the statistically significant regulation 

of 606 transcripts. The major represented functional categories, with 

assignments based on GeneOntology and literature mining, were: signaling 

14%, transcription and RNA processing 13%, transport 9%, cell growth 9%, 

metabolism 7%, protein processing 6.5%, synapse 5.5 %, axon guidance 5%, 

DNA and chromatin processing 4.5%, proteolysis and peptidolysis 4%, 

defense/immune response 4%, cytoskeleton 3%, apoptosis 3%, response to 

stress 1% (Fig. 1A). The complete list of regulated transcripts is given in 

Supplemental Table 1. 
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Figure 1. Transcriptomic and 2DE profiling of the adult spinal cord of Nogo-A KO mice (A) Percentage of regulated transcripts (calculated from the total number of regulated transcripts = 

606) assigned to functional categories on the base of GeneOntology and literature mining. Interesting, further discussed categories are highlighted. (B) Representative images showing lumbar 

spinal cord proteins of WT and Nogo-A KO mice, separated on pH 3-10 isoelectrophocusing (IPG) strips and on 11% SDS-page 2-dimensional gels. (C) Percentage of spots (upper) and 

identified proteins (lower) in each functional category (calculated from the total number of spots (93) and identified proteins (62), respectively) differentially expressed in Nogo-A KO versus 

WT lumbar adult spinal cord. Assignment to functional categories was based on GeneOntology categories and literature mining. Main regulated categories are highlighted. 
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With 2DE, 93 regulated spots were identified, corresponding to 62 different 

known proteins/protein subunits. 16 of the identified proteins were represented 

in more than one regulated spot, pointing to a different post-translational 

modification state in Nogo-A KO compared to WT tissue. Up- and down-

regulation were equally represented (51.6% up- and 48.4% down-regulated 

spots). Assignment to functional categories, on the basis of GeneOntology and 

literature mining, showed that the highest number of regulated proteins or spots 

fell into the category cytoskeleton (33%, 17%). The other major functional 

categories significantly represented (%proteins, %spots) were: neuroprotection 

(in particular against oxidative stress) (13%, 17%), metabolism (10%, 12%) 

and transport (6%, 7%) (Fig.1C). Only one regulated myelin protein was 

observed (myelin basic protein, 0.52 fold). The complete list of protein changes 

is shown in Supplemental Table 2. 

 

 

 

Supplemental Figure 1. Protein expression changes in Nogo-A KO versus WT adult mouse 

spinal cord as shown by pH4-7 IPG 11% SDS-PAGE 2D-gels. Representative images showing lumbar 

spinal cord proteins of WT and Nogo-A KO mice, separated on pH 4-7 isoelectrophocusing (IPG) strips 

and on 11% SDS-page 2-dimensional gels. 
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The quantitative ICAT analysis allowed the identification of a high number of 

regulated proteins, in particular of hydrophobic membrane proteins, due to the 

avoidance of the loading/separation in a gel matrix. With a ProteinProphet 

probability score ≥0.9 we identified 407 proteins (71.7% ≥2 unique peptides) 

(Fig. 2A; Supplemental Table 3) with a normal distribution around 

1.189±0.023 (mean ratio) (Fig. 2B).  

 

 

Figure 2. Quantitative proteomic analysis of Nogo-A KO versus WT adult mouse spinal cord by 

ICAT analysis. (A) Number of identified proteins (505, 479, 458, 438, 407, 303) according to different 

ProteinProphet probability scores (from ≥0.5 to = 1.0). (B) Logarithmic distribution of the number of 

identified proteins (407 proteins total, p≥0.9) as a function of the observed fold change values. The data 

presented a normal distribution around a mean ratio of 1.19±0.023; this value has been used to normalize 

the fold change values. (C) Percentage of proteins in each functional category differentially expressed in 

Nogo-A KO versus WT lumbar adult spinal cord. Assignment to functional categories was made on the 

basis of “Panther” analysis (www.panther.org) and literature mining. The most important categories of 

proteins affected by the lack of Nogo-A were: Cytoskeleton, Neuroprotection and Signaling.  

 

All the ratios have been normalized to this value, assuming a correct mean ratio 

of 1.000, in order to correct for possible errors in protein quantification. 219 
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proteins showed a fold change ratio between 0.5 and 2 in Nogo-A KO versus 

WT lumbar spinal cord. Proteins outside of this interval were normally 

distributed in terms of up- (16.5%) and down-regulation (15.5%). 104 proteins 

showed statistically significant regulation according to adjusted ASAPRatio 

and standard error (Supplemental Table 3) and were categorized into functional 

categories using  Panther v6.1 software (www.pantherdb.org) and literature 

mining (Fig. 2C). The results reflected the ones observed with the 2DE 

approach: Signaling (14%), Metabolism (14%), Transport (11%), Cytoskeleton 

(9%) and Neuroprotection (in particular against oxidative stress) (5%) were the 

major affected categories (Fig. 2C). 

The three applied techniques, GeneChips, 2DE and ICAT, can be considered as 

complementary: the overlap of the observed regulated molecules was less than 

10%, highlighting the importance of a combinatorial approach. Interestingly, 

we could not observe a clear overlap in terms of regulated functional categories 

between transcriptomic and proteomic approaches. The discordance existing 

between mRNA expression and protein expression and function can be due to 

biological reasons, e.g. preferential regulation on the protein level of specific 

categories of molecules like cytoskeleton components, as well as to technical 

limitations, e.g. GeneChips screen for a high number of transcripts 

independently of their expression level, so also low expressed mRNAs can be 

detected. 

3.2. Upregulation of Semaphorins, Ephrins and their 
Receptors in the adult Spinal Cord of Nogo-A KO Mice 
and in vitro EphrinA3 mediated Neurite Outgrowth 
Inhibition.  

 

We were interested in the possibility of observing inhibitory molecules 

compensating for the lack of Nogo-A in the adult CNS of Nogo-A KO mice. 

Surprisingly, even if MAG mRNA was found upregulated (1.46 fold change), 

we observed a downregulation at the protein level of both MAG (0.34±0.09) 

and OMgp (0.71±0.26) by ICAT (Supplemental Table 3). We found 
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upregulation at the mRNA level of two families of axon guidance molecules: 

ephrins and semaphorins (Fig. 3A). They could not be detected by our 

proteomic approach probably due to their low expression level. Semaphorin 4D 

mRNA was upregulated 1.31 fold, Semaphorin 3F mRNA 1.63 fold. We 

observed the upregulation of a semaphorin receptor as well, namely Plexin B2 

(1.5 fold) (Fig. 3A). Not all semaphorins are regulated by the lack of Nogo-A, 

as shown by our analysis of an additional member, semaphorin 6A (Fig. 3A, 

C). In-situ hybridization (ISH) confirmed their presence and upregulation in the 

adult Nogo-A KO spinal cord (Fig. 3C). Semaphorin 4D and Plexin B2 were 

upregulated in both grey and white matter, while Semaphorin 3F was mainly 

upregulated in the grey matter, particularly in the ventral horn. 

With regards to ephrins, we observed upregulation of ephrinA3 mRNA (1.56 

fold), confirmed by quantitative TaqMan Real Time PCR (2.08 fold, Fig. 3A). 

ISH (Fig. 3C) revealed that the upregulation was mainly localized in the dorsal 

and ventral horn of the grey matter. 
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Figure 3. Semaphorins and ephrins as inhibitory compensatory molecules in the intact adult CNS of Nogo-A KO mice. A, Candidate compensatory inhibitory molecules. The observed 

regulation (fold change, Nogo-A KO versus WT normalized expression level, WT = 1.0) for semaphorin/plexin and ephrin/Eph family members are shown. Data have been confirmed by TaqMan 

quantitative real-time PCR. B, Upregulated compensatory inhibitory molecules in the adult CNS of Nogo-A KO mice and hypothetical model of inhibitory action of EphrinA3 through its 

interaction with EphA4 and downstream activation of the Cdk5 complex. Regulated PDZ domain-molecules and MAPKs which can affect and translate EphA signaling are shown. Fold changes of 

expression normalized to WT = 1.0 are shown. C, Representative images of brightfield/false-colour ISH showing the expression pattern and the upregulation of semaphorin 3F, semaphorin 4D, 

plexin B2, ephrin A3 and EphA4 in the adult spinal cord of Nogo-A KO compared to WT mice. Semaphorin 6A which did not show upregulation is shown as comparison. D, Representative image 

of Western blot and corresponding densitometric quantification reporting the level of expression of ephrin A3 in spinal cord lysates from WT and Nogo-A KO adult mice. Results show increased 

expression of ephrin A3 in spinal cord lysates of Nogo-A KO mice. Protein levels have been normalized to the expression of GAPDH (n = 4; Mann-Whitney test, *, p<0.05. Error bars represent 

SEM). E,  Quantification of the total neurite outgrowth per cell of P5 cerebellar granule neurons grown for 1 day on increasing concentration of dimeric EphrinA3-Fc (0.05ug/cm2, n = 437; 

0.5ug/cm2, n = 641; 5ug/cm2, n = 637; 25ug/cm2, n = 348; 35ug/cm2, n = 539; n = number of measured neurons per condition). Fc substrates were used as control. Neurons, from four well 

replicates from two independent experiments, were specifically stained with MAP1B and assessed for total neurite outgrowth (1-way Anova analysis of variance with Tukey post hoc test (F = 

10.99, p<0.0001; ***, p<0.001, **, p<0.01,*, p<0.05). Error bars represent SEM).

Systems biology profiling of Nogo-A KO mice: cytoskeleton remodeling role for Nogo-A in the intact CNS and new inhibitory targets 

  
 



  Systems biology profiling of Nogo-A KO mice: cytoskeleton remodeling role for Nogo-A in the intact CNS and new inhibitory targets 

Western blot analysis of membrane enriched spinal cord lysates showed a 

significant upregulation of EphrinA3 at the protein level (1.52 ± 0.17, 

normalized to WT = 1.0) (Fig. 3D). So far, in the adult CNS, functional studies 

involving ephrinA3 have been mainly restricted to the hippocampus, where it 

has been implicated in synaptic plasticity through the EphA4 receptor (Bourgin 

et al., 2007; Murai et al., 2003). 

To test for a possible role of ephrinA3 in inhibition, we examined its effect on 

neurite outgrowth of cerebellar granule neurons. Dimeric EphrinA3-Fc coated 

as a substrate significantly inhibited the total outgrowth of cerebellar granule 

neurons. A maximal 34.25 % percentage decrease in outgrowth was found at 

0.5ug/cm2 (Fig. 3E).  

Since, it has been reported that ephrin inhibitory effects could be cell-type 

specific (Eberhart et al., 2004; Gao et al., 2000), we applied the same 

experimental setup to dissociated cortical neurons. Increasing concentrations of 

dimeric ephrinA3-Fc again caused a significant reduction in total outgrowth of 

dissociated P5 cortical neurons at 0.05ug/cm2, 5ug/cm2, 25ug/cm2 and 

35ug/cm2 (Supplemental Figure 2).  

 

 

Supplemental 

Figure 2. EphrinA3 

inhibits neurite 

outgrowth of cortical 

neurons in vitro. 

Quantification of the 

total neurite 

outgrowth per cell of 

P5 rat cortical neurons 

grown for 1 day on 

increasing 

concentrations of dimeric EphrinA3-Fc (0.05ug/cm2, n = 1133; 0.5ug/cm2, n = 1171; 5ug/cm2, n = 1273; 

25ug/cm2, n = 1300; 35ug/cm2, n = 1306; n= number of measured neurons per condition). Fc substrate 

was used as control. Neurons, from four well replicates from three independent experiments, were 

specifically stained with beta-III Tubulin and assessed for total neurite outgrowth. 1-way Anova analysis 

of variance with Tukey post hoc test (F=2.342, p<0.05; **, p<0.01). Error bars represent SEM.  
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The maximal inhibition caused by dimeric EphrinA3-Fc was in the same order 

of magnitude for both cortical neurons (27%) and cerebellar granule neurons 

(35%), and comparable to that reported for MAG-Fc and EphrinB3-Fc 

(maximal 40% inhibition) (Benson et al., 2005; Tang et al., 1997). In contrast 

to MAG and EphrinB3, however, EphrinA3-Fc clearly showed an inhibitory 

effect at very low concentrations (0.05ug/cm2). 

A recent study reported increased sprouting, regeneration and functional 

recovery after spinal cord injury in EphA4-deficient mice (Goldshmit et al., 

2004). EphrinA3/EphA4 interaction was shown to cause hippocampal dendritic 

spine retraction (Murai et al., 2003). We found EphA4 upregulated 1.36 fold by 

qRT-PCR in the intact Nogo-A KO spinal cord. ISH revealed upregulation in 

both white and grey matter of the Nogo-A KO adult spinal cord (Fig. 3C). 

Interestingly, in the search of possible downstream signaling pathways, we 

observed changes of the Cdk5 complex, whose activation was reported to be 

involved in ephrinA3/EphA4-mediated dendritic spine retraction (Fu et al., 

2007). All three major Cdk5 regulators were found upregulated in the Nogo-A 

KO spinal cord: p35-Cdk5 (1.3 fold), Cables 1 (1.4 fold) and Cdkrap2 (2.3 

fold) (Fig. 3B). Additional regulated molecules which could be involved in 

EphA4 downstream signaling, e.g. PDZ-domain proteins and MAPKs, are 

shown in Fig. 3B. 

3.3. Molecular Reorganization of the Neurite Outgrowth 
Machinery in the intact adult Nervous System of Nogo-A 
KO Mice 

 

The category “cytoskeleton” was the major one for the changes found in our 

proteomic approach. With 2DE we observed a higher number of regulated 

spots (33%) than of proteins (17%) (Fig. 1C) speaking for an important role of 

post-translational modifications in the regulation of the cytoskeleton in 

response to Nogo-A ablation. In addition to actin and tubulin isoforms, many of 

the differentially expressed proteins play an important role in actin and tubulin 

cytoskeleton remodeling (Table 2, Fig. 4). Particularly interesting is cofilin, 
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suggested to be downstream of Nogo-A/NgR signaling (Hsieh et al., 2006); it 

showed two regulated spots: 0.79 (-1.27) and 1.70 fold respectively (Table 2), 

pointing post-translational modifications of this protein. Cofilin is known to 

affect actin cytoskeleton dynamics, growth cone motility and neurite outgrowth 

(Fig. 4). The changes in actin-binding proteins (myosin, tropomyosin) as well 

as actin itself (Table 2) suggested that the actin cytoskeleton was directly 

affected. In addition, neuronal intermediate filaments, e.g. neurofilament-68 

and alpha-internexin, which are highly expressed during development and in 

early neurite formation, were upregulated, suggesting the whole neuronal 

cytoskeleton to be affected by the lack of Nogo-A. This conclusion was 

supported by the high number of spots (12%) and proteins (15%) falling into 

the category of signaling molecules (Fig. 1C), the majority of which belonged 

to pathways responsible for cytoskeleton rearrangements and neurite outgrowth 

control. An example is the 14-3-3 family of proteins, known to interact with 

cofilin as well as with its major regulator LIMK1. We observed also the down 

regulation of CRMP2, a protein playing a role in growth cone collapse (Quach 

et al., 2004) (Table 2). 

The comparison and integration of the ICAT data with the 2DE data permitted 

us to strengthen our observation of an important response at the level of the 

neuronal cytoskeleton and signaling machinery (Table 3, Fig. 4). Thus, 

cytoskeletal proteins known to affect actin polymerization (F-actin capping 

protein 0.69±0.15), neurite outgrowth (Microtubule-associated protein RP/EB 3 

1.81±0.59, Microtubule-associated protein 2 2.05±0.62) or microtubule-

dependent transport (dynein 15.54±5.64) were shown to be regulated in a 

direction pointing to growth enhancement: down regulation of actin severing 

proteins and up regulation of motor as well as microtubular proteins. The total 

level of cofilin presented a slight down regulation (0.66±0.27) (Table 3). 

Among the regulated signaling proteins emerged again the 14-3-3 proteins (14-

3-3 theta 1.7±0.55, 14-3-3 eta 1.48±0.30, 14-3-3 gamma 1.28±0.25) as well as 

a member of the CRMP proteins (Dihydropyrimidinase-related protein 5 

0.72±0.25). The Rho-GTPase signaling pathway was also affected (Rho-related 

GTP binding protein RhoB precursor 0.34±0.12, RAS-related C3 botulinum 

substrate 1 (Rac1) 0.63±0.23) (Table 3). 
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Only 3% of the transcripts found regulated with our GeneChip approach were 

assigned to the category “cytoskeleton”, corresponding to 17 transcripts. Even 

in this case the regulation pointed to an enhancement of the neuronal growth 

machinery, as we observed neurofilaments, tubulin as well as actin 

polymerization promoting molecules being upregulated, e.g. MAP1, Tau, actin 

related protein 2/3 complex subunit 4, coronin, Vasp and gelsolin, whose 

upregulation was shown to increase neurite outgrowth in PC12 cells (Furnish et 

al., 2001) (Table 1). 
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Table I. Differentially expressed “Cytoskeleton” transcripts in the spinal cord of 

Nogo-A KO versus WT mice analyzed by Affymetrix GeneChips. 

Affymetrix 

ID 

Fold change1  

Nogo-A KO 

vs. WT Description Symbol GO CATEGORY

1423589_at 1.674 

actin related protein 

2/3 complex, subunit 4 Arpc4 cytoskeleton

1450355_a_at 1.627 

capping protein (actin 

filament), gelsolin-like Capg 

cytoskeleton; actin 

binding

1416246_a_at 1.432 

coronin, actin binding 

protein 1A Coro1a

cytoskeleton; actin 

binding

cytoskeleton; actin 

cytoskeleton 

organization and 

biogenesis1425811_a_at 1.478 

cysteine and glycine-

rich protein 1 Csrp1 

1415812_at 1.618 

gelsolin (Gsn), 

mRNA. Gsn 

cytoskeleton; actin 

binding

1430869_a_at 1.573 

hyaluronic acid 

binding protein 4 Habp4 cytoskeleton

1426665_at 1.703 

katanin p80 (WD40-

containing) subunit B 

1 Katnb1

cytoskeleton; 

microtubule 

disassembly

cytoskeleton 

organization and 

biogenesis; protein 

amino acid 

phosphorylation1417933_at 1.396 

keratin complex 2, 

basic, gene 8 Krt2-8 

1449082_at 1.832 

microfibrillar 

associated protein 5 Mfap5 cytoskeleton

1451290_at 1.514 

microtubule-

associated protein 1 

light chain 3 alpha --- cytoskeleton 
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cytoskeleton; 

microtubule-based 

process1424718_at 1.436 

microtubule-

associated protein tau Mapt 

cytoskeleton; 

microtubule-based 

process1424719_a_at 1.538 

microtubule-

associated protein tau Mapt 

1450379_at 1.288 moesin Msn Cytoskeleton

1416986_a_at 1.34 

protein tyrosine 

phosphatase, non-

receptor type substrate 

1 Ptpns1 

cytoskeleton 

organization and 

biogenesis; cell-

matrix adhesion; 

positive regulation 

of phagocytosis

1448402_at 1.381 talin Tln 

cytoskeleton; 

cortical actin 

cytoskeleton 

organization and 

biogenesis

cytoskeleton; 

microtubule-based 

process1423221_at 1.587 Tubulin, beta 4 Tubb4 

1451097_at 1.272 

vasodilator-stimulated 

phosphoprotein Vasp 

cytoskeleton; actin 

binding

1450850_at 1.471 villin 2 Vil2 Cytoskeleton

 

1 List of significantly regulated fold change in Nogo-A KO versus WT adult spinal 

cord by Affymetrix GeneChip analysis for the category “cytoskeleton”. A present call 

filter (2 out of 3 present calls in at least one out of the different studied conditions) was 

applied. Normalization was run per chip as well as per gene to the median of the 

control replicates. Data were statistically restricted through oneway ANOVA (p < 

0.05). A final threshold of a ≥1.2 fold increase or decrease fold change in the 

expression level of each single transcript was applied. 
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Table II. 2DE spots differentially expressed in the spinal cord of Nogo-A KO versus 

WT mice in the categories Cytoskeleton and Signaling 

Spot ID   

Number Protein1

mean  fold 

change 

(p≤0.05) 

IPG 

strip 

Function 

according to 

GeneOntology 

CYTOSKELETON 

Structural 

constituent of 

cytoskeleton1837 Actin (Beta, Gamma, Alpha) 0.76 4-7 

Structural 

constituent of 

cytoskeleton1926 

Alpha centractin (Actin related 

protein 1) 1.22 4-7 

Intermediate 

filament, 

neurogenesis2032 Alpha internexin (66kDa filament) 0.052 4-7 

Intermediate 

filament, 

neurogenesis2155 Alpha internexin (66kDa filament) 20.002 4-7 

Intermediate 

filament, 

neurogenesis2147 Alpha internexin (66kDa filament) 20.002 4-7 

4102 

Cofilin, non-muscle isoform  

(Cofilin-1) 0.79 3-10 

Actin filament 

organization

4180 

Cofilin, non-muscle isoform  

(Cofilin-1) 1.70 3-10 

Actin filament 

organization

Intermediate 

filament, glia4173 GFAP 1.50 3-10 

Intermediate 

filament, glia4505 GFAP 20.002 3-10 

Intermediate 

filament, glia4526 GFAP 20.002 3-10 

3951 GFAP 1.92 3-10 

Intermediate 

filament, glia
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Intermediate 

filament, glia4502 GFAP 20.002 3-10 

Intermediate 

filament, glia4058 GFAP 1.50 3-10 

Intermediate 

filament, glia1864 GFAP 2.94 4-7 

Intermediate 

filament, glia2027 GFAP 0.60 4-7 

Intermediate 

filament, glia2038 GFAP 0.052 4-7 

Intermediate 

filament, glia2018 GFAP 0.60 4-7 

Intermediate 

filament, 

neuronal4007 Neurofilament-68 0.63 3-10 

Intermediate 

filament, 

neuronal4339 Neurofilament-68 0.052 3-10 

Intermediate 

filament, 

neuronal1679 Neurofilament-68 0.62 4-7 

Intermediate 

filament, 

neuronal1674 Neurofilament-68 0.62 4-7 

Intermediate 

filament, 

neuronal1753 Neurofilament-68 1.50 4-7 

Structural 

constituent of 

muscle4119 

Myosin regulatory light chain 2, 

skeletal muscle isoform 0.46 3-10 

4333 

Myosin regulatory light chain 2, 

skeletal muscle isoform 0.052 3-10 

Structural 

constituent of 

muscle
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Intermediate 

filament1678 Peripherin  1.25 4-7 

Structural 

constituent of 

cytoskeleton1776 

Tropomyosin alpha chain 

(Tropomyosin 1) 0.61 4-7 

Structural 

constituent of 

cytoskeleton4261 

Tropomyosin beta chain 

(Tropomyosin 2) 0.27 3-10 

Structural 

constituent of 

cytoskeleton1914 Tubulin alpha 0.78 4-7 

Structural 

constituent of 

cytoskeleton1870 Tubulin alpha 1.50 4-7 

Structural 

constituent of 

cytoskeleton1908 Tubulin beta chain 0.75 4-7 

Structural 

constituent of 

cytoskeleton2012 Tubulin beta chain 0.69 4-7 

SIGNALING 

2621 

 

14-3-3 protein beta/alpha (PKC 

inhibitor protein 1.34 4-7 

Protein 

binding

1774 

14-3-3 protein tau (14-3-3 protein 

theta) 0.46 4-7 

Signal 

transduction

Cell 

proliferation, 

Regulation of 

cell cycle, 

Signal 

transduction4347 Acidic FGF (FGF-1) 0.052 3-10 

3931 Astrocytic phosphoprotein PEA-15 1.50 3-10 Protein kinase 
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C binding, 

Regulation of 

apoptosis

1881 

 

Dihydropyrimidinase related protein 

2 (Turned on after division, 64 kDa 

protein; CRMP2) 0.90 4-7 

Hydrolase 

activity

1681 

 

Guanine nucleotide-binding protein 

(Transducin alpha chain) 2.00 4-7 

G-protein 

signaling

2164 

 

Guanine nucleotide-binding protein 

(Transducin beta chain 2) 20.002 4-7 

G-protein 

signaling

4020 

 

Rho GDP-dissociation inhibitor 

(GDI) 1 (alpha) 1.55 3-10 

GTP-ase 

activator 

activity

4521 

 

Rho GDP-dissociation inhibitor 

(GDI) 1 (alpha) 20.002 3-10 

GTP-ase 

activator 

activity

1748 

Serine/Threonine protein phosphatase 

2A 1.80 4-7 

Protein 

phosphatase 2 

activity, 

Regulation of 

cell cycle

 

1 Spots corresponding to statistically significant (1way-Anova test p≤0.05; 

normalization per gel as well as to the median of the 3 biological replicate gels; call 

(present/absent) filter (2 out of 3 biological replicates WT and/or KO) was applied.) 

regulated cytoskeletal and signaling proteins.  

2 Spots present only in KO or WT protein lysates were assigned the arbitrary values of 

20 (20-fold increase; present only in the KO) or 0.05 (20-fold decrease; present only in 

the WT).  
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Table III. Differentially expressed Cytoskeleton and Signaling proteins in the 

spinal cord of Nogo-A KO versus WT mice analyzed by ICAT. Proteins which were 

regulated also in the 2DE approach have been highlighted. 

 

PP

1 DESCRIPTION Adjusted 

ratio 

mean 

Adjusted 

ratio std 

dev 

CYTOSKELETON 

1 Transgelin-3 2.04  0.22  

1 Tetraspanin-2 0.34  0.11  

1 Splice Isoform 2 of AP-2 complex subunit beta-1,Splice 

Isoform 1 of AP-2 complex subunit beta-1 

0.19  0.04  

1 PREDICTED: similar to Cofilin-1 (Cofilin, non-muscle 

isoform) isoform 1 

0.66  0.27  

0.9

8 

PREDICTED: microtubule-associated protein (MAP2) 2.05  0.62  

1 Microtubule-associated protein RP\EB family member 3 1.81  0.59  

1 Lap3 protein 0.29  0.06  

1 In vitro fertilized eggs cDNA, RIKEN full-length enriched 

library, clone:7420442C15 product:actin, gamma, 

cytoplasmic, full insert sequence,Bone marrow macrophage 

cDNA, RIKEN full-length enriched library, 

clone:I830072C08 product:actin, beta, cytoplasmic, full 

insert sequence,Actin, cytoplasmic 1,Actin, cytoplasmic 2 

1.23  0.22  

1 Impact protein 0.72  0.21  

1 F-actin capping protein alpha-2 subunit 0.69  0.15  

1 Cytoplasmic dynein heavy chain,Dynein heavy chain, 

cytosolic 

15.54  5.64  

1 Complexin-1 1.72  0.30  

1 AP-2 complex subunit alpha-2 1.57  0.43  

1 117 kDa protein,Ankyrin 2, brain 0.35  0.06  

 153



 Systems biology profiling of Nogo-A KO mice: cytoskeleton remodeling role for Nogo-A in the intact CNS and new inhibitory targets 

 154

SIGNALING 

1 Splice Isoform 2 of 14-3-3 protein theta,Splice Isoform 1 of 

14-3-3 protein theta 

1.70  0.55  

1 Rho-related GTP-binding protein RhoB precursor 0.34  0.12  

1 Ras-related protein Rab-3D 0.22  0.06  

0.9

9 

PREDICTED: similar to 14-3-3 protein eta,14-3-3 protein 

eta 

1.48  0.30  

0.9

8 

PREDICTED: hypothetical protein LOC75471,GTP-

binding nuclear protein Ran, testis-specific isoform,GTP-

binding nuclear protein Ran 

0.50  0.13  

1 Mammary gland RCB-0527 Jyg-MC(B) cDNA, RIKEN 

full-length enriched library, clone:G930005L08 

product:RAS-related C3 botulinum substrate 1, full insert 

sequence 

0.68  0.23  

1 Guanine nucleotide-binding protein G(o), alpha subunit 

2,Guanine nucleotide-binding protein G(o), alpha subunit 1 

0.69  0.19  

1 Guanine nucleotide-binding protein G(I)\G(S)\G(T) beta 

subunit 2 

0.71  0.09  

1 Dihydropyrimidinase-related protein 5,62 kDa protein 

(CRMP5) 

0.72  0.24  

1 14-3-3 protein gamma 1.28  0.25  

 

1 Applied threshold for protein probability (p) score was p≥0.9.  

 

 

 

 

 

 

 



Figure 4. Suggested molecular model 

for the observed changes in growth 

cone dynamics in Nogo-A KO neurons. 

Phosphorylated and activated LIMK 

upregulation, possibly due to PAK4 

upregulation, is translated into 

downstream phosphorylation and 

therefore deactivation of the actin 

severing protein cofilin. This deactivation 

is further supported by downregulation of 

PP1, one of the players responsible for 

the turnover of p-cofilin into active 

cofilin, as well as by the upregulation of 

14-3-3 proteins, which can stabilize 

phosphorylated cofilin. Cofilin 

inactivation coupled to the upregulation 

of actin polymerization promoting 

factors, like gelsolin, and to the 

downregulation of actin polymerization 

impeding factors, like F-actin capping 

protein, allows the increase in actin 

polymerization required for the formation 

of new actin filopodia and for the 

extension of the growth cone. This 

process is further supported by the downregulation of myosin II which is responsible for the retrograde flow of G-actin. These changes could be influenced as well by the downregulation of 

CRMP2  and CRMP5, whose signal is involved in growth cone collapse response (Charrier et al., 2003; Quach et al., 2004). The enhancement of the neurite outgrowth machinery is supported by 

the upregulation of specific neurofilaments, e.g. NF68, α-internexin, MAP2, Tau. 
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3.4. Adult Neurons from Nogo-A KO Mice show altered 
Growth Cone Morphology and increased Growth Cone 
Dynamics 

The LIMK1/cofilin pathway, recently shown to directly affect neurite 

outgrowth and actin filopodia formation at the tip of the growth cone in 

chicken dorsal root ganglia (Endo et al, 2007), as well as the observed 

modulation of other pathways known to affect cytoskeletal dynamics (14-3-3 

proteins, CRMPs, RhoGTPases) and the changed expression levels of 

cytoskeleton and cytoskeleton binding proteins like dynein or myosin II, which 

have been suggested to increase neurite and growth cone motility when up 

regulated (Grabham et al, 2007; Sachdev et al, 2007; Medeiros et al, 2006), 

could influence the morphology and the dynamic aspects of the neuronal 

cytoskeleton of adult Nogo-A KO neurons (Fig. 4). Adult freshly dissociated 

DRG neurons of Nogo-A KO and WT mice, plated onto a poly-lysine/laminin 

substrate and kept 14 hours in culture, showed no significant change in the 

number of neurites originating from the cell body as well as in the number of 

branch points (Supplemental Fig. 3). 
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Supplemental Figure 3. General morphology of Nogo-A KO versus WT adult dissociated DRGs cultured for 14 hours on a poly-lysine and laminin substrate. Representative images 

of WT and Nogo-A KO adult dissociated DRG neurons labeled by anti-beta-tubulin-Cy3 (Red) and Phalloidin-Alexa488 (Green). The numbers of branch points per cell (examples circled) and the 

numbers of neurites originating per cell body (arrows) are shown. n>60 neurons for each group; Mann-Whitney test, p (branch points) =0.7026, p (neurites) =0.8154. Error bars represent SEM.  
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However, we observed a clear shift in Nogo-A KO neurons towards larger 

growth cones (≥100 um2) compared to WT ones (Fig. 5A). Taking the overall 

morphology and distribution of F-actin and microtubules into account, we 

categorized the growth cones into dystrophic (Tom et al, 2004), normal and 

enlarged (Fig. 5A). The percentage of neurons presenting enlarged growth 

cones was significantly higher in Nogo-A KO dissociated DRG cultures 

(WT=13.30±6.72%, KO=35±6.60%) (Fig. 5A). We performed an additional set 

of experiments in which we specifically and acutely blocked Nogo-A, present 

on the cell membrane of adult DRGs (Dodd et al., 2005), in cultures by adding 

anti-Nogo-A specific antibodies (11C7; Supplemental Fig. 4A) to dissociated 

DRGs of WT mice. An IgG antibody was applied as control and adult Nogo-A 

KO dissociated DRGs were treated as well with both 11C7 or IgG 

(Supplemental Fig. 4B). The specific neutralization of Nogo-A reproduced the 

neuronal phenotype observed in Nogo-A KO neurons, showing an increase in 

the percentage of neurons with enlarged growth cones (Supplemental Fig. 4B), 

suggesting that the observed phenotype is specifically due to the lack of 

neuronal Nogo-A and not to additional compensating molecules, e.g. Nogo-B.  

Analysis of postnatal dissociated DRGs, where Nogo-A expression is mainly 

neuronal, showed increased growth cone area as well as an increased number 

and length of actin filopodia in Nogo-A KO neurons, further pointing for a 

possible role of neuronal Nogo-A in actin cytoskeleton remodeling 

(Supplemental Fig. 5). 

 

 

 

 

 

 

 

 

 



 

Supplemental Figure 4. Neutralization of neuronal Nogo-A by the 11C7 specific antibody affects growth cone morphology. A, Western blots showing the specific detection of one single 

band corresponding to the expected MW for Nogo-A in lumbar spinal cord lysates from WT and Nogo-A KO mice. B, Percentage of WT and Nogo-A KO neurons showing enlarged growth 

cones. WT NT (non treated) and Wt IgG as controls. 11C7 anti-Nogo-A Ab has been applied to both WT and KO cultures (concentration 3ug/ml). Percentage calculated for the total number of 

evaluated neurons (nj≤20) in 3 independent experiments (j=3) (n=3; Mann-Whitney test, ***, p<0.0001, NS= non significant. Error bars represent SEM).
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Supplemental Figure 5. Nogo-

A KO newborn dissociated DRG 

neurons show increased growth 

cone area and actin filopodia 

number/length. A, Representative 

images of Nogo-A KO and WT 

P0/P1 dissociated DRG neurons 

after 6 hours in culture, growing on 

a laminin and poly-lysine substrate. 

Immunofluorescent labeling with 

anti-beta-tubulin-Cy3 (red) and 

phalloidin-Alexa-488 (green). B, 

Quantification of the area of Nogo-

A KO and WT growth cones. 

n=100; Mann-Whitney test, ***, 

p<0.0001. Error bars represent SEM. 

C, Quantitative analysis of filopodia. 

Mean number of actin filopodia per 

cell body, mean number of actin 

filopodia per growth cone and 

median length of the 5 longest 

filopodia per cell body are 

represented in the bar graphs. 

n≥100; Mann-Whitney test, ***, 

p<0.0001. Error bars represent SEM. 

Scale bar 10um.
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To observe whether these morphological changes could also cause a functional 

modification in growth cone dynamics we used time-lapse microscopy 

(Supplemental Video 1, 2).  We found a clear increase in the mean area of 

growth cones of Nogo-A KO DRG neurons (initial area = 96.6±9.9 um2, final 

area = 105.5±10.6 um2 over a 15min observation period) compared to WT 

ones (initial area = 54.6±5.4 um2, final area = 61.1±5.3 um2) (Fig. 5B). 

Furthermore, over the 15min observation time Nogo-A KO growth cones 

covered double the distance (KO = 8.9±0.9 um, WT = 4.3±0.7 um) covered by 

WT growth cones, showing a strong increase in growth speed (Fig. 4C). Nogo-

A KO growth cones showed higher minimum speed (KO min = 0.16 um/min, 

WT min = 0.00 um/min) as well as higher maximum speed (KO max = 1.38 

um/min, WT max = 0.94 um/min). This increase was not due to a continuous 

enlargement over time in the area of Nogo-A KO growth cones or a restriction 

of WT ones, as initial and final area for each background were not statistically 

different (Fig. 5B). To test whether the observed speed difference was a 

secondary effect caused by an increased rotation of WT growth cones, the 

rotation angle was measured but no significant difference was present 

(Supplemental Fig. 6). If KO growth cones advanced more rapidly, longer 

neurites could be expected. The increase in growth cone area and speed did not 

translate into a significant increase in the overall size of the neuronal tree in 14 

hours cultures (Fig. 5D). However, in longer term cultures (1, 2 and 3 days) we 

were able to observe a significant increase in the overall size of the neuronal 

tree of Nogo-A KO neurons (Fig. 5D).  

 

 

 

 

 

 

 

 



 

Figure 5. 
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Figure 5. Adult neurons from Nogo-A KO mice show altered growth cone morphology and 

increased growth cone dynamics. (A) Adult DRGs from Nogo-A KO and WT mice were dissociated 

and cultured for 14 hours on a poly-lysine and laminin substrate. Representative examples of dystrophic 

(Tom, 2004), normal and enlarged growth cones as observed in WT and Nogo-A KO adult dissociated 

DRG neurons labelled for microtubules (anti-beta-tubulin-Cy3 (Red)) and F-actin (Phalloidin-Alexa488 

(Green)). Scale bar 10um. Percentage of WT and KO growth cones with areas in the range of <50um2, 50-

100um2 and ≥100um2 (n = 100, per group).  Percentage of WT and Nogo-A KO neurons showing 

enlarged growth cones, calculated for the total number of evaluated neurons (nj = 20) in 3 independent 

experiments. n = 3; Mann-Whitney test, ***, p<0.0001. Error bars represent SEM. (B) Growth cones 

were then filmed over 15min. The first (t = 0min) and last (t = 15min) frame of each movie for both 

Nogo-A KO and WT growth cones (n = 30 each) have been traced with separate colors (first = green, last 

= red). Growth cone areas are shown in the corresponding bar graph. Mann-Whitney test, ***, p<0.0001, 

**, p<0.001. Error bars represent SEM. The initial (i) and final (f) tracings have been then overlapped for 

further analysis. (C) The arrows show the measured length of growth cone extension during the 15 min of 

recording. The mean lengths of growth cone extension are shown in the bar graph.  n = 30; Mann-

Whitney test, ***, p<0.0001. Error bars represent SEM. (D) The total length of the neurite tree of adult 

dissociated DRG neurons from both WT as well as Nogo-A KO mice was determined by Metamorph 

software after 14/24/36/48 and 72 hours in culture. n ≥ 25; t-test, *, p<0.05, **, p<0.001, ***, p<0.0001, 

NS = not significant. Error bars represent SEM. 
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Supplemental Figure 6. No change in turning angles in Nogo-A KO growth cones. Growth cones 

were filmed over 15min. Representative images showing the turning angles of Nogo-A KO and WT 

growth cones over the 15min observation period. The arrows indicate the corresponding position of the 

growth cone at the onset and at the end of the experiment. Quantitative analysis of the mean turning 

angles is shown in the bar graph (n=30; Mann-Whitney test, p=0.2171. Error bars represent SEM). 

3.5. Modulation of the LIMK1/cofilin Pathway in the adult CNS 
and in adult dissociated DRG Neurons of Nogo-A KO 
Mice 

 

Cofilin, regulated in vivo in our proteomic approach, is an actin severing 

protein inactivated through phosphorylation. It can directly affect actin 

polymerization rate, actin filopodia formation and growth cone motility 

(Bernard, 2007; Endo et al, 2003). The activation state of LIMK1 has been 

shown to play a key role in these processes by regulating the phosphorylation 

state of cofilin (Bernard, 2007). The regulation of cofilin and LIMK1 in Nogo-

A KO tissue could explain the changes in the neuronal cytoskeletal proteome in 

vivo as well as the enhanced growth cone dynamics in vitro we observed. We 

tested the levels of total and phosphorylated cofilin as well as LIMK1 in the 
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lumbar spinal cord of adult Nogo-A KO versus WT mice by western blots (Fig. 

6A, 6B). Densitometry showed increased levels of phosphorylated, active, 

LIMK1 as well as increased levels of phosphorylated, inactive, cofilin. No 

change was detected in the total protein levels. These data support a role of the 

LIMK1 activation state in the regulation of cofilin phosphorylation and 

inactivation in vivo.  

The regulation of LIMK1/cofilin phosphorylation in the intact adult CNS of 

Nogo-A KO mice could take place in different cells. We analyzed by 

immunocytochemistry the level of phosphorylated LIMK1 in growth cones of 

adult Nogo-A KO as well as WT dissociated DRG neurons (Fig. 6C). As 

observed in vivo, the level of phosphorylated LIMK1 is increased as well in the 

growth cones of Nogo-A KO compared to WT neurons (KO = 1.46±0.16, WT 

= 1.0±0.08) (Fig. 6C).  
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Figure 6. Modulation of the LIMK1/cofilin pathway in 

the adult spinal cord of Nogo-A KO mice and at the growth 

cones of Nogo-A KO neurons. (A, B) Representative 

images of Western blots and corresponding densitometric 

quantification reporting the level of expression of 

phosphorylated cofilin and total cofilin (A), and 

phosphorylated LIMK1 and total LIMK1 (B) in lumbar 

spinal cord lysates from WT and Nogo-A KO mice. Results 

show increased phosphorylation of cofilin and the cofilin-

regulator LIMK1 in Nogo-A KO mice. Protein levels have 

been normalized to the expression levels of GAPDH. n = 8; 

Mann-Whitney test, *, p<0.05 (C) Representative 

immunofluorescence images showing p-LIMK1-Cy3 

immunofluorescence in the growth cones of WT and Nogo-

A KO adult dissociated DRG neurons. Scale bar 10um. 

Quantification by densitometry of staining intensity. The 

data have been normalized to the mean of the WT values. n 

= 20 per group; Mann-Whitney test, *, p<0.05. Error bars 

represent SEM. 



  Systems biology profiling of Nogo-A KO mice: cytoskeleton remodeling role for Nogo-A in the intact CNS and new inhibitory targets 

3.6. Inhibition of LIMK1 Activity decreases Growth Cone 
Dynamics in Nogo-A KO adult dissociated DRG Neurons  

 

A recent study from Endo et al (2007) found that a cell-permeable peptide 

containing the N-terminal sequence of cofilin and therefore its Ser3 

phosphorylation site (S3-peptide) inhibits LIMK1 activity and reduces p-cofilin 

levels in the growth cone of chick DRG neurons. We confirmed that the S3-

peptide, but not the reverse control peptide (RV-peptide), can decrease cofilin 

phosphorylation, resulting in decreased F-actin levels in vitro in native COS-7 

cells (Supplemental Fig. 7).  

To test whether LIMK1 activity could be responsible for the observed 

increased growth cone dynamics, we inhibited LIMK1 in KO as well as WT 

dissociated DRG neuronal cultures. Time-lapse video analysis over 15min of 

S3-peptide treated KO cultures showed clearly reduced growth cone dynamics 

when compared to the RV-peptide treated cells (KO S3-peptide 6.93±0.93 um; 

KO RV-peptide 10.45±0.88um) (Fig. 7A). Inhibition of LIMK1 in WT 

dissociated DRG neurons did not produce a significant decrease in growth cone 

dynamics (WT S3-peptide 5.56±0.63; WT RV-peptide 5.59±0.79) (Fig. 7B). 

The inhibition of LIMK1 thus reversed almost completely the KO phenotype to 

the levels of growth cone extension length observed for WT neurons. 
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Supplemental Figure 7. S3-peptide treatment reduces p-cofilin and F-actin immunostaining in COS7 cells. 

A, Representative immunofluorescence images of native COS7 cells treated for 1 hour with increasing 

concentrations (5, 10, 20, 40 ug/ml) of S3- or the reverse-sequence control RV-peptide. Immunofluorescent labeling 

with phalloidin-Alexa488 (green), p-cofilin-Cy3 (red) and DAPI (blue). Scale bar 20um. B, Quantification by 

densitometry of p-cofilin and F-actin staining intensity. The data have been normalized to the mean of the RV-

treated, native COS7 cells values (n=20 per group; Mann-Whitney test, ***, p<0.0001. Error bars represent SEM). 

C, Quantitative analysis of filopodia. Mean number of actin filopodia per cell body, mean number of actin filopodia 

per growth cone and median length of the 5 longest filopodia per cell body are represented in the bar graphs 

(n≥100; Mann-Whitney test, ***, p<0.0001. Error bars represent SEM. Scale bar 10um). 
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Figure 7. Inhibition of LIMK1 activity decreases growth cone dynamics in Nogo-A KO adult 

dissociated DRG neurons (A, B) Freshly dissociated DRG neurons from adult Nogo-A KO (A) or WT 

(B) mice were grown overnight on a poly-lysine and laminin substrate. Cultures were treated for 1 hour 

with 20ug/ml S3- or RV-peptide and growth cones were then filmed over 15min (40X oil immersion 

objective). Representative images of the first (f) (t=0min) and last (l) (t=15min) frame for S3- and RV- 

treated cultures are shown. Scale bar 20um. Dashed lines show growth cone position at time point 0 while 

full lines show growth cone position after 15 min imaging. Scale bar 20um. The mean lengths of growth 

cone extension, corresponding to the distance between dotted and full lines, are shown in the bar graph. n 

≥30; Mann-Whitney test, ***, p<0.0001. Error bars represent SEM. 
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4. Discussion 

Nogo-A KO mice have been used as a regeneration model but the possible 

functions of Nogo-A in the intact CNS are still rather unclear. The present 

study provides the first comprehensive characterization of the genomic and 

proteomic changes in the intact adult CNS in the absence of Nogo-A. Our data 

show that new putative inhibitory molecules, up to now mainly known as 

developmental axon guidance cues, e.g. semaphorin 4D and 3F, plexin B2, 

ephrin A3 and ephA4, are upregulated. They may partially compensate for the 

lack of Nogo-A, being therefore responsible at least in part for the remaining 

inhibitory properties in the adult CNS of Nogo-A KO mice.  In the absence of 

Nogo-A, an enhancement of the neurite outgrowth machinery both on the 

molecular and morphological level could be observed. This was reflected e.g. 

by changes in the actin cytoskeleton regulating machinery which affected 

growth cone dynamics and neurite outgrowth. Two additional putative 

functions for Nogo-A were seen in stress response mechanisms and in synapse 

stabilization and neurotransmission. 

Conventional KO mice, like the Nogo KO produced in three independent 

laboratories, show a complex biological outcome due to - often poorly studied 

– compensatory changes and effects of the gene deletion at several stages of 

development and adult life. Conventional molecular, biochemical and cell 

biological methodologies often assess only one or a few molecules or processes 

of interest; they cannot provide a comprehensive profile of the mutation 

induced changes. Despite the wealth of information provided by genomic 

analysis, transcriptional profiling has important limitations if applied alone. 

There is growing evidence that discordances between mRNA expression 

patterns and proteomics results are frequent. Profiling the proteome is believed 

to be a fundamental step to understand functional networks, but technical 

limitations exists in particular with regard to the detection of low expression 

level proteins, membrane proteins and posttranslational modifications. Our data 

show that genomic or proteomic profiling if used separately would not allow a 

comprehensive view of the molecular changes in the Nogo-A KO mouse, while 

combining the data of both methodologies has led to the identification of four 

 171



 Systems biology profiling of Nogo-A KO mice: cytoskeleton remodeling role for Nogo-A in the intact CNS and new inhibitory targets 

sets of functionally related relevant proteins. We then applied a systems 

biology approach with clustering of regulated transcripts/proteins into 

functional categories and networks. This analysis avoids underestimation of 

molecules with small fold changes: a number of small-in-amplitude changes in 

the same functional category can translate into significant biological alterations 

in a specific system or function. As shown by the analysis of the Nogo-A KO 

mouse, such a systems biological analysis of combined genomic and proteomic 

screening results allows new insights into the complex reaction of the organism 

in physiological and/or pathophysiological conditions. 

Nogo-A KO mice show an increased regenerative capacity, even though 

sprouting and fiber growth is only moderate and regeneration is not complete 

(Dimou et al., 2006; Kim et al., 2003b; Simonen et al., 2003; Zheng et al., 

2003). The limited effects may be due to an upregulation of compensating 

growth inhibitory molecules. In line with this hypothesis, we found an 

upregulation of Semaphorin 3F and Semaphorin 4D. Both Semaphorins have 

been reported to inhibit axonal growth in vitro. Semaphorin 4D (1.31 fold 

change) is expressed on oligodendrocytes and upregulated after CNS lesion and 

has been shown to inhibit postnatal sensory and cerebellar granule cells 

neurites in a stripe assay (Moreau-Fauvarque et al., 2003). Semaphorin 3F 

(1.63 fold change) induces growth cone collapse via Neuropilins and Plexins 

(Atwal et al., 2003). It is upregulated after intraspinal motoneuron axotomy 

(Lindholm et al., 2004) and secreted into the glial-fibrotic scar by meningeal 

fibroblasts after adult SC injury (De Winter et al., 2002b; Pasterkamp et al., 

1999).  The semaphorin receptor Plexin B2 was found upregulated 1.5 fold in 

the Nogo-A KO mouse.  

In addition to semaphorins, a member of the Ephrin family of axon guidance 

molecules was upregulated in the adult CNS of Nogo-A KO mice: EphrinA3 

(1.56 fold). Several studies have shown a repulsive/inhibitory function for 

neurite outgrowth of different ephrins and Ephs, in particular for EphrinA5, 

EphrinB3 and the receptor EphA4. Here we showed the strong inhibitory 

properties of ephrinA3 for cerebellar granule cells outgrowth in vitro. Ephrin 

A3 has been shown to bind to EphA4 which in turn activates Cdk5 leading to 

dendritic spine retraction in the hippocampus (Fu et al., 2007). Interestingly, 
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we found an upregulation of EphA4 as well as three major Cdk5 regulators: 

p35-Cdk5 (1.3 fold change), Cables 1 (1.4 fold change) and Cdkrap2 (2.3 fold 

change). These data suggest that the whole EphrinA3 signal-receptor cascade is 

increased in response to the absence of Nogo-A. Surprisingly, both MAG as 

well as OMgp, claimed to play a role in myelin inhibition through the common 

Nogo-receptor NgR, presented a clear down regulation (MAG 0.34±0.09; 

OMgp 0.71±0.26) pointing to no compensatory role in response to the lack of 

Nogo-A.  

In line with previous reports of enhanced sprouting and fiber growth following 

antibody-mediated Nogo neutralization in the intact adult CNS (Bareyre et al., 

2002; Buffo et al., 2000), our systems biological analysis gave evidence for a 

reorganization and enhancement of the neuronal growth machinery in Nogo-A 

KO adult intact mice. This is reflected e.g. in the upregulation of several 

neurofilament proteins like NF68 and α-internexin, of the microtubule 

stabilizers MAP2 and Tau, and of a number of proteins regulating the actin 

cytoskeleton including the Rho/Rac small GTPases and their regulators. Of 

particular interest were also the changes in the phosphorylation/activation state 

of LIMK1 and cofilin: LIMK1 was more activated, resulting in an enhanced 

phosphorylation and inhibition of the F-actin severing protein cofilin in Nogo-

A KO spinal cord. Cofilin is inactivated by phosphorylation at Ser3 by active 

LIMK and is known as an essential regulator of actin dynamics through its 

filament severing activity. A cell-permeable cofilin fragment (S3-peptide) was 

shown to bind and inhibit LIMK1: the reduced p-cofilin levels in the growth 

cones suppressed growth cone motility and extension in chick DRG neurons, 

suggesting that LIMK1 stimulates neurite extension through its cofilin-

phosphorylating activity (Endo et al., 2007). In our experiments the presence of 

the S3-peptide caused the reversion of the more motile Nogo-A KO growth 

cones to a growth comparable to WT growth cones. This supports a direct link 

between the observed phenotype of increased growth cone dynamics and the 

regulation of the LIMK1/cofilin pathway. Furthermore, several other 

components or regulators of the neuritic growth machinery were changed in a 

direction suggesting the enhancement of neurite growth in the Nogo-A KO 
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CNS, e.g. gelsolin (Furnish et al., 2001) and 14-3-3 proteins (upregulated), F-

actin capping protein, PP1 and Myosin II (downregulated) (Figure 7).   

In addition to the regulation of compensatory inhibitory molecules and of the 

neurite outgrowth machinery, our results point to changes in two other 

interesting functional categories in Nogo-A KO mice (Fig. 8).  

Nogo-A belonging to the Reticulon family is enriched intracellular in the 

endoplasmic reticulum (GrandPre et al., 2000; Oertle et al., 2003b; Oertle and 

Schwab, 2003). We observed several ER stress related proteins which changed 

their expression level in the absence of Nogo-A, suggesting a role for Nogo-A 

in ER structuring and response to metabolic challenges (Figure 8). This is in 

line with the report that Drosophila lacking Rtnl1 (Reticulon-like 1, the only 

reticulon present in flies) show a significant reduction in life expectancy under 

increased temperature conditions (Wakefield and Tear, 2006). A structural role 

of Nogo-A for the tubular ER has been shown (Voeltz et al., 2006). 
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Figure 8. Lack of Nogo-A affects stress and synapse related transcripts/proteins(A) List of transcripts 

and proteins significantly regulated in Nogo-A KO intact adult SC compared to WT related to stress 

response. For 2DE, when the protein was found regulated in multiple spots, multiple data are shown. (B) 

List of transcripts belonging to the category “synapses related and vesicles” can be assigned to two main 

subcategories: “Neurotransmission* and “Vesicle related”.  Normalized Nogo-A KO versus WT fold 

changes (WT = 1.0) are shown. 
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An additional conspicuous group of proteins changed in the Nogo-A KO CNS 

were related to neurotransmission and synaptic function (Figure 8). Neuronal 

expression of Nogo-A remains high in highly plastic regions like the 

hippocampus and the olfactory bulb in adulthood, where it can be localized at 

synapses (Aloy et al., 2006; Jin et al., 2003; Liu et al., 2003). Hippocampal 

Nogo-A was upregulated by excessive stimulation and in epileptic brains 

(Bandtlow et al., 2004). Finally, overexpression of Nogo-A in adult Purkinje 

cells, where its normal expression is low, caused progressive destabilization 

and retraction of the Purkinje cells-Deep cerebellar nuclei synapses (Aloy et 

al., 2006). All these results suggest a novel role for Nogo-A in the regulation of 

synaptic function and transmission which remain to be investigated. 

In summary, our study shows the importance of applying systems biological 

approaches for the investigation of a complex system like a KO mouse, where a 

missing gene led to functional and compensatory changes on several levels. 

Our results show: 

1) The upregulation of compensatory inhibitory molecules belonging to the 

Semaphorin/Plexin and Ephrin/Eph families of repulsive axon guidance 

molecules, but not of MAG or OMgp, which we found to be down regulated;  

2) Mechanistic insights into a molecular pathway contributing to the increased 

sprouting observed in the intact CNS following Nogo-A ablation;  

3)  A potential new role for Nogo-A in ER stress response and in synaptic 

function and transmission.  
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6. Additional Material 

Supplemental Table 1. List of transcripts (n=606) found significantly regulated in Nogo-A KO 

versus WT adult spinal cord by Affymetrix GeneChip analysis. A present call filter (2 out of 3 

present calls in at least one out of the different studied conditions) was applied. Normalization 

was run per chip as well as per gene to the median of the control replicates. Data were 

statistically restricted through oneway ANOVA (p < 0.05). A final threshold of a ≥1.2 fold 

increase or decrease fold change in the expression level of each single transcript was applied. 

Regulated transcripts were assigned to functional categories according to GeneOntology as 

well as to literature and database mining (Pubmed http://www.ncbi.nlm.nih.gov/sites/entrez/; 

Bioinformatics Harvester EMBL Heidelberg http://harvester.embl.de/). 

 

Affymetrix ID 
 

Fold change 
Nogo-A        

KO vs. WT Description Symbol GO CATEGORY 

DNA and chromatin processing 

1417440_at 1.554 

AT rich interactive domain 1A (Swi1 

like) Smarcf1 

DNA; establishment and/or 

maintenance of chromatin 

architecture 

1428466_at 1.29 

chromodomain helicase DNA 

binding protein 3 Chd3 

DNA, chormatin 

assembly/disassembly 

1438476_a_at 1.739 

chromodomain helicase DNA 

binding protein 4 Chd4 

DNA, chormatin 

assembly/disassembly 

1435122_x_at 1.471 

DNA methyltransferase (cytosine-5) 

1 Dnmt1 DNA methylation 

1450780_s_at 0.591 high mobility group AT-hook 2 Hmga2 DNA packaging 

1438009_at 2.323 histone 1, H2ae Hist1h2ae DNA binding 

1454775_at 1.978 histone deacetylase 10 Hdac10 DNA; histone deacetylation

1435815_at 0.768 

leucine zipper, down-regulated in 

cancer 1; breast cancer, up-

regulated 1 (LOC245441), mRNA 

Similar to  --- DNA binding 

1416641_at 1.439 ligase I, DNA, ATP-dependent Lig1 DNA replication 

1418160_at 2.7 makorin, ring finger protein, 3 Mkrn3 DNA binding 

1417968_a_at 1.36 

methyl-CpG binding domain protein 

1 Mbd1 DNA methylation 

1434270_at 1.414 neuronal pentraxin receptor Nptxr 

DNA, chormatin 

assembly/disassembly 
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1433663_s_at 1.33 

Nuclear cap binding protein subunit 

1, 80kDa, mRNA (cDNA clone 

IMAGE:6402922) --- DNA; chromatin binding 

1423493_a_at 1.435 nuclear factor I/X Nfix DNA replication  

1456369_at 2.578 

POT1-like telomere end-binding 

protein (S. pombe) Pot1 DNA; chromatin binding 

DNA repair; DNA 

recombination 1416602_a_at 1.393 RAD52 homolog (S. cerevisiae) Rad52 

DNA repair; DNA 

recombination 1423124_x_at 0.388 RAD54 like (S. cerevisiae) --- 

1425798_a_at 1.348 RecQ protein-like Recql DNA metabolism 

DNA replication; DNA 

repair 1452917_at 1.496 replication factor C (activator 1) 5 Rfc5 

DNA; chromatin 

modification 1452361_at 1.754 ring finger protein 20 Rnf20 

1434743_x_at 1.491 RUN and SH3 domain containing 1 Rusc1 DNA binding 

1417125_at 1.58 S-adenosylhomocysteine hydrolase Ahcy DNA methylation 

1416528_at 1.395 

SH3 domain binding glutamic acid-

rich protein-like 3 Sh3bgrl3 DNA binding 

DNA; somatic cell DNA 

recombination 1434225_at 1.323 SWAP complex protein Swap70 

1448913_at 1.702 

SWI/SNF related, matrix associated, 

actin dependent regulator of 

chromatin, subfamily d, member 1 Smarcd1 

DNA; chromatin 

modification 

DNA; chromosome 

organization and 

biogenesis 1443527_at 0.0603 telomeric repeat binding factor 1 Terf1 

1451163_at 1.426 

Terf1 (TRF1)-interacting nuclear 

factor 2 Tinf2 

DNA; telomerase 

maintenance 

 Transcription and RNA processing 

RNA processing; base 

conversion/substitution 

editing 1425405_a_at 1.622 adenosine deaminase, RNA-specific Adar 

RNA; negative regulation 

of transcription; regulation 

of growth; skeletal 

development 1420619_a_at 1.792 amino-terminal enhancer of split Aes 

1420669_at 1.794 

aryl hydrocarbon receptor nuclear 

translocator 2 Arnt2 

RNA: regulation of 

transcription, DNA-

dependent; signal 

transduction 
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RNA; regulation of 

transcription; DNA-

dependent 1454001_at 0.61 basic transcription factor 3 Btf3 

RNA; regulation of 

transcription; DNA-

dependent 1415975_at 1.308 

calcium regulated heat stable 

protein 1 Carhsp1 

RNA; regulation of 

transcription; DNA-

dependent 1415976_a_at 1.801 

calcium regulated heat stable 

protein 1 Carhsp1 

RNA; regulation of 

transcription, DNA-

dependent; response to 

unfolded protein 1417173_at 1.33 

cAMP responsive element binding 

protein-like 1 Crebl1 

1417665_a_at 1.479 

cleavage and polyadenylation 

specific factor 1 Cpsf1 RNA; mRNA processing 

1448597_at 1.406 

cleavage stimulation factor, 3' pre-

RNA, subunit 1 Cstf1 

RNA processing; mRNA 

polyadnylation 

1443597_at 1.474 

cofactor required for Sp1 

transcriptional activation subunit 2 Crsp2 

RNA; regulation of 

transcription 

1452064_at 1.39 

cofactor required for Sp1 

transcriptional activation, subunit 3 Crsp3 

RNA; regulation of 

transcription 

1426629_at 1.36 

DEAH (Asp-Glu-Ala-His) box 

polypeptide 8 Dhx8 

RNA; nuclear mRNA 

splicing, via spliceosome 

1425573_a_at 0.647 

development and differentiation 

enhancing Ddef1 

RNA: regulation of 

transcription, DNA-

dependent 

RNA processing; stem cell 

maintenance 1460571_at 1.48 Dicer1, Dcr-1 homolog (Drosophila) Dicer1 

RNA; negative regulation 

of transcription; DNA-

dependent 1417742_a_at 1.306 

DNA methyltransferase 1-

associated protein 1 Dmap1 

1435561_at 1.354 Ets2 repressor factor Erf 

RNA; regulation of 

transcription, DNA-

dependent; proteolysis and 

peptidolysis 

RNA; regulation of 

transcritpion; DNA-

dependent 1431226_a_at 1.381 

fibronectin type III domain 

containing 4 --- 

RNA; negative regulation 

of transcription; DNA-

dependent 1438231_at 1.405 forkhead box P2 Foxp2 

1424622_at 1.783 heat shock factor 1 Hsf1 

RNA; regulation of 

transcription; DNA-

dependent 
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RNA: regulation of 

transcription, DNA-

dependent 1416597_at 1.399 

hepatoma-derived growth factor, 

related protein 2 Hdgfrp2 

RNA: regulation of 

transcription, DNA-

dependent; gastrulation 1450049_a_at 1.297 

histone cell cycle regulation 

defective homolog A (S. cerevisiae) Hira 

RNA: regulation of 

transcription, DNA-

dependent; chromatin 

modification 1460692_at 1.73 HLA-B associated transcript 8 Bat8 

RNA: regulation of 

transcription, DNA-

dependent; development; 

pattern specificatio; 

organogenesis 1427354_at 1.824 homeo box A4 Hoxa4 

RNA: regulation of 

transcription, DNA-

dependent 1449499_at 1.402 homeo box A7 Hoxa7 

RNA: regulation of 

transcription, DNA-

dependent; development  1448601_s_at 0.702 homeo box, msh-like 1 Msx1 

1419308_at 0.759 inversin Invs 

RNA: regulation of 

transcription, DNA-

dependent 

RNA; regulation of 

transcription; DNA-

dependent 1424903_at 1.499 

jumonji, AT rich interactive domain 

1D (Rbp2 like) Smcy 

RNA; regulation of 

transcritpion; DNA-

dependent 1433526_at 1.727 kelch-like 8 (Drosophila) Klhl8 

RNA; regulation of 

transcription; DNA-

dependent 1441200_at 0.458 Kruppel-like factor 3 (basic) Klf3 

RNA: regulation of 

transcription from Pol II 

promoter 1429088_at 2.527 limb-bud and heart 

6720416L1

6Rik 

1423955_a_at 1.315 

longevity assurance homolog 2 (S. 

cerevisiae) Lass2 

RNA: regulation of 

transcription, DNA-

dependent 

1417781_at 1.597 

longevity assurance homolog 4 (S. 

cerevisiae) Lass4 

RNA: regulation of 

transcription, DNA-

dependent 

1451884_a_at 1.783 

LSM2 homolog, U6 small nuclear 

RNA associated (S. cerevisiae) Lsm2 RNA binding 
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1448622_at 1.352 

LSM4 homolog, U6 small nuclear 

RNA associated (S. cerevisiae) Lsm4 

RNA; nuclear mRNA 

splicing, via spliceosome 

1428255_at 1.231 Luc7 homolog (S. cerevisiae)-like Luc7l RNA binding 

RNA; repressor of RNA Pol 

III transcription 1451126_at 1.32 MAF1 homolog (yeast) --- 

RNA; regulation of 

transcription; DNA-

dependent 1422773_at 1.584 myelin transcription factor 1 Myt1 

1429584_at 1.254 myoneurin Mynn RNA; transcription 

1435411_at 0.722 neurogenic differentiation 2 Neurod2 

RNA; regulation of 

transcription; DNA-

dependent; cell 

differentiation 

RNA; regulation of 

transcription; DNA-

dependent 1417930_at 1.778 Ngfi-A binding protein 2 Nab2 

1426032_at 1.646 

nuclear factor of activated T-cells, 

cytoplasmic, calcineurin-dependent 

2 Nfatc2 

RNA: regulation of 

transcription, DNA-

dependent 

1416073_a_at 1.351 pericentrin 2 Pcnt2 RNA; transcription 

1418146_a_at 1.277 retinoblastoma-like 2 Rbl2 

RNA: regulation of 

transcription, DNA-

dependent; negative 

regulation of cell cycle 

1437359_at 0.83 ribonucleic acid binding protein S1 Rnps1 RNA binding 

RNA; regulation of 

transcription; negative 

regulation of transcription 

from Pol II promoter 1421111_at 1.271 RING1 and YY1 binding protein Rybp 

RNA; regulation of 

transcription, DNA-

dependent; regulation of 

transcription from Pol II 

promoter; JAK-STAT 

cascade 1460700_at 1.37 

signal transducer and activator of 

transcription 3 Stat3 

RNA; regulation of 

transcription; DNA-

dependent 1425940_a_at 1.221 

single-stranded DNA binding protein 

3 Ssbp3 

RNA; regulation of 

transcription 1455890_x_at 0.37 small nuclear ribonucleoprotein N Snrpn 

1417274_at 1.538 

small nuclear ribonucleoprotein 

polypeptide A Snrpa 

RNA; regulation of 

transcription 

1448209_a_at 1.385 solute carrier family 22 (organic Slc22a17 RNA; tRNA aminoacylation 
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cation transporter), member 17 for protein translation 

1447827_x_at 1.682 speckle-type POZ protein Spop RNA; mRNA processing 

RNA; nuclear mRNA 

splicing, via spliceosome 1424619_at 1.265 splicing factor 3b, subunit 4 Sf3b4 

1434966_at 1.508 splicing factor, arginine/serine-rich 8 --- RNA splicing 

RNA; regulation of 

transcription, DNA-

dependent; cholesterol 

metabolism 1426690_a_at 1.703 

sterol regulatory element binding 

factor 1 Srebf1 

1435474_at 0.766 

TAF5 RNA polymerase II, TATA box 

binding protein (TBP)-associated 

factor   

RNA: regulation of 

transcription, DNA-

dependent 

1428536_at 1.31 

TATA box binding protein (Tbp)-

associated factor, RNA polymerase 

I, C Taf1c 

RNA: regulation of 

transcription from Pol II 

promoter 

RNA; regulation of 

transcription; positive 

regulation of transcription 

from Pol II promoter 1424175_at 1.367 thyrotroph embryonic factor Tef 

RNA; regulation of 

transcription; DNA-

dependent 1421995_at 0.343 transcription factor AP-2, alpha Tcfap2a 

RNA; regulation of 

transcription; DNA-

dependent 1421996_at 1.83 transcription factor AP-2, alpha Tcfap2a 

RNA; regulation of 

transcription; DNA-

dependent 1434637_x_at 1.303 

transcriptional regulator, SIN3B 

(yeast) Sin3b 

RNA; regulation of 

transcription; Wnt receptor 

signaling pathway 1436244_a_at 1.443 

transducin-like enhancer of split 2, 

homolog of Drosophila E(spl) Tle2 

RNA: regulation of 

transcription, DNA-

dependent; 

spermatogenesis; Wnt 

receptor signaling pathway 1419655_at 1.607 

transducin-like enhancer of split 3, 

homolog of Drosophila E(spl) Tle3 

1417260_at 1.248 

U2 small nuclear ribonucleoprotein 

auxiliary factor (U2AF) 2 U2af2 

RNA; nuclear mRNA 

splicing, via spliceosome 

RNA; regulation of 

transcription 1419787_a_at 1.461 zinc finger protein Zec 

RNA; nuclear mRNA 

splicing, via spliceosome 1422321_a_at 1.496 zinc finger protein 162 Zfp162 

1418360_at 1.876 zinc finger protein 179 Zfp179 RNA; regulation of 
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transcription 

RNA: regulation of 

transcription, DNA-

dependent 1430651_s_at 1.633 zinc finger protein 191 Zfp191 

RNA; regulation of 

transcription; DNA-

dependent 1424301_at 1.261 zinc finger protein 219 Zfp219 

RNA; regulation of 

transcription 1448705_at 1.582 zinc finger protein 297 Zfp297 

RNA; regulation of 

transcription 1449813_at 1.627 zinc finger protein 30 Zfp30 

RNA: regulation of 

transcription, DNA-

dependent; development; 

spermatogenesis 1417778_at 1.269 zinc finger protein 35 Zfp35 

RNA; regulation of 

transcription 1441613_at 1.594 zinc finger protein 40 Zfp40 

RNA; regulation of 

transcription 1437483_at 1.527 zinc finger protein 513 --- 

RNA; regulation of 

transcription 1455945_at 1.293 zinc finger protein 72 Zfp72 

RNA; regulation of 

transcription; DNA-

dependent 1449126_at 1.342 zinc finger protein 90 Zfp90 

RNA; regulation of 

transcription; DNA-

dependent 1428046_a_at 0.469 zinc finger protein X-linked Zfx 

RNA; regulation of 

transcription 1458450_at 2.01 zinc finger RNA binding protein Zfr 

1423755_at 1.288 

zinc finger, CCHC domain 

containing 8 --- 

RNA; regulation of 

transcription 

1424550_at 1.26 

zinc finger, FYVE domain containing 

27 --- 

RNA; regulation of 

transcription 

Protein processing 

1431946_a_at 1.44 

amyloid beta (A4) precursor protein-

binding, family A, member 1 binding 

protein Apba2bp protein metabolism 

1416739_a_at 2.15 BRCA1 associated protein Brap protein nuclear targeting 

1452775_at 1.333 

cysteine and glycine-rich protein 2 

binding protein Csrp2bp protein-protein interaction 

1448657_a_at 1.309 

DnaJ (Hsp40) homolog, subfamily 

B, member 10 Dnajb10 protein folding 
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1418062_at 1.711 

eukaryotic translation elongation 

factor 1 alpha 2 Eef1a2 

protein biosynthesis; 

translational elongation; 

anti-apoptosis 

1452198_at 1.229 

F-box and leucine-rich repeat 

protein 10 Fbxl10 

Protein; ER-associated 

protein catabolism 

1455942_at 1.629 

F-box and leucine-rich repeat 

protein 11 Fbxl11 

Protein; ER-associated 

protein catabolism 

Protein; ER-associated 

protein catabolism 1425461_at 1.342 F-box only protein 10 Fbxw1b 

Protein; ER-associated 

protein catabolism 1436206_at 1.308 F-box only protein 10 --- 

Protein; ER-associated 

protein catabolism 1424101_at 1.773 F-box only protein 17 Fbxo17 

Protein; ER-associated 

protein catabolism 1455642_a_at 1.392 F-box only protein 23 --- 

Protein; ER-associated 

protein catabolism 1417522_at 2.377 F-box only protein 32 Fbxo32 

1419305_a_at 0.52 F-box only protein 36 

D1Ertd757

e 

Protein; ER-associated 

protein catabolism 

1436550_at 1.693 F-box protein 30 Fbxo30 

Protein; ER-associated 

protein catabolism 

1437536_at 2.396 fukutin related protein Fkrp protein processing 

1423450_a_at 1.28 

heparan sulfate (glucosamine) 3-O-

sulfotransferase 1 Hs3st1 

protein amino acid 

modification 

1417293_at 1.314 

heparan sulfate 6-O-

sulfotransferase 1 Hs6st1 

protein amino acid 

modification 

1426590_at 1.28 hexosaminidase B 

A930009M

04Rik 

protein biosynthesis; 

translational elongation 

protein amino acid 

phosphorylation 1448114_a_at 1.286 HpaII tiny fragments locus 9c Htf9c 

protein amino acid 

phosphorylation 1426207_at 1.304 inhibitor of kappaB kinase beta Ikbkb 

1450500_at 1.75 

kinase interacting with leukemia-

associated gene (stathmin) Kist 

protein amino acid 

phosphorylation 

1431285_at 1.371 mahogunin, ring finger 1 Mgrn1 protein polyubiquitination 

1454645_at 1.417 mahogunin, ring finger 1 Mgrn1 protein polyubiquitination 

1423609_a_at 1.396 

mannoside 

acetylglucosaminyltransferase 1 Mgat1 

protein N-linked 

glycosilation 

1422145_at 1.338 

mannoside 

acetylglucosaminyltransferase 3 Mgat3 

protein N-linked 

glycosilation 

1439210_at 0.565 mitochondrial ribosomal protein S9 Mrps9 protein biosynthesis  

1428367_at 1.376 

N-deacetylase/N-sulfotransferase 

(heparan glucosaminyl) 1 Ndst1 

protein amino acid 

deacetylation; protein 

amino acid sulfation; 
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proteolysis and 

peptidolysis 

1435204_at 1.258 

protein arginine N-methyltransferase 

4 --- protein methylation 

protein amino acid 

phosphorylation 1424286_at 1.528 protein kinase, X-linked Prkx 

protein O-linked 

glycosilation 1451396_at 0.685 protein-O-mannosyltransferase 2 Pomt2 

protein amino acid 

phosphorylation; ribosome 

biogenesis 1417543_at 1.516 

ribosomal protein S6 kinase, 

polypeptide 2 Rps6ka2 

1456682_at 2.015 

ring finger protein 127 

(LOC381338), mRNA Similar to  --- protein ubiquitination 

1423395_at 1.273 translin-associated factor X Tsnax protein nuclear targeting 

1430045_at 1.44 translin-associated factor X Tsnax protein nuclear targeting 

protein; ubiquitin protein 

ligase activity 1448940_at 1.223 tripartite motif protein 21 Trim21 

protein; ubiquitin protein 

ligase activity 1419879_s_at 1.502 tripartite motif protein 25 Trim25 

1450530_at 1.98 

UDP-Gal:betaGlcNAc beta 1,3-

galactosyltransferase, polypeptide 1 B3galt1 

protein amino acid 

glycosilation 

1447894_x_at 1.718 vacuolar protein sorting 52 (yeast) Vps52 protein sorting 

1449441_a_at 1.342 WW domain binding protein 1 Wbp1 protein-protein interaction 

 Proteolysis and peptidolysis 

1425170_a_at 2.665 

a disintegrin and metalloproteinase 

domain 15 (metargidin) Adam15 

proteolysis and 

peptidolysis 

1427139_at 1.521 

a disintegrin-like and 

metalloprotease (reprolysin type) 

with thrombospondin type 1 motif, 

10 Adamts10 

proteolysis and 

peptidolysis 

proteolysis and 

peptidolysis; protein 

targeting; collagen 

catabolism 1457058_at 1.7 

a disintegrin-like and 

metalloprotease (reprolysin type) 

with thrombospondin type 1 motif, 2 Adamts2 

1416127_a_at 1.469 aspartyl aminopeptidase Dnpep 

proteolysis and 

peptidolysis 

1421923_at 1.515 calpain 7 Capn7 

proteolysis and 

peptidolysis 

1416615_at 1.283 

caseinolytic protease, ATP-

dependent, proteolytic subunit 

homolog (E. coli) Clpp 

proteolysis and 

peptidolysis; misfolded or 

incompletely synthesized 
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protein catabolism 

1424041_s_at 1.834 

complement component 1, s 

subcomponent C1s 

proteolysis and 

peptidolysis 

proteolysis and 

peptidolysis 1422586_at 1.389 endothelin converting enzyme-like 1 Ecel1 

1423229_at 1.547 

inositol polyphosphate-5-

phosphatase E Inpp5e 

proteolysis and 

peptidolysis 

1448433_a_at 1.446 

procollagen C-proteinase enhancer 

protein Pcolce 

proteolysis and 

peptidolysis 

1420388_at 1.46 

protease, serine, 12 neurotrypsin 

(motopsin) Prss12 

proteolysis and 

peptidolysis 

proteolysis and 

peptidolysis 1448982_at 1.36 protease, serine, 18 Prss18 

1448128_at 1.331 

protective protein for beta-

galactosidase Ppgb 

proteolysis and 

peptidolysis 

proteolysis and 

peptidolysis 1456499_at 1.296 ring finger protein 130 Rnf130 

proteolysis and 

peptidolysis 1424330_at 1.258 SUMO1/sentrin specific protease 1   

proteolysis and 

peptidolysis 1448907_at 1.348 thimet oligopeptidase 1 Thop1 

protein; ubiquitin-

dependent protein 

catabolism 1424656_s_at 1.227 ubiquitin specific protease 19 Usp19 

ubiquitin dependent protein 

catabolism 1456043_at 1.583 ubiquitin specific protease 22 Usp22 

protein; ubiquitin-

dependent protein 

catabolism 1428592_s_at 1.439 ubiquitin specific protease 38   

1444523_s_at 2.072 

ubiquitin-conjugating enzyme E2 

variant 1 Ube2v1 protein catabolism 

protein; ubiquitin-

dependent protein 

catabolism 1436457_at 3.13 ubiquitin-conjugating enzyme E2I Ube2i 

1424345_s_at 1.36 

ubiquitin-conjugating enzyme E2M 

(UBC12 homolog, yeast) Ubc-rs2 protein catabolism 

 Metabolism 

1456676_a_at 1.515 

6-phosphofructo-2-kinase/fructose-

2,6-biphosphatase 3 Pfkfb3 

metabolism; fructose 2,6-

bisphosphate metabolism 

1426757_at 1.308 

adenosine monophosphate 

deaminase 2 (isoform L) Ampd2 

metabolism; purine base 

metabolism 

1423718_at 1.306 adenylate kinase 3 alpha-like Ak3l metabolism; amino acid 
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biosynthesis 

1451260_at 0.679 

aldehyde dehydrogenase 1 family, 

member B1 Aldh1b1 

metabolism; carbohydrate 

metabolism 

1423611_at 1.239 alkaline phosphatase 2, liver Akp2 metabolism 

1415787_at 1.37 

alpha glucosidase 2, alpha neutral 

subunit G2an 

metabolism; carbohydrate 

metabolism 

1451675_a_at 1.34 

aminolevulinic acid synthase 2, 

erythroid Alas2 

metabolism; heme 

biosynthesis 

metabolism; carbohydrate 

metabolism 1416055_at 0.288 amylase 2, pancreatic Amy2 

1458281_at 0.615 arylsulfatase B Arsb metabolism 

1416960_at 1.326 

beta-1,3-glucuronyltransferase 3 

(glucuronosyltransferase I) B3Gat3 metabolism 

1451386_at 1.816 

biliverdin reductase B (flavin 

reductase (NADPH)) Blvrb metabolism 

1449147_at 1.352 

carbohydrate (keratan sulfate Gal-6) 

sulfotransferase 1 smarcf1 metabolism 

metabolism; one-carbon 

compound metabolism 1424379_at 1.302 carbonic anhydrase 11 Car11 

metabolism; one-carbon 

compound metabolism 1421307_at 0.608 carbonic anhydrase 13 Car13 

1448390_a_at 1.595 

dehydrogenase/reductase (SDR 

family) member 3 Dhrs3 metabolism 

1426738_at 2.044 diacylglycerol kinase zeta Dgkz metabolism 

1419504_at 0.548 

diacylglycerol O-acyltransferase 2-

like 1 Dgat2l1 metabolism 

1437775_at 1.468 

dihydrolipoamide S-

succinyltransferase (E2 component 

of 2-oxo-glutarate complex) Dlst metabolism 

1425676_a_at 1.311 

elongation of very long chain fatty 

acids (FEN1/Elo2, SUR4/Elo3, 

yeast)-like 1 Elovl1 

metabolism; fatty acid 

biosynthesis 

1416205_at 1.205 galactosidase, beta 1 Glb1 

metabolism; carbohydrate 

metabolism 

1430826_s_at 1.713 

glucosaminyl (N-acetyl) transferase 

2, I-branching enzyme Gcnt2 metabolism 

1448354_at 1.484 

glucose-6-phosphate 

dehydrogenase X-linked G6pdx 

metabolism; glycogen 

metabolism 

1434271_at 1.444 glucosidase beta 2 Gba2 metabolism 

metabolism; carbohydrate 

metabolism 1419428_a_at 1.338 glucosidase, alpha, acid Gaa 

1430397_at 2.204 

glutamate oxaloacetate 

transaminase 2, mitochondrial Got2 

metabolism; amino acid 

metabolism 
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1448330_at 1.208 glutathione S-transferase, mu 1 Gstm1 metabolism 

1448249_at 1.258 

glyceraldehyde-3-phosphate 

dehydrogenase 1  Gapdh1 

metabolism; 

gluconeogenesis 

1426475_at 1.741 

Hydroxymethylbilane synthase 

(LOC383565), mRNA Similar to  --- metabolism 

1420013_s_at 1.455 lanosterol synthase Lss metabolism 

metabolism; cholesterol 

metabolism 1417043_at 1.32 lecithin cholesterol acyltransferase Lcat 

1424453_at 1.39 

phosphate cytidylyltransferase 1, 

choline, alpha isoform Pcyt1a 

metabolism; phospholipid 

biosynthesis 

metabolism; 

phosphatidylinositol 

metabolism 1424954_a_at 1.614 

phosphatidylinositol-4-phosphate 5-

kinase, type 1 gamma Pip5k1c 

metabolism; 

phsophatidylserine 

biosynthesis 1434586_a_at 1.517 phosphatidylserine synthase 2 Ptdss2 

1416013_at 1.66 phospholipase D3 Pld3 metabolism 

1420637_at 1.564 

phosphoribosyl pyrophosphate 

synthetase 2 Prps2 

metabolism; nucleotide 

biosynthesis 

metabolism; glycogen 

metabolism 1434518_at 1.46 phosphorylase kinase alpha 2 Phka2 

1417629_at 1.376 proline dehydrogenase Prodh 

metabolism; glutamate 

biosynthesis 

1417690_at 1.534 

protein kinase, AMP-activated, 

gamma 1 non-catalytic subunit Prkag1 

metabolism; fatty acid 

biosynthesis 

1417890_at 1.54 

pyridoxal (pyridoxine, vitamin B6) 

phosphatase AB041662 metabolism 

1426423_at 1.668 

serine hydroxymethyl transferase 2 

(mitochondrial) Shmt2 

metabolism; one-carbon 

compound metabolism 

1448621_a_at 1.372 

sphingomyelin phosphodiesterase 

1, acid lysosomal Smpd1 

metabolism; carbohydrate 

metabolism 

1421606_a_at 1.504 

sulfotransferase family 4A, member 

1 Sult4a1 

metabolism; sulfur 

metabolism 

1451548_at 0.613 uridine phosphorylase 2    metabolism, nucleoside 

 Signaling 

signaling; transmembrane 

receptor protein Ser/Thr 

kinase signaling pathway 1419140_at 1.648 activin receptor IIB Acvr2b 

1445359_at 1.266 adenylate cyclase 1 Adcy1 

signaling; intracellular 

signaling cascade; 

adenylate cyclase 

activation 
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small GTPase 

regulatory/interacting 

protein activity 1417112_at 1.443 

ADP-ribosylation factor-like 2 

binding protein Arl2bp 

small GTPase 

regulatory/interacting 

protein activity 1445888_x_at 1.484 

ADP-ribosyltransferase (NAD+; poly 

(ADP-ribose polymerase)-like 3 Adprtl3 

signaling; N signaling 

pathway 1452684_at 1.547 AKT1 substrate 1 (proline-rich)   

1455369_at 1.474 

amyloid beta (A4) precursor protein-

binding, family  A, member 1   

signaling; intracellular 

signaling cascade 

1424759_at 1.398 arrestin domain containing 4   signal transduction 

1417325_at 1.668 

beta-transducin repeat containing 

protein Btrc 

signaling; signal 

transduction; protein 

modification 

signaling; signal 

transduction; protein 

modification 1425680_a_at 1.324 

beta-transducin repeat containing 

protein Btrc 

signaling; transforming 

growth factor beta receptor 

signaling pathway; 

transmembrane receptor 

protein Ser/Thr kinase 

signaling pathway 1422872_at 1.647 

bone morphogenetic protein 

receptor, type 1B Bmpr1b 

1460644_at 1.266 

branched chain ketoacid 

dehydrogenase kinase Bckdk signal transduction 

1418889_a_at 1.476 casein kinase 1, delta Csnk1d signaling 

signaling; G-protein 

coupled receptor protein 

signaling pathway 1421407_at 0.713 

coagulation factor II (thrombin) 

receptor-like 2 F2rl2 

1418980_a_at 1.529 

cyclic nucleotide phosphodiesterase 

1 Cnp1 signaling 

1449296_a_at 1.563 

cyclic nucleotide phosphodiesterase 

1 Cnp1 signaling 

signaling; nitric oxide 

biosynthesis; nitric oxide 

mediated signal 

transduction 1416457_at 1.934 

dimethylarginine 

dimethylaminohydrolase 2 Ddah2 

signaling; transmembrane 

receptor protein tyrosine 

kinase signaling pathway; 

cell adhesion; protein 

amino acid phosphorylation1415798_at 1.371 

discoidin domain receptor family, 

member 1 Ddr1 

1424428_at 1.497 double C2, alpha AI854876 signaling; calcium 
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dependent 

neurotransmitter release 

1416601_a_at 1.364 

Down syndrome critical region 

homolog 1 (human) Dscr1 

signaling; calcium 

mediated signaling 

signaling; G-protein 

coupled receptor protein 

signaling pathway 1421755_at 2.99 G protein-coupled receptor 132 Gpr132 

signaling; G-protein 

coupled receptor protein 

signaling pathway 1422542_at 0.71 G protein-coupled receptor 34 Gpr34 

1448348_at 1.263 GPI-anchored membrane protein 1 Gpiap1 signaling 

1423690_s_at 1.397 

G-protein signaling modulator 1 

(AGS3-like, C. elegans) 

1810037C2

2Rik signal transduction 

1442616_at 0.3 

GRP1 (general receptor for 

phosphoinositides 1)-associated 

scaffold protein Grasp 

intracellular signaling 

cascade; protein amino 

acid phosphorylation 

signal transduction; G-

protein coupled receptor 

protein signaling pathway 1417943_at 1.54 

guanine nucleotide binding protein 

(G protein), gamma 4 subunit Gng4 

signal transduction; G-

protein coupled receptor 

protein signaling pathway; 

Rho protein signal 

transduction; regulation of 

cell shape; cell 

differentiation 1421026_at 1.569 

guanine nucleotide binding protein, 

alpha 12 Gna12 

signal transduction; G-

protein coupled receptor 

protein signaling pathway; 

Rho protein signal 

transduction; regulation of 

cell shape; cell 

differentiation 1450097_s_at 1.814 

guanine nucleotide binding protein, 

alpha 12 Gna12 

signal transduction; G-

protein coupled receptor 

protein signaling pathway; 

acetycholine receptor 

signaling, muscarinic 

pathway 1419449_a_at 1.508 

guanine nucleotide binding protein, 

alpha inhibiting 2 Gnai2 

signal transduction; G-

protein coupled receptor 

protein signaling pathway 1426517_at 1.321 

guanine nucleotide binding protein, 

alpha z subunit Gnaz 

1450623_at 1.684 

guanine nucleotide binding protein, 

beta 2 Gnb2 

signaling; G-protein 

coupled receptor protein 
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signaling pathway 

1421426_at 1.454 Hedgehog-interacting protein Hhip 

signal transduction; 

organogenesis; regulation 

of FGF receptor signaling 

pathway 

1424834_s_at 0.81 

inositol 1,4,5-triphosphate receptor 

5 Itpr5 signaling 

1434448_at 1.9 interleukin 14 Il14 

signaling; signal 

transduction 

signaling; signal 

transduction; cell surface 

receptor linked 1450456_at 2.14 interleukin 21 receptor Il21r 

1448310_at 1.456 intestinal cell kinase Ick signal transduction 

signaling; transforming 

growth factor beta receptor 

signaling pathway  1436665_a_at 1.816 

latent transforming growth factor 

beta binding protein 4 Ltbp4 

signaling; intracellular 

signaling cascade 1418683_at 1.297 lin 7 homolog b (C. elegans) Lin7b 

signaling; intracellular 

signaling cascade 1439240_x_at 1.703 lin 7 homolog b (C. elegans) Lin7b 

signaling; intracellular 

signaling cascade 1449172_a_at 1.457 lin 7 homolog b (C. elegans) Lin7b 

1426648_at 1.359 

MAP kinase-activated protein kinase 

2 Mapkapk2 

signaling; protein amino 

acid phosphorylation 

1418300_a_at 1.5 

MAP kinase-interacting 

serine/threonine kinase 2 Mknk2 

signaling; regulation of 

protein biosynthesis 

1437226_x_at 1.428 MARCKS-like protein Mlp signaling 

signaling; Notch signaling 

pathway 1426769_s_at 1.41 mastermind like 1 (Drosophila) --- 

signal transduction; 

intracellular signaling 

pathway 1449173_at 1.699 

membrane protein, palmitoylated 2 

(MAGUK p55 subfamily member 2) Mpp2 

1428942_at 0.791 metallothionein 2 Mt2 

signaling; nitric oxide 

mediated signal 

transduction 

1416703_at 1.273 mitogen activated protein kinase 14 Mapk14 signaling 

1451927_a_at 1.981 mitogen activated protein kinase 14 Mapk14 signaling 

signaling; protein amino 

acid phosphorylation 1421876_at 1.276 mitogen activated protein kinase 9 Mapk9 

1418060_a_at 3.575 mitogen-activated protein kinase 7 Mapk7 

signaling; protein amino 

acid phosphorylation 
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1449362_a_at 1.447 

mitogen-activated protein kinase 

kinase kinase kinase 6 Map4k6 

signaling; protein amino 

acid phosphorylation 

signaling; small GTPase 

mediated signal 

transduction 1449590_a_at 1.403 muscle and microspikes RAS Mras 

signaling; transmembrane 

receptor protein tyrosine 

kinase signaling pathway; 

neurogenesis; protein 

amino acid phosphorylation1420837_at 1.626 

neurotrophic tyrosine kinase, 

receptor, type 2 Ntrk2 

signaling; intracellular 

signaling cascade 1417928_at 1.366 PDZ and LIM domain 4 Ril 

signaling; intracellular 

signaling cascade 1417959_at 1.341 PDZ and LIM domain 7   

1423292_a_at 1.771 periaxin Prx 

signaling; intracellular 

signaling cascade 

1418463_at 1.202 

phosphatidylinositol 3-kinase, 

regulatory subunit, polypeptide 2 

(p85 beta) Pik3r2 

signaling; intracellular 

signaling cascade 

1429831_at 2.416 

phosphoinositide-3-kinase adaptor 

protein 1 Pik3ap1 signaling 

1416675_s_at 1.306 phospholipase C, delta Plcd 

signaling; intracellular 

signaling cascade 

signaling; transmembrane 

receptor protein tyrosine 

kinase signaling 

pathway;protein amino acid 

phosphorylation 1436970_a_at 1.492 

pre-PDGF receptor mRNA 

(MOUSE); mRNA sequence similar 

to Pdgfrb 

1451115_at 1.309 protein inhibitor of activated STAT 3 Pias3 signaling 

intracellular signaling 

cascade; protein amino 

acid phosphorylation 1426044_a_at 1.582 protein kinase C, theta Prkcq 

signaling; intracellular 

signaling cascade; protein 

amino acid phosphorylation1418085_at 1.497 protein kinase C, zeta Prkcz 

1450914_at 1.714 

protein phosphatase 1, regulatory 

(inhibitor) subunit 14B Ppp1r14b signaling 

1422124_a_at 1.279 

protein tyrosine phosphatase, 

receptor type, C Ptprc 

signaling; transmembrane 

receptor protein tyrosine 

phosphatase signaling 

pathway; protein amino 

acid dephosphorylation 
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signaling; transmembrane 

receptor protein tyrosine 

phosphatase signaling 

pathway; protein amino 

acid dephosphorylation; 

cell adhesion 1420842_at 1.461 

protein tyrosine phosphatase, 

receptor type, F Ptprf 

signaling; transmembrane 

receptor protein tyrosine 

phosphatase signaling 

pathway; protein amino 

acid dephosphorylation;cell 

adhesion 1420843_at 1.437 

protein tyrosine phosphatase, 

receptor type, F Ptprf 

signaling; signal 

transduction; acetyl-CoA 

biosynthesis from pyruvate 1448825_at 1.442 

pyruvate dehydrogenase kinase, 

isoenzyme 2 Pdk2 

signaling; signal 

transduction; acetyl-CoA 

biosynthesis from pyruvate 1417273_at 1.6 

pyruvate dehydrogenase kinase, 

isoenzyme 4 Pdk4 

1451379_at 1.229 

RAB22A, member RAS oncogene 

family Rab22 

signaling; small GTPase 

mediated signal 

transduction 

signaling; intracellular 

signaling cascade; small 

GTPase mediated signal 

transduction 1438933_x_at 1.413 RAS, guanyl releasing protein 2 Rasgrp2 

signal transduction; G-

protein coupled receptor 

protein signaling pathway  1425245_a_at 1.393 regulator of G-protein signaling 11 Rgs11 

1451168_a_at 1.51 

Rho GDP dissociation inhibitor 

(GDI) alpha Arhgdia signaling 

1438829_at 1.373 

ring finger protein 111; Arkadia 

(LOC225743), mRNA Similar to  --- signaling; interact with TGF

1431792_a_at 1.605 

serine/threonine kinase 11 

interacting protein --- signaling 

1418513_at 1.297 

serine/threonine kinase 3 (Ste20, 

yeast homolog) Stk3 signaling 

1421012_at 1.481 

signal recognition particle receptor, 

B subunit Srprb receptor activity 

1428954_at 1.473 

solute carrier family 9 

(sodium/hydrogen exchanger), 

isoform 3 regulator 2 Slc9a3r2 

signaling; intracellular 

signaling cascade 

1431208_a_at 1.444 

solute carrier family 9 

(sodium/hydrogen exchanger), 

isoform 3 regulator 2 Slc9a3r2 

signaling; intracellular 

signaling cascade 
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signaling; G-protein 

coupled receptor protein 

signaling pathway; 

neuropeptide signaling 

pathway 1422256_at 0.677 somatostatin receptor 2 Sstr2 

1441415_at 0.355 

sprouty protein with EVH-1 domain 

2, related sequence Spred2 

signaling; inactivation of 

MAPK 

1435598_at 1.572 

src homology 2 domain-containing 

transforming protein C2 Shc2 signaling 

1449423_at 1.419 

syntrophin associated 

serine/threonine kinase   

signaling; intracellular 

signaling pathway; protein 

amino acid phosphorylation

1429112_at 2.144 talin 2 Tln2 signaling 

signaling; G-protein 

coupled receptor protein 

signaling pathway coupled 

to cGMP nucleotide 

second messenger 1415750_at 1.574 transducin (beta)-like 3 Tbl3 

signal transduction; 

frizzled-2 signaling 

pathway; cell-cell signaling; 

development; 

organogenesis; Wnt 

receptor signaling pathway 1450772_at 0.572 

wingless-related MMTV integration 

site 11 Wnt11 

 Cytoskeleton 

1423589_at 1.674 

actin related protein 2/3 complex, 

subunit 4 Arpc4 cytoskeleton 

1450355_a_at 1.627 

capping protein (actin filament), 

gelsolin-like Capg cytoskeleton; actin binding 

1416246_a_at 1.432 coronin, actin binding protein 1A Coro1a cytoskeleton; actin binding 

cytoskeleton; actin 

cytoskeleton organization 

and biogenesis 1425811_a_at 1.478 cysteine and glycine-rich protein 1 Csrp1 

1415812_at 1.618 gelsolin (Gsn), mRNA. Gsn cytoskeleton; actin binding 

1430869_a_at 1.573 hyaluronic acid binding protein 4 Habp4 cytoskeleton 

1426665_at 1.703 

katanin p80 (WD40-containing) 

subunit B 1 Katnb1 

cytoskeleton; microtubule 

disassembly 

cytoskeleton organization 

and biogenesis; protein 

amino acid phosphorylation1417933_at 1.396 keratin complex 2, basic, gene 8 Krt2-8 

1449082_at 1.832 microfibrillar associated protein 5 Mfap5 cytoskeleton 

1451290_at 1.514 

microtubule-associated protein 1 

light chain 3 alpha --- cytoskeleton  
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cytoskeleton; microtubule-

based process 1424718_at 1.436 microtubule-associated protein tau Mapt 

cytoskeleton; microtubule-

based process 1424719_a_at 1.538 microtubule-associated protein tau Mapt 

1450379_at 1.288 Moesin Msn cytoskeleton 

cytoskeleton organization 

and biogenesis; cell-matrix 

adhesion; positive 

regulation of phagocytosis 1416986_a_at 1.34 

protein tyrosine phosphatase, non-

receptor type substrate 1 Ptpns1 

1448402_at 1.381 Talin Tln 

cytoskeleton; cortical actin 

cytoskeleton organization 

and biogenesis 

cytoskeleton; microtubule-

based process 1423221_at 1.587 tubulin, beta 4 Tubb4 

1451097_at 1.272 

vasodilator-stimulated 

phosphoprotein Vasp cytoskeleton; actin binding 

1450850_at 1.471 villin 2 Vil2 cytoskeleton 

Cell growth, cell cycle and proliferation 

1417326_a_at 1.825 

anaphase promoting complex 

subunit 11 homolog (yeast) Anapc11 cell cycle 

1418458_at 1.456 

anaphase promoting complex 

subunit 7 AW545589 cell cycle 

1454754_a_at 1.417 angio-associated migratory protein Aamp cell migration 

1419091_a_at 1.666 annexin A2 Anxa2 

cell growth; signal 

transduction 

1460330_at 1.495 annexin A3 Anxa3 

cell growth; signal 

transduction 

cell cycle, regulation; 

positive regulation of 

transcription from Pol II 

promoter 1435828_at 1.515 

avian musculoaponeurotic 

fibrosarcoma (v-maf) AS42 

oncogene homolog Maf 

cell cycle; negative 

regulation of cell cycle 1424629_at 0.752 breast cancer 1 Brca1 

cell cycle, regulation; 

neurogenesis; cytokinesis 1422477_at 1.39 Cdk5 and Abl enzyme substrate 1 Cables1 

1427967_at 2.28 

CDK5 regulatory subunit associated 

protein 2 Fnbp2 cell cycle 

1452040_a_at 1.219 cell division cycle associated 3 Cdca3 cell cycle 

1419693_at 0.775 collectin sub-family member 12 Colec12 

cell; heterophilic cell 

adhesion; phagocytosis, 

binding 
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cell cycle, regulation; 

transmembrane receptor 

protein tyrosine kinase 

signaling pathway; cell 

growth and/or maintenance1423593_a_at 1.291 colony stimulating factor 1 receptor Csf1r 

1431016_at 1.68 

CWF19-like 1, cell cycle control (S. 

pombe) --- cell cycle 

1421124_at 1.312 

cyclin-dependent kinase 5, 

regulatory subunit (p35) Cdk5r cell cycle 

cell cycle, regulation; RNA 

elongation from Pol II 

promoter; cell proliferation  1417269_at 1.497 

cyclin-dependent kinase 9 (CDC2-

related kinase) Cdk9 

cell proliferation, positive 

regulation; hemopoiesis 1417311_at 1.487 cysteine rich protein 2 Crip2 

cell growth and/or 

maintenance 1458012_at 0.743 dachshund 2 (Drosophila) Dach2 

cell differentiation; 

cytokinesis 1441469_at 0.28 dedicator of cytokinesis 4 Dock4 

cell growth; cell 

differentiation 1452100_at 1.493 Dullard homolog (Xenopus laevis) Dullard 

cell migration; cell 

attachment 1460586_at 1.279 EGF-like-domain, multiple 4 Egfl4 

1416529_at 1.52 epithelial membrane protein 1 Emp1 cell growth   

cell proliferation; cell 

growth 1425272_at 1.347 epithelial membrane protein 2 Emp2 

1427368_x_at 2.392 feline sarcoma oncogene Fes 

cell cycle, regulation; 

intracellular signaling 

cascade; cell growth and/or 

maintenance 

1451645_at 1.368 fibrosin 1 Fbs1 

cell proliferation; fibroblast 

proliferation 

cell cycle, regulation; 

intracellular signaling 

cascade; cell growth and/or 

maintenance 1442804_at 0.408 

Gardner-Rasheed feline sarcoma 

viral (Fgr) oncogene homolog Fgr 

1451501_a_at 1.566 growth hormone receptor Ghr cell growth 

1422407_s_at 1.493 

Harvey rat sarcoma virus oncogene 

1 Hras1 

cell cycle, regulation; RAS 

protein signal transduction; 

cell aging; cell growth 

and/or maintenance 

1426858_at 1.445 inhibin beta-B Inhbb 

cell growth and/or 

maintenance 

1428510_at 1.588 latrophilin 1 Lphn1 cell-cell interaction 
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cell cycle, regulation; M 

phase of mitotic cell cycle 1423848_at 1.457 M phase phosphoprotein 6 Mphosph6 

1425512_at 1.315 

mitogen activated protein kinase 

kinase 7 Map2k7 cell cycle, regulation 

1450899_at 1.437 

neural precursor cell expressed, 

developmentally down-regulated 

gene 1 Nedd1 

cell differentiation; 

neurogenesis 

1415919_at 1.351 

neural proliferation, differentiation 

and control gene 1 Npdc1 

cell proliferation; cell 

growth 

1448428_at 1.793 

neuroblastoma, suppression of 

tumorigenicity 1 Nbl1 

cell cycle; negative 

regulation of cell cycle 

1443097_at 0.583 neurofibromatosis 1 Nf1 

cell; regulation of glia cell 

differentiation 

1450382_at 1.411 neurofibromatosis 2 Nf2 

cell cycle; negative 

regulation of cell cycle 

1423413_at 1.558 N-myc downstream regulated 1 Ndr1 cell differentiation 

cell cycle, regulation; cell 

growth and/or 

maintenance; transcription 1460648_at 1.522 

nuclear receptor subfamily 2, group 

F, member 6 Nr2f6 

cell growth and/or 

maintenance 1422512_a_at 1.347 opioid growth factor receptor Ogfr 

cellular morphogenesis; 

cell motility 1428548_at 1.204 p21 (CDKN1A)-activated kinase 4 Pak4 

1459324_at 0.569 

pleckstrin homology domain 

containing, family C (with FERM 

domain) member 1 Plekhc1 

cellular morphogenesis; 

cell adhesion 

1427633_a_at 2.319 

pregnancy-associated plasma 

protein A Pappa cell differentiation 

1416792_at 1.377 

protein phosphatase 1G (formerly 

2C), magnesium-dependent, 

gamma isoform Ppm1g 

cell cycle; protein amino 

acid dephosphorylation 

cell; negative regulation of 

cell proliferation; protein 

amino acid 

dephosphorylation 1431228_s_at 2.544 

protein phosphatase 2 (formerly 

2A), regulatory subunit B'', alpha Ppp2r3a 

1420710_at 1.794 reticuloendotheliosis oncogene Rel 

cell cycle, regulation; 

organogenesis; positive 

regulation of interleukin-12 

biosynthesis 

1416589_at 1.348 

secreted acidic cysteine rich 

glycoprotein Sparc 

cell cycle progression, 

extracellular matrix 

1434707_at 1.419 SET binding factor 1 Sbf1 

cell differentiation (inhibits 

myoblasts differentiation) 
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1439630_x_at 1.469 suprabasin Sbsn cell differentiation 

1460081_at 1.531 synaptotagmin 7 Syt7 

cell; plasma membrane 

repair 

cell cycle, regulation;  cell 

growth and/or 

maintenance; protein 

ubiquitination 1425711_a_at 1.74 thymoma viral proto-oncogene 1 Akt1 

cell proliferation; regulation 

of cell proliferation; protein 

amino acid phosphorylation1425444_a_at 2.262 

transforming growth factor, beta 

receptor II Tgfbr2 

1417179_at 1.472 

transmembrane 4 superfamily 

member 9 Tm4sf9 

cell motility; cell adhesion; 

cell proliferation 

cell growth and/or 

maintenance; regulation of 

insulin receptor signaling 

pathway 1452105_a_at 1.492 tuberous sclerosis 2 Tsc2 

cell cycle, regulation; cell 

growth and/or maintenace; 

cell proliferation; 

angiogenesis 1451803_a_at 1.361 vascular endothelial growth factor B Vegfb 

cell cycle, regulation; 

organogenesis; positive 

regulation of interleukin-12 

biosynthesis 1419536_a_at 1.24 

v-rel reticuloendotheliosis viral 

oncogene homolog A (avian) Rela 

Axon guidance and cell adhesion 

1419263_a_at 1.664 adhesion regulating molecule 1 Adrm1 cell adhesion 

cell adhesion; calcium 

dependent cell-cell 

adhesion 1423061_at 1.798 

armadillo repeat gene deleted in 

velo-cardio-facial syndrome Arvcf 

1448421_s_at 0.428 asporin Aspn 

extracellular matrix; cell 

adhesion 

1416718_at 1.359 brevican Bcan 

cell adhesion; hetetophilic 

cell adhesion 

1424767_at 1.225 cadherin 22 Cdh22 

cell adhesion; homophilic 

cell adhesion 

1441690_at 1.606 cadherin 8 Cdh8 

cell adhesion; homophilic 

cell adhesion 

1435276_a_at 1.369 

DiGeorge syndrome critical region 

gene 2 Dgcr2 

cell adhesion; hetetophilic 

cell adhesion 

1431170_at 1.557 ephrin A3 Efna3 

axon guidance; cell 

adhesion   

1417544_a_at 1.4 flotillin 2 Flot2 cell adhesion 
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cell adhesion and 

communication; cell-cell 

signaling 1450483_at 1.987 

gap junction membrane channel 

protein alpha 12 Gja12 

cell adhesion and 

communication; cell-cell 

signaling 1448767_s_at 1.53 

gap junction membrane channel 

protein beta 1 Gjb1 

cell adhesion; integrin 

mediated signaling 

pathway 1455158_at 1.884 integrin alpha 3 Itga3 

cell adhesion; integrin 

mediated signaling 

pathway 1422046_at 1.387 integrin alpha M Itgam 

cell adhesion; integrin 

mediated signaling 

pathway 1417533_a_at 1.317 integrin beta 5 Itgb5 

1419288_at 1.368 junction adhesion molecule 2 Jam2 cell adhesion   

axon guidance; 

development; 

neurogenesis 1450435_at 1.514 L1 cell adhesion molecule L1cam 

cell adhesion; hetetophilic 

cell adhesion 1426808_at 1.808 lectin, galactose binding, soluble 3 Lgals3 

1418464_at 1.769 matrilin 4 Matn4 

extracellular matrix; cell 

adhesion 

1423561_at 1.685 nel-like 2 homolog (chicken) Nell2 cell adhesion 

1452706_a_at 1.503 plexin B2 Plxnb2 

apoptosis; binds 

semaphorin 

1423669_at 2.664 procollagen, type I, alpha 1 Col1a1 cell adhesion 

1450857_a_at 1.947 procollagen, type I, alpha 2 Col1a2 cell adhesion 

1427592_at 1.379 

protocadherin 7 isoform c precursor; 

BH-pcdh; protocadherin 7; brain-

heart protocadherin (LOC381720), 

mRNA Similar to  --- cell-cell adhesion 

1437224_at 0.00514 reticulon 4, Nogo-A Rtn4 neurite outgrowth inhibitor 

1420824_at 1.314 

sema domain, immunoglobulin 

domain (Ig), transmembrane domain 

(TM) and short cytoplasmic domain, 

(semaphorin) 4D Sema4d 

axon guidance; 

development; 

neurogenesis 

1416846_a_at 1.628 

semaF cytoplasmic domain 

associated protein 3   

signaling; intracellular 

signaling cascade 

cell adhesion; protein 

amino acid phosphorylation1425248_a_at 1.313 TYRO3 protein tyrosine kinase 3 Tyro3 

1417240_at 1.383 zyxin Zyx cell adhesion 

 Apoptosis 
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1435857_s_at 1.699 

amyloid beta (A4) precursor-like 

protein 1 Aplp1 cell death; apoptosis 

1421197_a_at 1.308 

apoptotic chromatin condensation 

inducer in the nucleus Acinus apoptosis 

1449186_at 1.417 BCL2-associated athanogene 4 Bag4 apoptosis 

1420887_a_at 1.553 Bcl2-like Bcl2l apoptosis (anti) 

1449491_at 1.582 

caspase recruitment domain family, 

member 10 Card10 apoptosis 

1415735_at 1.411 

damage specific DNA binding 

protein 1 Ddb1 

response to DNA damage 

stimulus; DNA repair 

1421097_at 1.318 endonuclease G Endog apoptosis 

1429518_at 1.66 Fas apoptotic inhibitory molecule 2 Faim2 apoptosis 

1460635_at 1.427 

Fas-activated serine/threonine 

kinase Fastk apoptosis 

1436507_at 1.524 

interleukin-1 receptor-associated 

kinase 2 Irak2 

apoptosis; protein amino 

acid phosphorylation 

apoptosis; defense 

response 1417756_a_at 1.642 lymphocyte specific 1 Lsp1 

1416881_at 1.415 myeloid cell leukemia sequence 1 Mcl1 apoptosis 

1426184_a_at 1.267 

programmed cell death 6 interacting 

protein Pdcd6ip 

apoptosis; signal 

transduction 

1449674_s_at 1.44 

programmed cell death 6 interacting 

protein Pdcd6ip 

apoptosis; signal 

transduction 

response to DNA damage 

stimulus; DNA repair 1422964_at 2.501 RAD23a homolog (S. cerevisiae) Rad23a 

1460007_at 3.936 thymocyte protein thy28 Thy28 apoptosis of lymphocytes 

apoptosis; positive 

regulation of cell 

proliferation 1448861_at 0.382 Tnf receptor-associated factor 5 Traf5 

apoptosis (induction); 

skeletal development; 

regulation of transcription, 

DNA-dependent; 

ectoderm/mesoderm 

interaction 1418158_at 0.758 transformation related protein 63 Trp63 

1425621_at 1.612 tripartite motif-containing 35 Trim35 apoptosis (induction)  

Defense and immune response 

1421166_at 1.332 attractin Atrn 

inflammatory response; 

hetropholic cell adhesion; 

development 

1448247_at 1.517 B-cell CLL/lymphoma 7B Bcl7b immune response 

1449523_at 1.949 B-cell CLL/lymphoma 7C Bcl7c immune response 
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1455713_x_at 1.336 

B-cell receptor-associated protein 

37 Bcap37 immune response 

1419691_at 2.096 cathelicidin antimicrobial peptide Camp 

defense response; 

xenobiotic metabolism 

1434376_at 1.288 CD44 antigen Cd44 immune response 

1452483_a_at 1.374 CD44 antigen Cd44 immune response 

1449164_at 1.246 CD68 antigen Cd68 immune response 

1460220_a_at 1.32 

colony stimulating factor 1 

(macrophage) Csf1 defense response 

1427632_x_at 11.85 decay accelerating factor 2 Daf2 complement activation 

defense response; antigen 

processing; endogenous 

antigen via MHC class I 1451931_x_at 1.536 

histocompatibility 2, D region locus 

1 H2-D1 

defense response; antigen 

processing; endogenous 

antigen via MHC class I 1425336_x_at 1.366 histocompatibility 2, K region H2-K 

defense; humoral defense 

mechanism; positive 

regulation of B-cell 

proliferation 1427329_a_at 1.261 

immunoglobulin heavy chain 6 

(heavy chain of IgM) Igh-6 

1427660_x_at 3.819 

immunoglobulin kappa chain 

variable 8 (V8) Igk-V8 immune response; humoral

1418450_at 1.553 

immunoglobulin superfamily 

containing leucine-rich repeat Islr immune response 

1460675_at 1.47 

immunoglobulin superfamily, 

member 8 Igsf8 immune response 

1417141_at 1.29 interferon gamma induced GTPase Igtp immune response 

1417460_at 1.332 

interferon induced transmembrane 

protein 2 Ifitm3l immune response 

1426111_x_at 1.37 interferon regulatory factor 3 Irf3 defense response 

1453304_s_at 1.271 

lymphocyte antigen 6 complex, 

locus E Ly6e immune response 

1422625_at 1.561 

lymphocyte antigen 6 complex, 

locus H Ly6h immune response 

1421266_s_at 1.378 

nuclear factor of kappa light chain 

gene enhancer in B-cells inhibitor, 

beta Nfkbib immune response 

1450378_at 1.304 TAP binding protein Tapbp defense response 

1449009_at 1.415 T-cell specific GTPase Tgtp immune response 

1423048_a_at 1.309 toll interacting protein Tollip 

defense; immune 

response; inflammatory 

response 
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1419307_at 0.617 

tumor necrosis factor receptor 

superfamily, member 13c Tnfrsf13c immune response 

 Response to stress  

1452101_at 1.382 bleomycin hydrolase Blmh 

response to toxin; 

response to drug; 

proteolysis and 

peptidolysis 

1434370_s_at 1.208 crystallin, alpha B Cryab response to heat 

1422943_a_at 1.606 heat shock protein 1 Hspb1 response to heat  

response to oxidative 

stress; activation of MAPK; 

removal of superoxide 

radicals 1451124_at 1.375 superoxide dismutase 1, soluble Sod1 

1417633_at 1.815 

superoxide dismutase 3, 

extracellular Sod3 

response to stress; 

superoxide metabolism 

 Transport 

1448751_at 1.349 

adaptor-related protein complex 3, 

mu 2 subunit Ap3m2 

transport; intracellular 

protein transport 

1417475_at 1.449 ATPase type 13A Cgi152 transport; ion transport 

1416769_s_at 1.608 

ATPase, H+ transporting, V0 

subunit B Atp6v0b 

transport; ion transport; 

ATP biosynthesis 

1422710_a_at 1.55 

calcium channel, voltage-

dependent, T type, alpha 1H subunit Cacna1h transport; ion transport 

transport; 

nucleocytoplasmic 

transport; protein amino 

acid phosphorylation 1417605_s_at 1.307 

calcium/calmodulin-dependent 

protein kinase I Camk1 

1418354_at 1.668 

component of oligomeric golgi 

complex 1 Cog1 

transport; intracellular 

protein transport 

1416274_at 1.295 cystinosis, nephropathic Ctns transport 

1441662_at 1.291 

cytochrome P450, family 4, 

subfamily x, polypeptide 1 Cyp4x1 

transport; electron 

transport 

1417709_at 1.276 

cytochrome P450, family 46, 

subfamily a, polypeptide 1 Cyp46a1 

transport; electron 

transport 

1424461_at 1.572 dynactin 2 --- 

transport; transport along 

microtubules 

1426960_a_at 1.304 fatty acid 2-hydroxylase Fa2h 

transport; electron 

transport; metabolism 

1421374_a_at 1.647 

FXYD domain-containing ion 

transport regulator 1 Fxyd1 transport; ion transport 

1418374_at 1.515 

FXYD domain-containing ion 

transport regulator 3 Fxyd3 transport; ion transport 
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1417343_at 1.48 

FXYD domain-containing ion 

transport regulator 6 Fxyd6 transport; ion transport 

1419200_at 1.76 

FXYD domain-containing ion 

transport regulator 7 Fxyd7 transport; ion transport 

1452033_at 1.647 

GLE1 RNA export mediator-like 

(yeast Gle1l 

transport; mRNA-nucleus 

export 

1419027_s_at 1.629 glycolipid transfer protein   transport; lipid transport 

transport; endosome to 

lysosome 1453290_at 1.324 high mobility group box 2-like 1 Hmgb2l1 

1421154_at 1.808 

hyperpolarization-activated, cyclic 

nucleotide-gated K+ 2 Hcn2 

transport; potassium ion 

transport 

transport; intracellular 

protein transport; protein-

nucleus import 1450385_at 1.269 karyopherin (importin) alpha 3 Kpna3 

1448541_at 1.386 kinesin 2 Kns2 

transport; organelle 

transport 

transport; intracellular 

protein transport; 

heterophilic cell adhesion 1423074_at 1.545 lectin, mannose-binding 2 Lman2 

transport; lipid transport; 

endocytosis; cholesterol 

metabolism 1421821_at 1.429 low density lipoprotein receptor Ldlr 

1416836_at 1.294 

low-density lipoprotein receptor-

related protein 10 Lrp10 transport; lipid transport 

1417963_at 2.233 phospholipid transfer protein Pltp transport; lipid transport 

1421790_a_at 1.754 

potassium voltage-gated channel, 

shaker-related subfamily, beta 

member 3 Kcnab3 transport; ion transport 

1449544_a_at 1.296 

potassium voltage-gated channel, 

subfamily H (eag-related), member 

2 Kcnh2 

transport; ion transport; 

signal transduction; 

circulation; regulation of 

heart rate 

1434635_at 1.714 rabphilin 3A Rph3a 

transport; intracellular 

protein transport 

transport; 

nucleocytoplasmic 

transport  1448740_at 1.349 

RAN guanine nucleotide release 

factor   

transport; protein transport; 

protein targeting 1426123_a_at 1.856 ribosome binding protein 1 Rrbp1 

1416190_a_at 1.363 

Sec61 alpha 1 subunit (S. 

cerevisiae) Sec61a1 transport; protein transport 

1455987_at 1.581 

Sec61 alpha 1 subunit (S. 

cerevisiae) Sec61a1 transport; protein transport 
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1450247_a_at 1.715 

secretory carrier membrane protein 

5 Scamp5 transport; protein transport 

1436189_at 1.452 

serine (or cysteine) proteinase 

inhibitor, clade B, member 6a Serpinb6a transport 

1418738_at 1.558 

sodium channel, voltage-gated, type 

I, beta polypeptide Scn1b transport; ion transport 

1420784_at 4.754 

sodium channel, voltage-gated, type 

XI, alpha polypeptide Scn11a transport; ion transport  

1452031_at 1.458 

solute carrier family 1 (glial high 

affinity glutamate transporter), 

member 3 Slc1a3 

transport; protein transport; 

protein targeting 

1427107_at 0.722 

solute carrier family 16 

(monocarboxylic acid transporters), 

member 11 Slc16a11 transport; ion transport 

1417329_at 1.546 

solute carrier family 23 (nucleobase 

transporters), member 2 Slc23a2 

transport; sodium ion 

transport 

1422811_at 1.543 

solute carrier family 27 (fatty acid 

transporter), member 1 Slc27a1 transport; lipid transport 

1424900_at 1.43 

solute carrier family 29 (nucleoside 

transporters), member 4 Slc29a4 transport 

1416464_at 4.068 

solute carrier family 4 (anion 

exchanger), member 1 Slc4a1 transport; anion transport 

1435860_at 1.421 

solute carrier family 5 (sodium-

dependent vitamin transporter), 

member 6 Slc5a6 transport; ion transport 

1450703_at 1.454 

solute carrier family 7 (cationic 

amino acid transporter, y+ system), 

member 2 Slc7a2 

transport; animo acid 

transport 

1426068_at 1.358 

solute carrier family 7 (cationic 

amino acid transporter, y+ system), 

member 4 Slc7a4 

transport; amino acid 

transport 

1420913_at 2.366 

solute carrier organic anion 

transporter family, member 2a1 Slco2a1 

transport; prostaglandin 

transport 

1433933_s_at 1.266 

solute carrier organic anion 

transporter family, member 2b1 Slco2b1 transport 

transport; cation transport 

regulation 1452738_at 1.56 stomatin-like 1 Stoml1 

1419289_a_at 1.509 synaptogyrin 1 Syngr1 transport 

1416098_at 1.433 synaptogyrin 3 Syngr3 transport 

1431191_a_at 1.54 synaptotagmin 1 Syt1 transport 

1422878_at 1.263 synaptotagmin 12 Syt12 transport 

1449866_at 1.361 synaptotagmin 2 Syt2 transport 
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transport; electron 

transport 1429972_s_at 2.05 thioredoxin reductase 2 Txnrd2 

transport; electron 

transport 1451936_a_at 1.613 thioredoxin reductase 2 Txnrd2 

transport; intracellular 

protein transport 1428110_x_at 1.761 vacuolar protein sorting 11 (yeast) Vps11 

1423940_at 1.262 

Yip1 interacting factor homolog (S. 

cerevisiae) Yif1 

transport; Rab mediated 

membrane transport 

 
Synapse related and vesicle trafficking 

1422635_at 1.732 Acetylcholinesterase Ache 

vesicle; neurotransmitter 

catabolism 

vesicle mediated-transport; 

endocytosis; intracellular 

protein transport 1460724_at 1.958 

adaptor protein complex AP-2, 

alpha 1 subunit Ap2a1 

vesicle mediated-transport; 

endocytosis; intracellular 

protein transport 1452490_a_at 1.389 

adaptor protein complex AP-2, 

alpha 2 subunit Ap2a2 

behaviour; synaptic 

transmission 1423022_at 1.503 adrenergic receptor, alpha 2a Adra2a 

behaviour; synaptic 

transmission 1416695_at 1.213 benzodiazepine receptor, peripheral Bzrp 

synaptic vesicle 

endocytosis; negative 

regulatio of cell cycle 1425532_a_at 1.451 bridging integrator 1 Bin1 

1449183_at 1.342 catechol-O-methyltransferase Comt 

synapse; neurotransmitter 

catabolism 

1439611_at 0.528 

cholinergic receptor, muscarinic 1, 

CNS Chrm1 

behaviour; synaptic 

transmission 

1455931_at 0.609 

cholinergic receptor, nicotinic, alpha 

polypeptide 3 Chrna3 

behaviour; synaptic 

transmission 

1456354_at 0.646 

cholinergic receptor, nicotinic, alpha 

polypeptide 4 Chrna4 

behaviour; synaptic 

transmission 

1417747_at 1.576 complexin 1 Cplx1 

synapse; neurotransmitter 

transport  

1436383_at 1.385 complexin 2 Cplx2 

synapse; vesicle docking 

during the process of 

exocytosis; 

neurotransmitter transport; 

membrane fusion 

1455672_s_at 1.545 complexin 2 Cplx2 

synapse; vesicle docking 

during the process of 

exocytosis; 

neurotransmitter transport; 
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membrane fusion 

1418810_at 1.597 

corticotropin releasing hormone 

receptor 1 Crhr1 

behaviour; synaptic 

transmission 

1426465_at 1.547 

discs, large homolog-associated 

protein 4 (Drosophila) BC024558 

synapse and neuronal cell 

signaling 

1432004_a_at 1.276 dynamin 2 Dnm2 vesicle; endocytosis 

1427039_at 1.327 epsin 1 Epn1 vesicle; endocytosis 

1425790_a_at 1.39 

glutamate receptor, ionotropic, 

kainate 2 (beta 2) Grik2 

behaviour; synaptic 

transmission 

1427109_at 1.389 

glutamate receptor, ionotropic, 

NMDA3B Grin3b 

behaviour; synaptic 

transmission 

1455143_at 1.34 neuroligin 2 Nlgn2 synaptogenesis 

1422099_a_at 1.574 opioid receptor-like Oprl 

behaviour; synaptic 

transmission 

1417289_at 1.369 

pleckstrin homology domain-

containing, family A 

(phosphoinositide binding specific) 

member 2 Plekha2 

development; synaptic 

differentiation 

1449310_at 1.702 

prostaglandin E receptor 2 (subtype 

EP2) Ptger2 

behaviour; synaptic 

transmission 

1456925_at 1.525 

purinergic receptor P2X-like 1, 

orphan receptor P2rxl1 

behaviour; synaptic 

transmission 

1418341_at 1.367 

RAB4A, member RAS oncogene 

family Rab4a 

vesicle; regulation of 

endocytosis 

synaptic transmission; 

neuropeptide signaling 

pathway 1448546_at 1.392 

Ras association (RalGDS/AF-6) 

domain family 3 Rassf3 

1421673_s_at 3.476 syntaxin 1 b-like Stx1bl vesicle 

1453228_at 1.835 syntaxin 11 Stx11 vesicle; membrane fusion 

1435102_a_at 1.361 syntaxin 18 Stx18 

vesicle docking during the 

process of exocytosis; ER 

to Golgi transport 

1450844_at 1.336 syntaxin 6 Stx6 

transport; intracellular 

protein transport 

1419411_at 1.626 tachykinin 2 Tac2 

synaptic transmission; 

neuropeptide signaling 

pathway 

1420924_at 1.584 

tissue inhibitor of metalloproteinase 

2 Timp2 synaptic vesicle   

Myelin 
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1460219_at 1.455 myelin-associated glycoprotein Mag 

cell adhesion; hetetophilic 

cell adhesion 

cell differentiation; 

neurogenesis; myelin 

component 1436263_at 1.366 

myelin-associated oligodendrocytic 

basic protein Mobp 

 Others 

1433548_at 1.679 

alpha globin regulatory element 

containing gene Mare unknown 

1429607_at 1.526 

amyotrophic lateral sclerosis 2 

(juvenile) chromosome region, 

candidate 3 homolog(human) --- ALS related 

1460596_at 1.322 

angiotensin II, type I receptor-

associated protein Agtrap 

regulation of blood 

pressure 

1437828_s_at 1.488 BING4 protein Bing4 unknown 

1426869_at 1.413 

biregional cell adhesion molecule-

related/down-regulated by 

oncogenes (Cdon) binding protein Boc 

development; regulation of 

myogenesis 

1418746_at 1.59 brain protein 17 Brp17 unknown 

1425963_at 1.889 calcium binding protein 7 Cabp7 unknown 

1433594_at 1.388 COMM domain containing 2 

D3Ertd176

e unknown 

1435083_at 1.75 Cortexin BC028881 development; signaling 

1435328_at 1.258 cysteine and histidine rich 1 Cyhr1 unknown 

1423752_at 1.425 

DEAD (Asp-Glu-Ala-Asp) box 

polypeptide 47 Ddx47 unknown 

1431561_a_at 1.744 

DEAH (Asp-Glu-Ala-His) box 

polypeptide 34 Dhx34 unknown 

1452693_at 1.527 

DEAH (Asp-Glu-Ala-His) box 

polypeptide 35 Dhx35 unknown 

development; 

determination of left/right 

symmetry; cell 

differentiation 1419204_at 0.738 delta-like 1 (Drosophila) Dll1 

1448669_at 1.472 

dickkopf homolog 3 (Xenopus 

laevis) Dkk3 

development; Wnt receptor 

signaling pathway 

1448974_at 0.77 doublecortin Dcx 

development; cns 

development 

1426024_a_at 1.354 drebrin 1 Dbn1 

development; 

neurogenesis 

1431339_a_at 1.545 EF hand domain containing 2 D4Wsu27e calcium binding protein 

1453159_at 0.505 

EF-hand domain (C-terminal) 

containing 1 Efhc1 calcium binding protein 
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1417018_at 1.283 

epidermal growth factor-containing 

fibulin-like extracellular matrix 

protein 2 Efemp2 blood coagulation 

1419097_a_at 1.484 erythrocyte protein band 7.2 Epb7.2 erythrocyte related 

angiogenesis; signaling; 

transmembrane receptor 

protein tyrosine kinase 

signaling pathway 1454037_a_at 1.64 FMS-like tyrosine kinase 1 Flt1 

1451981_at 1.405 gene trap ROSA b-geo 22 Gtrgeo22 behaviour; adult behaviour 

1426811_at 1.442 glycoprotein hormone alpha 2 Gpha2 hormone activity 

1418199_at 21.09 hemogen Hemgn others; blood 

1421654_a_at 1.608 lamin A Lmna 

others; nuclear shape and 

size 

1453126_at 2.96 

leucine rich repeat and fibronectin 

type III domain containing 2 --- others; unknown 

1436238_at 1.509 

leucine-rich repeat LGI family, 

member 3 Lgi3 others; unknown 

1453628_s_at 2.216 leucine-rich repeat-containing 2 Lrrc2 others; unknown 

1452024_a_at 1.65 LIM domain binding 1 Ldb1 development 

1417283_at 1.434 Ly6/neurotoxin 1 Lynx1 

enhance nicotinic 

acetylcholine receptor 

function in the presence of 

acetylcholine 

1423764_s_at 1.252 mitochondrial ribosomal protein L37 Mrpl37 ribosome biogenesis 

1427158_at 1.223 mitochondrial ribosomal protein S30 Mrps30 ribosome biogenesis 

1416437_a_at 1.648 

mitogen-activated protein kinase 8 

interacting protein 3 Mapk8ip3 

development; brain 

development 

1422790_at 1.417 natriuretic peptide precursor type C Nppc hormone activity 

1428869_at 1.407 

nucleolar and coiled-body 

phosphoprotein 1 Nolc1 

nucleolus organization and 

biogenesis 

1451575_a_at 1.463 

nudix (nucleotide diphosphate linked 

moiety X)-type motif 3 Ndx unknown 

1416750_at 1.379 opioid receptor, sigma 1 Oprs1 behaviour 

1439663_at 1.778 patched homolog Ptch 

development; 

organogenesis; limb 

morphogenesis; negative 

regulation of body size 

1424078_s_at 1.307 peroxisomal biogenesis factor 6 Pex6 peroxisomal membrane 

1422780_at 1.601 peroxisomal membrane protein 4 Pxmp4 peroxisomal membrane 

1449374_at 1.625 pipecolic acid oxidase Pipox 

peroxisome organization 

and biogenesis 
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1416048_at 1.462 polyhomeotic-like 2 (Drosophila) Phc2 unknown 

1416965_at 1.691 

proprotein convertase 

subtilisin/kexin type 1 inhibitor Pcsk1n 

peptide hormone 

processing 

development; 

axonogenesis; NGF 

receptor signaling pathway; 

protein amino acid 

dephosphorylation; 1421196_at 1.623 

protein tyrosine phosphatase, non-

receptor type 11 Ptpn11 

development; germ cell 

development 1418015_at 1.611 pumilio 2 (Drosophila) Pum2 

1419056_at 1.201 

reticulon 2 (Z-band associated 

protein) Rtn2 unknown 

1448739_x_at 1.491 ribosomal protein S18 Rps18 ribosome biogenesis 

1460351_at 1.305 

S100 calcium binding protein A11 

(calizzarin) S100a11 calcium binding protein 

1424542_at 2.04 S100 calcium binding protein A4 S100a4 calcium binding protein 

1451655_at 0.523 schlafen 8 Slfn8 unknown 

1451689_a_at 1.682 SRY-box containing gene 10 Sox10 unknown 

1448956_at 1.36 START domain containing 10 Stard10 unknown 

development; 

neuromuscular junction 

development 1416825_at 1.381 syntrophin, acidic 1 Snta1 

1449041_a_at 1.486 

thyroid hormone receptor interactor 

6 Trip6 behaviour 

1429775_a_at 1.285 

transmembrane 7 superfamily 

member 1 Tm7sf1 

development; 

nephrogenesis 

1422705_at 1.52 

transmembrane, prostate androgen 

induced RNA --- unknown 

1448976_at 1.205 tuftelin interacting protein 11 Tfip11 ossification 

1456355_s_at 1.42 tuftelin interacting protein 11 Tfip11 ossification 

1427661_a_at 1.411 

tumor-suppressing subchromosomal 

transferable fragment 4 Tssc4 unknown 

1448916_at 1.636 

v-maf musculoaponeurotic 

fibrosarcoma oncogene family, 

protein G (avian) Mafg 

behaviour, adult; regulation 

nof cell cycle; regulation of 

cell proliferation 
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Supplemental Table 2. List of spots with different volumes identified in 2DE IPG 4-7 or 3-10 

(2) from Nogo-A KO versus WT adult lumbar spinal cord protein lysates. Spots 

corresponding to statistically significant (1way-Anova test p≤0.05; normalization per gel as 

well as to the median of the 3 biological replicate gels; call (present/absent) filter (2 out of 3 

biological replicates WT and/or KO) was applied.) regulated proteins are shown. Mean fold 

change values are reported (1). Spots present only in one out of the two analyzed conditions 

were assigned the arbitrary values of 20 (20-fold increase; present only in the KO) or 0.05 

(20-fold decrease; present only in the WT). Proteins have been subdivided in functional 

categories according to GeneOntology classification (3) and literature mining. 

 

  
QUANTIFICATION 
(FOLD CHANGE)1  

Spot ID   
Number Protein mean (p≤0.05) 

IPG 
strip2 GeneOntology3 

 

CYTOSKELETON 

Structural constituent of 

cytoskeleton1837 Actin (Beta, Gamma, Alpha) 0.76 4-7 

Structural constituent of 

cytoskeleton1926 Alpha centractin (Actin related protein 1) 1.22 4-7 

2032 Alpha internexin (66kDa filament) 0.05 4-7 Intermediate filament, neurogenesis

2155 Alpha internexin (66kDa filament) 20.00 4-7 Intermediate filament, neurogenesis

2147 Alpha internexin (66kDa filament) 20.00 4-7 Intermediate filament, neurogenesis

4102 Cofilin, non-muscle isoform      (Cofilin-1) 0.79 3-10 Actin filament organization

4180 Cofilin, non-muscle isoform      (Cofilin-1) 1.70 3-10 Actin filament organization

4173 GFAP 1.50 3-10 Intermediate filament

4505 GFAP 20.00 3-10 Intermediate filament

4526 GFAP 20.00 3-10 Intermediate filament

3951 GFAP 1.92 3-10 Intermediate filament

4502 GFAP 20.00 3-10 Intermediate filament

4058 GFAP 1.50 3-10 Intermediate filament

1864 GFAP 2.94 4-7 Intermediate filament

2027 GFAP 0.60 4-7 Intermediate filament

2038 GFAP 0.05 4-7 Intermediate filament

2018 GFAP 0.60 4-7 Intermediate filament

4007 Neurofilament-68 0.63 3-10 Intermediate filament

4339 Neurofilament-68 0.05 3-10 Intermediate filament

1679 Neurofilament-68 0.62 4-7 Intermediate filament

1674 Neurofilament-68 0.62 4-7 Intermediate filament

1753 Neurofilament-68 1.50 4-7 Intermediate filament

4119 

Myosin regulatory light chain 2, skeletal 

muscle isoform 0.46 3-10 

Structural constituent of muscle, 

muscle contraction

4333 

Myosin regulatory light chain 2, skeletal 

muscle isoform 0.05 3-10 

Structural constituent of muscle, 

muscle contraction
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1678 Peripherin  1.25 4-7 Intermediate filament

Structural constituent of 

cytoskeleton1776 Tropomyosin alpha chain (Tropomyosin 1) 0.61 4-7 

Structural constituent of 

cytoskeleton4261 Tropomyosin beta chain (Tropomyosin 2) 0.27 3-10 

Structural constituent of 

cytoskeleton1914 Tubulin alpha 0.78 4-7 

Structural constituent of 

cytoskeleton1870 Tubulin alpha 1.50 4-7 

Structural constituent of 

cytoskeleton1908 Tubulin beta chain 0.75 4-7 

Structural constituent of 

cytoskeleton2012 Tubulin beta chain 0.69 4-7 

 

NEUROPROTECTION 

3925 Gamma enolase (Neural enolase)  2.90 3-10 Glycolysis

1775 Gamma enolase (Neural enolase)   1.50 4-7 Glycolysis

4157 Glutathione peroxidase 0.05 3-10 Response to oxidative stress

4239 Glutathione S-transferase Mu 1 1.74 3-10 Glutathione transferase activity

4200 Glutathione S-transferase P 1 0.50 3-10 Glutathione transferase activity

4481 

Lactoylglutathione lyase (Aldoketomutase; 

Glyoxalase I) 20.00 3-10 

Lactoylglutathione lyase, Anti-

apoptosis

4279 Peroxiredoxin 5 1.50 3-10 Antioxidant activity

4334 

Prohibitin (B-cell receptor associated 

protein 32) 0.05 3-10 DNA replication

Antioxidant activity, Response to 

oxidative stress3977 Superoxide dismutase 1.27 3-10 

Antioxidant activity, Response to 

oxidative stress3962 Superoxide dismutase 1.54 3-10 

4088 Synuclein 1.50 3-10 Dopamine metabolic process

2051 Thiosulfate sulfurtransferase 0.05 4-7 Dopamine metabolic process

4341 

Translationally controlle tumor protein 

(p23) 0.05 3-10 Anti-apoptosis

SIGNALING 

2621 

14-3-3 protein beta/alpha (PKC inhibitor 

protein 1.34 4-7 Protein binding

1774 14-3-3 protein tau (14-3-3 protein theta) 0.46 4-7 Signal transduction

Cell proliferation, Regulation of cell 

cycle, Signal transduction4347 Acidic FGF (FGF-1) 0.05 3-10 

Protein kinase C binding, 

Regulation of apoptosis3931 Astrocytic phosphoprotein PEA-15 1.50 3-10 

1881 

Dihydropyrimidinase related protein 2 

(Turned on after division, 64 kDa protein; 

CRIMP2) 0.90 4-7 Hydrolase activity

1681 

Guanine nucleotide-binding protein 

(Transducin alpha chain) 2.00 4-7 G-protein signaling

2164 

Guanine nucleotide-binding protein 

(Transducin beta chain 2) 20.00 4-7 G-protein signaling

4020 

Rho GDP-dissociation inhibitor (GDI) 1 

(alpha) 1.55 3-10 GTP-ase activator activity
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4521 

Rho GDP-dissociation inhibitor (GDI) 1 

(alpha) 20.00 3-10 GTP-ase activator activity

1748 

Serine/Threonine protein phosphatase 

2A 1.80 4-7 

Protein phosphatase 2 activity, 

Regulation of cell cycle

 

MYELIN 

Structural constituent of myelin 

sheat4122 MBP (Myelin Basic Protein) 0.52 3-10 

 

METABOLISM 

1957 Adenosylhomocysteinase 0.66 4-7 One-carbon compound metabolism

2002 Alpha enolase (Non-neural enolase) 1.65 4-7 Glycolysis

Lipid transport, Cholesterol 

metabolism4030 Apolipoprotein A-I precursor 1.54 3-10 

Lipid transport, Cholesterol 

metabolism2619 Apolipoprotein A-I precursor 0.50 4-7 

Lipid transport, Cholesterol 

metabolism1756 Apolipoprotein A-I precursor 0.50 4-7 

3981 Carbonic anhydrase 2 2.50 3-10 One-carbon compound metabolism

4513 

Fructose-bisphosphate aldolase C (Brain 

type Aldolase 3) 20.00 3-10 

Fructose metabolic process, 

Glycolysis

4161 Phosphoglycerate mutase 1 2.30 3-10 Glycolysis

4052 Triosophosphate isomerase 0.58 3-10 Glycolysis

 

TRANSPORT 

Hydrogen transporting ATPase 

activity1929 ATP synthase beta chain 0.60 4-7 

Hydrogen transporting ATPase 

activity1970 ATP synthase beta chain 1.60 4-7 

2165 Chloride intracellular channel protein 4 20.00 4-7 Chloride channel activity

2006 Creatin kinase, B chain 0.89 4-7 Transferase activity

Voltage-gated ion-selective channel 

activity, Nerve-nerve synaptic 

transmission4002 

Voltage-dependent anion-selective 

channel protein 1 0.57 3-10 

Voltage-gated ion-selective channel 

activity, Nerve-nerve synaptic 

transmission4255 

Voltage-dependent anion-selective 

channel protein 1 0.80 3-10 

 

OTHERS 

1887 Annexin A6 0.57 4-7 Calcium ion binding

4495 Calretinin (Calbindin) 20.00 3-10 Calcium ion binding, Gap junctions

1764 Calretinin (Calbindin) 1.40 4-7 Calcium ion binding, Gap junctions

4323 Elongation factor 1-beta 0.59 3-10 Translational elongation

regulation of progression through 

cell cycle4225 Heat shock cognate 71 kDa protein  1.50 3-10 

regulation of progression through 

cell cycle2049 Heat shock cognate 71 kDa protein  0.05 4-7 

regulation of progression through 

cell cycle1862 Heat shock cognate 71 kDa protein  0.60 4-7 

1925 Heterogeneous nuclear 0.65 4-7 mRNA processing
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ribonucleoprotein K 

4139 

Hippocalcin-like protein 4 (Neural visinin-

like protein) 2.00 3-10 

Calcium ion binding, CNS 

development

1828 Lysozyme C precursor 1.79 4-7 Defense response

2154 

NADH-ubiquinone oxidoreductase 75 

kDa subunit  20.00 4-7 

Oxidoreductase activity, 

Respiratory chain

2148 

NADH-ubiquinone oxidoreductase 75 

kDa subunit  20.00 4-7 

Oxidoreductase activity, 

Respiratory chain

4488 

NADH-ubiquinone oxidoreductase ASHI 

subunit, mitochondrial precursor   20.00 3-10 

Oxidoreductase activity, 

Respiratory chain

4348 Ndufv2 protein 0.05 3-10 

Oxidoreductase activity, 

Respiratory chain

4342 

Peptidyl-prolyl cis-trans isomerase A 

(Cyclophilin A; Rotamase) 0.05 3-10 Protein folding

4027 

Proprotein convertase subtilisin/kexin 

type 1 inhibitor 1.45 3-10 peptide hormone processing

2031 Purine nucleoside phosphorylase 0.05 4-7 Transferase activity

4013 Purkinje cell protein 4-like 1 1.50 3-10  NA

4049 

Pyridoxine-5'-phosphate oxidase 

(Pyridoxamine-phosphate oxidase) 0.54 3-10 

Oxidoreductase activity, Pyridoxine 

biosynthetic process

1763 Septin 1.50 4-7 

Cell cycle, cytokinesis, regulation of 

exocytosis

2654 Septin 5 (Peanut-like protein 1) 1.30 4-7 

Cell cycle, cytokinesis, regulation of 

exocytosis

2655 

Transcriptional activator protein PUR-

alpha (Purine single-stranded DNA-

binding protein) 0.61 4-7 

Transcription factor activity, Cell 

differentiation, Apoptosis, 

Development

3917 Ubiquitin B 0.64 3-10 Protein modification

 

 

 

 

 

 

 



  

Supplemental Table 3. Proteins identified by ICAT approach in the comparison of C57Bl/6 Nogo-A KO versus WT adult lumbar spinal cord are 

shown. The analysis has been performed through Sisyphus software and proteins listed according to Sisyphus entry number. A protein 

probability threshold of p≥0.90 has been applied (1). Number of unique peptides (2), total number of identified peptides (3) as well as percent of 

protein sequence coverage (4) is reported. For each protein the absence -S- or the presence and number -Mx- of membrane domains is shown (5). 

The adjusted ratio mean (6) corresponds to the mean ratio value between the expression levels in Nogo-A KO versus WT tissue adjusted to the 

mean ratio value of 1.189±0.023. Adjusted ratio standard deviation (7) values for each protein are also listed. 

 

 
Entry 
no. 

Protein 
probability1

DESCRIPTION Num 
unique 
peps2

 Tot 
num 

peps3

Percent 
coverage4

Number of 
membrane 
domains5 

Mx 

 Adjusted 
ratio 

mean6

Adjusted 
ratio 

stdev7

272 1 Voltage-dependent anion channel 3,31 kDa protein 2 2 3.9  S 1.21  0.40  

77 1 Voltage-dependent anion-selective channel protein 2 1 1 6.4  S 0.00  0.00  

373 0.96 Visual cortex cDNA, RIKEN full-length enriched library, 

clone:K430312P03 product:collapsin response mediator protein 

1, full insert sequence,Dihydropyrimidinase-related protein 1 

1 1 1.8  S 0.00  0.00  

186 1 Visinin-like protein 1 6 12 13.7  S 0.94  0.06  

122 1 Vimentin 2 2 2.8  S 0.00  0.00  

258 1 Vesicle-fusing ATPase,13 days embryo lung cDNA, RIKEN full-

length enriched library, clone:D430035B05 product:N-

ethylmaleimide sensitive fusion protein, full insert sequence 

6 7 8.1  S 0.86  0.23  

386 0.94 Ubiquitin carboxyl-terminal hydrolase 14,Usp14 protein 1 1 2.4  S 840.31  16.09  

138 1 Ubiquitin-activating enzyme E1 1 3 5 3.4  M2 0.98  0.37  
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70 1 Ubiquinol-cytochrome c reductase complex 11 kDa protein, 
mitochondrial precursor 

5 5 47.2  S 0.66  0.16  

255 1 Ubiquinol-cytochrome-c reductase complex core protein 2, 

mitochondrial precursor 

2 4 2.9  S 0.78  0.25  

257 1 Ubiquinol-cytochrome-c reductase complex core protein I, 

mitochondrial precursor,CRL-1722 L5178Y-R cDNA, RIKEN 

full-length enriched library, clone:I730067O22 

product:ubiquinol-cytochrome c reductase core protein 1, full 

insert sequence 

6 9 11.7  S 1.04  0.40  

24 1 Tubulin polymerization-promoting protein 2 3 3.7  S 0.00  0.00  

240 1 Tubulin alpha-4 chain 10 19 14.7  S 1.23  0.25  

181 1 Tubulin, beta 2,ES cells cDNA, RIKEN full-length enriched 

library, clone:2410129E14 product:tubulin beta-4 chain 

homolog 

8 16 18.7  S 1.09  0.19  

329 0.99 tripeptidyl peptidase II,Tpp2 protein 1 1 1.0  S 0.00  0.00  

96 1 Triosephosphate isomerase 7 9 16.5  S 1.19  0.41  

73 1 Translationally-controlled tumor protein,PREDICTED: similar to 

tumor protein, translationally-controlled 1 

1 1 8.7  S 840.31  16.09  

18 1 Transgelin-3 2 4 6.5  S 2.04  0.22  

172 1 Transaldolase 2 2 3.9  S 1.02  0.24  

348 0.98 TIB-55 BB88 cDNA, RIKEN full-length enriched library, 

clone:I730070F13 product:guanine monphosphate synthetase, 

full insert sequence 

1 1 1.4  S 0.00  0.00  

244 1 Thy-1 membrane glycoprotein precursor 3 4 8.6  M2 0.80  0.15  

106 1 Thioredoxin domain-containing protein 4 precursor 2 2 3.0  S 840.31  16.09  

174 1 Thioredoxin 4 4 20.2  S 2.63  0.68  

48 1 Tetraspanin-2 2 2 5.4  M4 0.34  0.11  

318 0.99 T-complex protein 1 subunit zeta 1 1 4.7  S 840.31  16.09  

320 0.99 T-complex protein 1 subunit gamma 2 2 3.5  S 840.31  16.09  

237 1 T-complex protein 1 subunit epsilon 4 4 3.9  S 1.11  0.20  
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36 1 T-complex protein 1 subunit delta 5 6 5.8  S 0.93  0.17  

166 1 T-complex protein 1 subunit alpha B 3 3 3.2  S 0.00  0.00  

316 0.99 System N amino acid transporter 1 1 1 2.2  M11 2.24  0.51  

163 1 Synaptotagmin-2 3 3 4.3  M1 1.14  0.37  

79 1 Synaptophysin 4 7 4.1  M4 1.07  0.17  

360 0.98 Synaptic vesicle membrane protein VAT-1 homolog 1 1 3.0  S 840.31  16.09  

241 1 Succinyl-CoA ligase [GDP-forming] alpha-chain, 
mitochondrial precursor 

3 4 7.5  S 0.73  0.24  

214 1 Succinyl-CoA ligase [ADP-forming] beta-chain, mitochondrial 

precursor 

2 4 2.6  S 1.24  0.25  

126 1 Succinate semialdehyde dehydrogenase, mitochondrial 
precursor 

3 4 7.3  S 0.07  0.09  

341 0.98 Succinate dehydrogenase [ubiquinone] iron-sulfur protein, 

mitochondrial precursor 

1 1 3.9  S 840.31  16.09  

127 1 Succinate dehydrogenase [ubiquinone] flavoprotein subunit, 

mitochondrial precursor 

4 6 5.9  S 0.00  0.00  

164 1 Stress-induced-phosphoprotein 1 6 7 4.8  S 0.17  0.24  

363 0.97 Splice Isoform V0 of Versican core protein precursor,367 kDa 

protein,Splice Isoform V2 of Versican core protein 

precursor,PREDICTED: chondroitin sulfate proteoglycan 2 

isoform 1 

2 2 0.6  M1 0.00  0.00  

153 1 Splice Isoform SERCA2B of Sarcoplasmic\endoplasmic 

reticulum calcium ATPase 2,Splice Isoform SERCA2A of 

Sarcoplasmic\endoplasmic reticulum calcium ATPase 2 

6 8 4.4  M10 1.11  0.21  

90 1 Splice Isoform Pl-VDAC1 of Voltage-dependent anion-
selective channel protein 1,Splice Isoform Mt-VDAC1 of 
Voltage-dependent anion-selective channel protein 1 

5 5 11.0  S 0.50  0.44  
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345 0.98 Splice Isoform Long of Trifunctional purine biosynthetic protein 

adenosine-3,Splice Isoform Short of Trifunctional purine 

biosynthetic protein adenosine-3 

1 1 4.2  S 0.00  0.00  

94 1 Splice Isoform L-MAG of Myelin-associated glycoprotein 
precursor,Splice Isoform S-MAG of Myelin-associated 
glycoprotein precursor 

3 6 2.7  M2 0.34  0.09  

234 1 Splice Isoform KV3.3B of Potassium voltage-gated channel 

subfamily C member 3 

1 1 2.2  M6 0.00  0.00  

7 1 Splice Isoform HSP105-beta of Heat-shock protein 105 kDa 4 4 7.2  S 0.99  0.25  

4 1 Splice Isoform HK1-SA of Hexokinase-1,Splice Isoform 
HK1-SB of Hexokinase-1,Splice Isoform HK1 of 
Hexokinase-1,112 kDa protein 

12 15 8.7  S 1.57  1.51  

302 1 Splice Isoform GlyT-1B of Sodium- and chloride-dependent 
glycine transporter 1,Splice Isoform GlyT-1A of Sodium- 
and chloride-dependent glycine transporter 1 

2 2 2.2  M12 0.59  0.13  

252 1 Splice Isoform Glt-1A of Excitatory amino acid transporter 

2,Splice Isoform Glt-1B of Excitatory amino acid transporter 

2,Splice Isoform Glt-1 of Excitatory amino acid transporter 2 

7 12 5.7  M10 0.83  0.28  

223 1 Splice Isoform CNPI of 2',3'-cyclic-nucleotide 3'-
phosphodiesterase,47 kDa protein,Splice Isoform CNPII of 
2',3'-cyclic-nucleotide 3'-phosphodiesterase 

14 35 21.5  S 0.47  0.12  

64 1 Splice Isoform Beta of ADAM 22 precursor,91 kDa 

protein,Splice Isoform Alpha of ADAM 22 precursor 

2 2 2.8  M2 0.00  0.00  

56 1 Splice Isoform b of Sodium- and chloride-dependent 
glycine transporter 2,Splice Isoform a of Sodium- and 
chloride-dependent glycine transporter 2 

3 3 2.5  M12 0.67  0.22  

60 1 Splice Isoform B of Cytosolic acyl coenzyme A thioester 

hydrolase,Splice Isoform C of Cytosolic acyl coenzyme A 

thioester hydrolase,Splice Isoform D of Cytosolic acyl 

2 2 2.7  S 1.19  0.36  
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coenzyme A thioester hydrolase,Splice Isoform A of Cytosolic 

acyl coenzyme A thioester hydrolase 

350 0.98 Splice Isoform A of Drebrin,12 days embryo head cDNA, 

RIKEN full-length enriched library, clone:3010022H11 

product:drebrin 1, full insert sequence,Splice Isoform A2 of 

Drebrin 

1 1 2.5  S 840.31  16.09  

200 1 Splice Isoform A of AP-2 complex subunit alpha-1,108 kDa 

protein,102 kDa protein,105 kDa protein,Splice Isoform B of 

AP-2 complex subunit alpha-1,104 kDa protein 

6 6 6.1  S 1.02  0.22  

91 1 Splice Isoform 6 of Band 4.1-like protein 3, 13 days embryo 
forelimb cDNA, RIKEN full-length enriched library, 
clone:5930417L10 product:erythrocyte protein band 4.1-
like 3, full insert sequence 

2 2 1.8  S 0.65  0.19  

145 1 Splice Isoform 3 of Stromal cell-derived receptor 1 
precursor,Splice Isoform 1 of Stromal cell-derived receptor 
1 precursor 

3 3 6.5  M2 0.39  0.15  

377 0.95 Splice Isoform 3 of Phosphatidylinositol-4-phosphate 5-kinase 

type I gamma,Splice Isoform 1 of Phosphatidylinositol-4-

phosphate 5-kinase type I gamma,72 kDa protein,Splice 

Isoform 2 of Phosphatidylinositol-4-phosphate 5-kinase type I 

gamma 

1 1 2.6  S 840.31  16.09  

5 1 Splice Isoform 3 of Heterogeneous nuclear ribonucleoprotein 

K,Splice Isoform 1 of Heterogeneous nuclear ribonucleoprotein 

K,Bone marrow macrophage cDNA, RIKEN full-length enriched 

library, clone:I830091E20 product:heterogeneous nuclear 

ribonucleoprotein K, full insert sequence,44 kDa protein,Splice 

Isoform 2 of Heterogeneous nuclear ribonucleoprotein 

K,PREDICTED: similar to heterogeneous nuclear 

ribonucleoprotein K,51 kDa protein 

2 2 3.7  S 840.31  16.09  
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35 1 Splice Isoform 3 of Dynamin-1-like protein,Splice Isoform 2 of 

Dynamin-1-like protein,Splice Isoform 1 of Dynamin-1-like 

protein,Splice Isoform 4 of Dynamin-1-like protein 

2 2 1.1  S 0.00  0.00  

108 1 Splice Isoform 2 of Vesicular inhibitory amino acid 

transporter,Splice Isoform 1 of Vesicular inhibitory amino acid 

transporter 

1 1 2.7  M10 0.00  0.00  

209 1 Splice Isoform 2 of Tryptophanyl-tRNA synthetase,Splice 

Isoform 1 of Tryptophanyl-tRNA synthetase,PREDICTED: 

similar to tryptophanyl-tRNA synthetase 

1 1 5.9  S 840.31  16.09  

184 1 Splice Isoform 2 of Syntaxin-binding protein 1,Splice Isoform 1 

of Syntaxin-binding protein 1 

10 12 10.8  S 0.95  0.28  

381 0.95 Splice Isoform 2 of Striatin-4,Splice Isoform 1 of Striatin-4 1 1 2.0  S 0.00  0.00  

114 1 Splice Isoform 2 of Small glutamine-rich tetratricopeptide 
repeat-containing protein A,Splice Isoform 1 of Small 
glutamine-rich tetratricopeptide repeat-containing protein 
A 

2 2 4.8  S 0.72  0.16  

326 0.99 Splice Isoform 2 of Retinoblastoma-binding protein 9,Splice 

Isoform 1 of Retinoblastoma-binding protein 9 

1 1 7.5  S 0.95  0.25  

26 1 Splice Isoform 2 of Protein KIAA1045,Splice Isoform 1 of 

Protein KIAA1045,Protein 

3 3 10.9  S 840.31  16.09  

161 1 Splice Isoform 2 of Heat shock 70 kDa protein 4L,Splice 

Isoform 1 of Heat shock 70 kDa protein 4L 

4 5 6.5  S 1.62  0.90  

66 1 Splice Isoform 2 of Elongation factor Tu, mitochondrial 

precursor,50 kDa protein,Splice Isoform 1 of Elongation factor 

Tu, mitochondrial precursor 

2 4 3.4  S 1.01  0.35  
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45 1 Splice Isoform 2 of Dynamin-1,Splice Isoform 1 of Dynamin-

1,Splice Isoform 5 of Dynamin-1,Colon RCB-0549 Cle-H3 

cDNA, RIKEN full-length enriched library, clone:G430037A05 

product:Dynamin-1 (EC 3.6.5.5) homolog,MKIAA4093 

protein,Splice Isoform 3 of Dynamin-1,Splice Isoform 4 of 

Dynamin-1 

3 4 3.7  S 0.98  0.15  

278 1 Splice Isoform 2 of Cell division control protein 42 homolog 

precursor 

3 3 16.8  S 0.00  0.00  

120 1 Splice Isoform 2 of Calcium-dependent secretion activator 

1,Splice Isoform 1 of Calcium-dependent secretion activator 

1,Splice Isoform 4 of Calcium-dependent secretion activator 1 

7 7 3.7  S 0.87  0.25  

179 1 Splice Isoform 2 of Basigin precursor,Splice Isoform 1 of 

Basigin precursor,Basigin (Fragment) 

2 2 5.5  M2 0.00  0.00  

14 1 Splice Isoform 2 of AP-2 complex subunit beta-1,Splice 
Isoform 1 of AP-2 complex subunit beta-1 

9 11 5.7  S 0.19  0.04  

169 1 Splice Isoform 2 of Alpha-adducin 2 2 4.3  S 0.00  0.00  

17 1 Splice Isoform 2 of 14-3-3 protein theta,Splice Isoform 1 of 
14-3-3 protein theta 

3 3 9.9  S 1.70  0.55  

247 1 Splice Isoform 10 of Myelin basic protein,Splice Isoform 12 of 

Myelin basic protein,Splice Isoform 1 of Myelin basic 

protein,Splice Isoform 4 of Myelin basic protein,Splice Isoform 9 

of Myelin basic protein,Splice Isoform 5 of Myelin basic 

protein,Splice Isoform 7 of Myelin basic protein,Splice Isoform 6 

of Myelin basic protein,Splice Isoform 13 of Myelin basic 

protein,Splice Isoform 11 of Myelin basic protein,Splice Isoform 

8 of Myelin basic protein 

5 8 19.6  S 0.00  0.00  

12 1 Splice Isoform 1 of Rab GDP dissociation inhibitor beta,Splice 

Isoform 2 of Rab GDP dissociation inhibitor beta 

4 4 12.0  S 1.07  0.32  
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228 1 Splice Isoform 1 of Protein-L-isoaspartate(D-aspartate) O-
methyltransferase,Hypothetical protein,Adult male testis 
cDNA, RIKEN full-length enriched library, 
clone:1700020H09 product:protein-L-isoaspartate (D-
aspartate) O- methyltransferase 1, full insert sequence 

2 2 8.7  S 3.69  0.66  

38 1 Splice Isoform 1 of Nucleoporin-like protein RIP,Splice Isoform 

3 of Nucleoporin-like protein RIP,Splice Isoform 2 of 

Nucleoporin-like protein RIP,Splice Isoform 4 of Nucleoporin-

like protein RIP 

2 2 1.9  S 0.00  0.00  

81 1 Splice Isoform 1 of NAD-dependent deacetylase sirtuin-
2,Splice Isoform 2 of NAD-dependent deacetylase sirtuin-2 

7 11 19.6  S 0.68  0.24  

19 1 Splice Isoform 1 of Myosin Id 3 3 2.9  S 0.00  0.00  

194 1 Splice Isoform 1 of Myosin-14,Splice Isoform 2 of Myosin-14 2 2 0.9  S 0.00  0.00  

219 1 Splice Isoform 1 of Methylglutaconyl-CoA hydratase, 

mitochondrial precursor,Splice Isoform 3 of Methylglutaconyl-

CoA hydratase, mitochondrial precursor 

1 1 9.7  S 1.09  0.28  

33 1 Splice Isoform 1 of Isocitrate dehydrogenase [NAD] 
subunit alpha, mitochondrial precursor,Splice Isoform 2 of 
Isocitrate dehydrogenase [NAD] subunit alpha, 
mitochondrial precursor 

10 12 17.4  S 0.26  0.38  

333 0.99 Splice Isoform 1 of Epidermal growth factor receptor substrate 

15-like 1,Splice Isoform 3 of Epidermal growth factor receptor 

substrate 15-like 1,Splice Isoform 2 of Epidermal growth factor 

receptor substrate 15-like 1,Bone marrow macrophage cDNA, 

RIKEN full-length enriched library, clone:I830080N08 

product:epidermal growth factor receptor pathway substrate 15, 

related sequence, full insert sequence 

1 1 1.5  S 0.00  0.00  

239 1 Splice Isoform 1 of COP9 signalosome complex subunit 1,56 

kDa protein,Splice Isoform 2 of COP9 signalosome complex 

subunit 1 

4 4 4.3  S 840.31  16.09  
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84 1 Splice Isoform 1 of Choline transporter-like protein 1,59 
kDa protein,73 kDa protein,Splice Isoform 2 of Choline 
transporter-like protein 1,69 kDa protein 

2 2 1.3  M11 0.32  0.03  

356 0.98 Splice Isoform 1 of Cellular nucleic acid-binding protein,Splice 

Isoform 3 of Cellular nucleic acid-binding protein,Splice Isoform 

2 of Cellular nucleic acid-binding protein 

2 2 10.0  S 0.00  0.00  

15 1 Splice Isoform 1 of 4-aminobutyrate aminotransferase, 

mitochondrial precursor 

5 6 8.2  S 1.07  0.27  

72 1 Spectrin beta 2,Spectrin beta chain, brain 1,251 kDa protein 2 2 1.2  S 0.56  0.14  

218 1 SPARC-like protein 1 precursor 2 2 3.2  M1 0.82  0.27  

349 0.98 Solute carrier family 12 member 5 1 1 0.7  M12 0.72  0.19  

387 0.94 Solute carrier family 12 member 2 1 1 0.7  M11 840.31  16.09  

132 1 Sodium\potassium-transporting ATPase beta-3 chain 6 10 13.3  M1 0.90  0.55  

271 1 Sodium\potassium-transporting ATPase beta-2 chain 4 4 17.2  M1 0.98  0.10  

224 1 Sodium\potassium-transporting ATPase beta-1 chain,35 
kDa protein 

4 5 5.6  M1 0.56  0.12  

275 1 Sodium\potassium-transporting ATPase alpha-1 chain 

precursor 

5 10 6.5  M8 0.82  0.32  

155 1 Snap91 protein,Splice Isoform Short of Clathrin coat assembly 

protein AP180,Osteoclast-like cell cDNA, RIKEN full-length 

enriched library, clone:I420024G24 product:synaptosomal-

associated protein 91, full insert sequence,Splice Isoform Long 

of Clathrin coat assembly protein AP180,12 days embryo spinal 

ganglion cDNA, RIKEN full-length enriched library, 

clone:D130011L12 product:synaptosomal-associated protein, 

91 kDa, full insert sequence,CDNA, RIKEN full-length enriched 

library, clone:I920161I12 product:synaptosomal-associated 

protein 91, full insert sequence 

2 2 5.2  S 1.10  0.21  
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210 1 Short chain 3-hydroxyacyl-CoA dehydrogenase, mitochondrial 

precursor 

2 2 1.9  S 1.18  0.39  

49 1 Serum albumin precursor 37 66 30.4  S 0.85  0.29  

211 1 Serotransferrin precursor 12 15 14.1  M1 0.74  0.46  

303 0.99 Serine protease inhibitor A3M precursor 1 2 5.0  M1 0.00  0.00  

102 1 Serine\threonine-protein phosphatase 2A 65 kDa regulatory 

subunit A alpha isoform 

5 9 7.3  S 1.00  0.12  

347 0.98 S-phase kinase-associated protein 1A 1 1 4.9  S 0.41  0.14  

243 1 S-adenosylhomocysteine hydrolase-like 1 3 3 2.8  S 0.00  0.00  

321 0.99 RIKEN cDNA 9530077C05 2 2 3.5  S 840.31  16.09  

245 1 RIKEN cDNA 4931406C07 2 2 3.8  S 1.08  0.24  

260 1 RIKEN cDNA 1700012G19 2 2 8.1  S 0.82  0.15  

97 1 Rho GDP-dissociation inhibitor 1 2 2 12.3  S 1.06  0.31  

10 1 Rho-related GTP-binding protein RhoC precursor,Transforming 

protein RhoA precursor 

5 5 7.8  S 1.03  0.17  

277 1 Rho-related GTP-binding protein RhoB precursor 4 4 13.8  S 0.34  0.12  

297 1 Ras-related protein Rab-3D 3 3 6.8  S 0.22  0.06  

87 1 Ras-related protein Rab-3A 2 2 3.6  S 0.92  0.25  

227 1 Ras-related protein Rab-1A,RAB1, member RAS oncogene 

family 

3 5 8.7  S 1.22  0.57  

319 0.99 Ras-related protein Rab-14 1 1 4.7  S 0.00  0.00  

250 1 Rab GDP dissociation inhibitor alpha 10 11 17.0  S 1.11  0.17  

11 1 Pzp protein,166 kDa protein,Alpha-2-macroglobulin precursor 2 2 2.5  S 0.85  0.24  

29 1 Pyruvate dehydrogenase protein X component, mitochondrial 

precursor 

1 1 3.8  S 0.00  0.00  

42 1 Pyruvate dehydrogenase E1 component alpha subunit, somatic 

form, mitochondrial precursor 

5 5 7.9  S 1.00  0.13  
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346 0.98 Protein phosphatase methylesterase 1,CRL-1722 L5178Y-R 
cDNA, RIKEN full-length enriched library, clone:I730044H09 
product:Protein phosphatase methylesterase-1 
homolog,NOD-derived CD11c +ve dendritic cells cDNA, 
RIKEN full-length enriched library, clone:F630110G18 
product:Similar to protein phosphatase methylesterase-1 

1 1 3.4  S 0.78  0.10  

39 1 Protein NipSnap2,NOD-derived CD11c +ve dendritic cells 

cDNA, RIKEN full-length enriched library, clone:F630048H15 

product:glioblastoma amplified sequence, full insert sequence 

2 2 5.7  S 0.00  0.00  

58 1 Protein kinase C and casein kinase substrate in neurons protein 

2 

3 3 1.6  S 0.00  0.00  

207 1 Protein kinase C alpha type,0 day neonate cerebellum cDNA, 

RIKEN full-length enriched library, clone:C230094C20 

product:similar to Protein kinase C beta 2,Protein kinase C beta 

type 

2 2 12.1  S 0.00  0.00  

54 1 Protein CGI-38 homolog 3 4 9.1  S 0.98  0.09  

268 1 Protein C10orf70 homolog 2 2 13.9  M1 0.72  0.18  

61 1 Protein-arginine deiminase type II,PREDICTED: similar to 

peptidyl arginine deiminase, type II 

2 2 1.6  S 0.00  0.00  

357 0.98 Probable endonuclease KIAA0830 precursor 1 1 2.8  M5 0.00  0.00  

112 1 Probable ATP-dependent RNA helicase DDX5,PREDICTED: 
similar to ddx5,DEAD box polypeptide 17 isoform 1,46 kDa 
protein,20 kDa protein,Splice Isoform 1 of Probable ATP-
dependent RNA helicase DDX17,Splice Isoform 2 of 
Probable ATP-dependent RNA helicase DDX17 

2 2 7.1  S 1.90  0.47  

165 1 Prefoldin subunit 5,Adult male testis cDNA, RIKEN full-length 

enriched library, clone:1700010A06 product:PREFOLDIN 

SUBUNIT 5 (C-MYC BINDING PROTEIN MM-1) (MYC 

MODULATOR 1) (EIG-1) homolog,prefoldin 5 isoform 1 

2 2 5.4  S 840.31  16.09  
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401 0.91 PREDICTED: similar to WNK lysine deficient protein kinase 

2,Protein kinase lysine deficient 1 

1 1 1.1  S 0.00  0.00  

405 0.9 PREDICTED: similar to tubulin, beta 3,Tubulin beta-3 chain 1 1 7.7  S 0.00  0.00  

13 1 PREDICTED: similar to tubulin, alpha 1,PREDICTED: similar to 

tubulin, alpha 1 

4 9 5.1  S 1.01  0.23  

263 1 PREDICTED: similar to Spectrin alpha chain, brain (Spectrin, 

non-erythroid alpha chain) (Alpha-II spectrin) (Fodrin alpha 

chain) isoform 12  

4 8 1.3  S 1.23  0.93  

53 1 PREDICTED: similar to Receptor-type tyrosine-protein 

phosphatase zeta precursor,PREDICTED: protein tyrosine 

phosphatase, receptor type Z, polypeptide 1 isoform 7,DSD-1-

proteoglycan precursor 

2 2 3.6  M1 0.79  0.23  

105 1 PREDICTED: similar to Rap1 GTPase-activating protein 1 

(Rap1GAP) isoform 8,Ubiquinol-cytochrome c reductase iron-

sulfur subunit, mitochondrial precursor 

2 2 2.2  S 840.31  16.09  

290 1 PREDICTED: similar to protein phosphatase 1, catalytic 
subunit, gamma isoform isoform 7,32 kDa protein,Splice 
Isoform Gamma-2 of Serine\threonine-protein phosphatase 
PP1-gamma catalytic subunit 

4 4 12.8  S 0.24  0.03  

167 1 PREDICTED: similar to Phosphoglycerate mutase 

1,Phosphoglycerate mutase 1 

4 6 25.6  S 1.13  0.23  

137 1 PREDICTED: similar to oxoglutarate dehydrogenase-like 

isoform 1,109 kDa protein,100 kDa protein,PREDICTED: similar 

to oxoglutarate dehydrogenase-like isoform 2,95 kDa protein 

1 1 2.2  S 0.99  0.27  

385 0.94 PREDICTED: similar to NEL-like 1 2 2 3.6  S 1.14  0.34  

358 0.98 PREDICTED: similar to mesenchymal stem cell protein 

DSCD75 homolog,Similar to mesenchymal stem cell protein 

DSCD75 

1 1 6.3  M1 1.05  0.15  

78 1 PREDICTED: similar to Glucose-6-phosphate 

isomerase,Glucose-6-phosphate isomerase 

2 2 3.5  S 1.13  0.14  
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279 1 PREDICTED: similar to Cofilin-1 (Cofilin, non-muscle 
isoform) isoform 1 

4 4 17.5  S 0.66  0.27  

134 1 PREDICTED: similar to CG3420-PA isoform 1,PREDICTED: 

similar to CG3420-PA isoform 4,PREDICTED: similar to 

CG3420-PA isoform 2,PREDICTED: similar to CG3420-PA 

isoform 5 

2 2 22.6  S 0.00  0.00  

404 0.9 PREDICTED: similar to calponin 3, acidic,PREDICTED: similar 

to calponin 3, acidic,21 kDa protein,Calponin-3 

1 1 5.6  S 840.31  16.09  

154 1 PREDICTED: similar to ATPase, H+ transporting, V1 subunit G 

isoform 1,Vacuolar ATP synthase subunit G 1,PREDICTED: 

similar to ATPase, H+ transporting, V1 subunit G isoform 1 

2 2 21.5  S 1.15  0.42  

2 1 PREDICTED: similar to Aspartate aminotransferase, 

mitochondrial precursor,Aspartate aminotransferase, 

mitochondrial precursor 

12 15 9.5  S 0.71  0.41  

115 1 PREDICTED: similar to Annexin A2,Annexin A2 2 2 5.6  S 0.00  0.00  

378 0.95 PREDICTED: similar to aldo-keto reductase family 1, member 

B3 (aldose reductase) isoform 3 

1 1 4.1  S 1.14  0.34  

395 0.92 PREDICTED: similar to acidic nuclear phosphoprotein 32 
family, member B,19 kDa protein,Acidic leucine-rich 
nuclear phosphoprotein 32 family member A,Anp32b 
protein 

1 1 4.7  S 1.44  0.29  

399 0.91 PREDICTED: similar to 60S ribosomal protein L11 1 1 10.4  S 0.00  0.00  

295 1 PREDICTED: similar to 60S acidic ribosomal protein P0 (L10E) 

isoform 1,30 kDa protein 

2 2 22.3  S 0.00  0.00  

301 1 PREDICTED: similar to 40S ribosomal protein S6 2 2 8.0  S 840.31  16.09  

388 0.94 PREDICTED: similar to 40S ribosomal protein S20,Similar to 

ribosomal protein S20,PREDICTED: similar to 40S ribosomal 

protein S20,40S ribosomal protein S20,13 kDa protein 

1 1 11.5  S 0.00  0.00  

335 0.99 PREDICTED: similar to 14-3-3 protein eta,14-3-3 protein eta 1 2 8.5  S 1.48  0.30  
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344 0.98 PREDICTED: microtubule-associated protein 2 isoform 
4,PREDICTED: microtubule-associated protein 2 isoform 
9,PREDICTED: similar to Microtubule-associated protein 2 
(MAP 2) isoform 2,Microtubule-associated protein 
2,PREDICTED: similar to Microtubule-associated protein 2 
(MAP 2) isoform 1 

1 1 0.7  S 2.05  0.62  

339 0.98 PREDICTED: hypothetical protein LOC75471,GTP-binding 
nuclear protein Ran, testis-specific isoform,GTP-binding 
nuclear protein Ran 

1 1 6.0  S 0.50  0.13  

351 0.98 PREDICTED: glutaminase isoform 1,PREDICTED: glutaminase 

isoform 5,PREDICTED: similar to Glutaminase kidney isoform, 

mitochondrial precursor 

1 1 3.3  S 0.00  0.00  

188 1 PREDICTED: echinoderm microtubule associated protein like 1 

isoform 1,84 kDa protein,PREDICTED: echinoderm microtubule 

associated protein like 1 isoform 9 

2 2 2.6  S 1.09  0.29  

402 0.91 PREDICTED: actin related protein 2\3 complex, subunit 2 

isoform 2,PREDICTED: actin related protein 2\3 complex, 

subunit 2 isoform 5,Bone marrow macrophage cDNA, RIKEN 

full-length enriched library, clone:I830065M20 product:actin 

related protein 2\3 complex, subunit 2, full insert 

sequence,PREDICTED: actin related protein 2\3 complex, 

subunit 2 isoform 4 

1 1 4.8  S 0.00  0.00  

309 0.99 pre-mRNA cleavage complex II protein Pcf11 2 2 1.0  S 1.30  0.29  

191 1 Prdx5 protein,Peroxiredoxin-5, mitochondrial precursor,Mus 

musculus peroxiredoxin V (PrxV) protein 

4 4 12.7  S 0.93  0.10  

76 1 Poly(rC)-binding protein 1 1 1 7.6  S 1.03  0.29  

299 1 Poly(A) binding protein, cytoplasmic 4, isoform 2,Bone 
marrow macrophage cDNA, RIKEN full-length enriched 
library, clone:I830046M23  

2 2 4.1  S 0.40  0.11  

23 1 Placental thrombin inhibitor 2 2 4.8  S 0.00  0.00  
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217 1 Phospholipid hydroperoxide glutathione peroxidase, 

mitochondrial precursor,Phospholipid hydroperoxide glutathione 

peroxidase,TIB-55 BB88 cDNA, RIKEN full-length enriched 

library, clone:I730035D08 product:glutathione peroxidase 4, full 

insert sequence,Nucleolar phospholipid hydroperoxide 

glutathione peroxidase,Phospholipid hydroperoxide glutathione 

peroxidase, nuclear 

2 2 6.5  S 840.31  16.09  

162 1 Phosphoglucomutase-1,64 kDa protein 2 2 2.1  S 0.00  0.00  

253 1 Phosphatidylinositol-4-phosphate 5-kinase type II beta 2 2 1.7  S 0.00  0.00  

236 1 Phosphate carrier protein, mitochondrial precursor 2 2 1.7  M2 0.00  0.00  

216 1 Pcbp3 protein,Splice Isoform 3 of Poly(rC)-binding protein 2 1 1 10.0  S 0.00  0.00  

67 1 Oxoglutarate dehydrogenase,2-oxoglutarate dehydrogenase E1 

component, mitochondrial precursor,Ogdh protein 

4 4 4.8  S 1.03  0.11  

256 1 Osteoclast-like cell cDNA, RIKEN full-length enriched library, 

clone:I420039N16 product:heterogeneous nuclear 

ribonucleoprotein U, full insert sequence,Protein,70 kDa protein 

2 3 5.0  S 1.11  0.46  

371 0.96 OPA3 protein 1 1 6.1  M1 0.00  0.00  

30 1 Oligodendrocyte-myelin glycoprotein precursor 3 4 3.9  M1 0.71  0.26  

204 1 Nucleoside diphosphate kinase B,Nucleoside diphosphate 

kinase,PREDICTED: similar to Nucleoside diphosphate kinase 

B,17 kDa protein,Down syndrome cell adhesion molecule-like 

protein (Fragment),Nucleoside diphosphate kinase 

A,PREDICTED: similar to Nucleoside diphosphate kinase B 

2 2 7.1  S 840.31  16.09  

101 1 Novel amplified in breast cancer-1 3 3 2.1  S 0.74  0.08  

100 1 NOD-derived CD11c +ve dendritic cells cDNA, RIKEN full-

length enriched library, clone:F630040K02 product:cytochrome 

c-1, full insert sequence,Cytochrome c1, heme protein, 

mitochondrial precursor 

3 3 13.9  S 1.03  0.19  
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139 1 NOD-derived CD11c +ve dendritic cells cDNA, RIKEN full-

length enriched library, clone:F630116G18 product:ubiquitin 

carboxy-terminal hydrolase L1, full insert sequence. 

(Fragment),Ubiquitin carboxyl-terminal hydrolase isozyme L1 

4 4 15.2  S 0.84  0.37  

261 1 NOD-derived CD11c +ve dendritic cells cDNA, RIKEN full-

length enriched library, clone:F630106C16 

product:neurochondrin, full insert sequence 

3 3 3.2  S 2.37  3.92  

282 1 NOD-derived CD11c +ve dendritic cells cDNA, RIKEN full-

length enriched library, clone:F630220E24 product:pyruvate 

kinase, muscle, full insert sequence 

6 11 8.6  S 0.97  0.15  

310 0.99 NOD-derived CD11c +ve dendritic cells cDNA, RIKEN full-

length enriched library, clone:F630206N22 product:Hypothetical 

protein (Weakly similar to 2-HYDROXYHEPTA-2), full insert 

sequence 

1 1 4.8  S 0.00  0.00  

384 0.95 NOD-derived CD11c +ve dendritic cells cDNA, RIKEN full-

length enriched library, clone:F630112C03 product:Rap2 

interacting  

2 2 1.1  S 0.00  0.00  

197 1 Neuronal membrane glycoprotein M6-a 2 2 4.7  M4 0.83  0.20  

226 1 Neurofilament, heavy polypeptide,Neurofilament triplet H 

protein,neurofilament, heavy polypeptide 

9 13 5.2  S 0.66  0.48  

265 1 Neural cell adhesion molecule 1, 120 kDa isoform 

precursor,Splice Isoform N-CAM 180 of Neural cell adhesion 

molecule 1, 180 kDa isoform precursor,Splice Isoform N-CAM 

140 of Neural cell adhesion molecule 1, 180 kDa isoform 

precursor 

2 4 1.5  M3 0.94  0.17  

270 1 Nefl protein,Neurofilament triplet L protein 2 3 1.5  S 1.09  0.36  

47 1 NEDD8-conjugating enzyme Ubc12 1 1 8.7  S 0.87  0.24  

202 1 NDRG2 protein 2 2 8.4  S 1.14  0.27  

50 1 NADH-ubiquinone oxidoreductase PDSW subunit 2 3 6.3  S 1.93  0.59  
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176 1 NADH-ubiquinone oxidoreductase chain 3,NADH 
dehydrogenase subunit 3 

2 2 13.0  M3 0.58  0.19  

212 1 NADH-ubiquinone oxidoreductase B8 subunit 4 9 14.3  S 0.97  0.46  

62 1 NADH-ubiquinone oxidoreductase B18 subunit 3 3 14.0  S 840.31  16.09  

93 1 NADH-ubiquinone oxidoreductase 75 kDa subunit, 
mitochondrial precursor 

7 7 7.0  S 0.74  0.14  

187 1 NADH-ubiquinone oxidoreductase 51 kDa subunit, 
mitochondrial precursor 

4 4 11.0  S 0.65  0.24  

337 0.99 NADH-ubiquinone oxidoreductase 23 kDa subunit, 
mitochondrial precursor 

1 1 8.5  S 0.50  0.12  

221 1 NADH-ubiquinone oxidoreductase 19 kDa subunit 2 2 9.9  S 3.68  0.58  

254 1 NADH-ubiquinone oxidoreductase 15 kDa subunit,11 kDa 

protein 

3 3 19.8  S 0.84  0.24  

246 1 NADH-ubiquinone oxidoreductase 13 kDa-B subunit 1 1 13.9  S 2.26  0.71  

294 1 NADH-ubiquinone oxidoreductase 13 kDa-A subunit, 
mitochondrial precursor,PREDICTED: similar to NADH 
dehydrogenase (ubiquinone) Fe-S protein 6 

2 2 12.9  S 0.75  0.20  

213 1 Na+\K+-ATPase alpha 3 subunit 21 34 13.2  M7 0.69  0.09  

201 1 Myoglobin 2 2 9.2  S 0.50  0.09  

177 1 Myelin-oligodendrocyte glycoprotein precursor 4 5 9.8  M3 0.45  0.07  

367 0.96 Murinoglubulin 4 precursor,Murinoglobulin-1 

precursor,PREDICTED: similar to murinoglobulin 1 

1 1 1.0  S 0.00  0.00  

394 0.92 Mt1 protein,Metallothionein-1 1 2 13.1  S 840.31  16.09  

31 1 MKIAA0778 protein (Fragment),Atp1a2 

protein,Sodium\potassium-transporting ATPase alpha-2 chain 

precursor 

13 23 8.8  M8 0.74  0.29  

342 0.98 MKIAA0756 protein (Fragment),Neurofascin precursor 1 1 0.8  M2 840.31  16.09  

185 1 Mitochondrial precursor proteins import receptor 2 2 2.5  S 1.19  0.26  
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88 1 Microtubule-associated protein RP\EB family member 3 2 2 3.9  S 1.81  0.59  

208 1 Microtubule-associated protein 1B 4 10 1.2  S 1.46  0.53  

304 0.98 Melanocyte cDNA, RIKEN full-length enriched library, 

clone:G270097H01 product:Putative inorganic 

polyphosphate\ATP-NAD kinase (EC 2.7.1.23) (Poly(P)\ATP 

NAD kinase), full insert sequence 

1 1 1.4  S 0.00  0.00  

278 1 Mammary gland RCB-0527 Jyg-MC(B) cDNA, RIKEN full-
length enriched library, clone:G930005L08 product:RAS-
related C3 botulinum substrate 1, full insert sequence 

2 2 16.1  S 0.68  0.23  

281 1 Malate dehydrogenase 2, NAD 18 26 19.2  S 0.98  0.22  

332 0.99 M-calpain large subunit,Calpain-2 catalytic subunit precursor 1 1 1.7  M1 0.00  0.00  

129 1 Long-chain-fatty-acid--CoA ligase 6,Adult male olfactory 
brain cDNA, RIKEN full-length enriched library, 
clone:6430560E24 product:fatty acid Coenzyme A ligase, 
long chain 6, full insert sequence 

6 6 12.5  M2 0.40  0.29  

365 0.97 Leucine-rich repeat LGI family member 3 precursor 1 1 1.6  S 0.00  0.00  

109 1 Leucine-rich glioma-inactivated protein 1 precursor 2 3 3.6  M1 0.00  0.00  

152 1 Lap3 protein 2 3 1.5  S 0.29  0.06  

242 1 Lactoylglutathione lyase 1 1 9.3  S 840.31  16.09  

340 0.98 Lactotransferrin precursor 2 2 2.7  M1 0.00  0.00  

288 1 L-lactate dehydrogenase A chain 5 7 8.2  S 0.98  0.31  

370 0.96 Isovaleryl-CoA dehydrogenase, mitochondrial precursor 1 1 2.4  S 1.28  0.28  

125 1 Isocitrate dehydrogenase [NADP], mitochondrial precursor,2 

days neonate thymus thymic cells cDNA, RIKEN full-length 

enriched library, clone:E430004F23 product:isocitrate 

dehydrogenase 2 

1 1 2.9  S 0.00  0.00  

135 1 Isocitrate dehydrogenase [NAD] subunit gamma, 
mitochondrial precursor 

2 2 3.3  S 1.68  0.55  
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92 1 Inositol monophosphatase,Impa1 protein,Lung RCB-0558 LLC 

cDNA, RIKEN full-length enriched library, clone:G730025F01 

product:inositol (myo)-1(or 4)-monophosphatase 1, full insert 

sequence 

2 2 3.6  S 840.31  16.09  

150 1 Inorganic pyrophosphatase 2 2 2.4  S 0.82  0.19  

286 1 In vitro fertilized eggs cDNA, RIKEN full-length enriched 
library, clone:7420442C15 product:actin, gamma, 
cytoplasmic, full insert sequence,Bone marrow 
macrophage cDNA, RIKEN full-length enriched library, 
clone:I830072C08 product:actin, beta, cytoplasmic, full 
insert sequence,Actin, cytoplasmic 1,Actin, cytoplasmic 2 

6 10 11.8  S 1.23  0.22  

168 1 Importin beta-1 subunit 2 3 2.6  S 0.00  0.00  

259 1 Impact protein 2 2 2.2  S 0.72  0.21  

262 1 Immunoglobulin superfamily member 4B precursor 2 2 2.0  M2 1.17  0.25  

43 1 Hras1 protein (Fragment) 2 2 7.7  S 2.04  2.36  

203 1 Histidine triad nucleotide-binding protein 1 3 4 23.2  S 0.72  0.26  

148 1 Heterogeneous nuclear ribonucleoprotein L,Lung RCB-
0558 LLC cDNA, RIKEN full-length enriched library, 
clone:G730022P12 product:heterogeneous nuclear 
ribonucleoprotein L, full insert sequence,Hnrpl protein 

2 3 2.3  S 1.90  0.36  

9 1 Hemopexin precursor 4 5 5.2  M1 0.61  0.21  

206 1 Hemoglobin alpha subunit,13 days embryo liver cDNA, RIKEN 

full-length enriched library, clone:2510040B16 

product:hemoglobin, beta adult major chain, full insert 

sequence 

2 2 11.3  S 0.00  0.00  

16 1 Heat shock protein HSP 90-alpha,PREDICTED: similar to heat 

shock protein 1, alpha,69 kDa protein 

4 5 7.0  S 0.99  0.19  

175 1 Heat shock 70 kDa protein 4 4 4 8.0  S 0.34  0.09  
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22 1 Hbb-b1 protein,Hemoglobin beta-1 subunit,Hemoglobin beta-2 

subunit,PREDICTED: similar to Hemoglobin beta-1 subunit 

(Hemoglobin beta-1 chain) (Beta-1-globin) (Hemoglobin beta-

major chain) isoform 3 

6 25 33.8  S 1.03  0.28  

143 1 guanine nucleotide binding protein, alpha inhibiting 1 2 2 3.7  S 840.31  16.09  

233 1 Guanine nucleotide-binding protein G(o), alpha subunit 
2,Guanine nucleotide-binding protein G(o), alpha subunit 1 

2 2 3.1  S 0.69  0.19  

59 1 Guanine nucleotide-binding protein G(I)\G(S)\G(T) beta 
subunit 2 

5 10 9.1  S 0.71  0.09  

183 1 Guanine nucleotide-binding protein G(I)\G(S)\G(T) beta subunit 

1 

6 7 9.1  S 0.90  0.24  

171 1 Glyoxylate reductase\hydroxypyruvate reductase 1 1 4.6  S 0.74  0.24  

382 0.95 Glycyl-tRNA synthetase 1 1 0.8  S 0.68  0.11  

400 0.91 Glycolipid transfer protein 1 1 5.8  S 840.31  16.09  

3 1 Glycogen phosphorylase, muscle form 4 4 4.2  S 1.40  0.38  

141 1 Glycogen phosphorylase, brain form 6 7 6.4  S 1.40  0.43  

1 1 Glycerol-3-phosphate dehydrogenase [NAD+], cytoplasmic 2 3 3.7  S 1.10  0.22  

368 0.96 Glycerol-3-phosphate dehydrogenase, mitochondrial 

precursor,Blastocyst blastocyst cDNA, RIKEN full-length 

enriched library, clone:I1C0035K16 product:glycerol phosphate 

dehydrogenase 2, mitochondrial, full insert sequence 

1 1 1.8  S 840.31  16.09  

128 1 Glutathione S-transferase Mu 5 2 4 4.0  S 0.88  0.29  

314 0.99 Glutaredoxin-related protein 5 1 1 12.5  S 1.09  0.28  

391 0.93 Glutaredoxin-1 1 1 12.3  S 0.55  0.17  

229 1 Glutamate dehydrogenase 1, mitochondrial precursor 9 19 9.5  S 1.29  0.29  

274 1 Glial fibrillary acidic protein,Splice Isoform 1 of Glial fibrillary 

acidic protein, astrocyte,Splice Isoform 2 of Glial fibrillary acidic 

protein, astrocyte 

2 2 5.0  S 0.92  0.13  

198 1 Gap junction alpha-1 protein,Gja1 protein 3 3 3.1  M4 0.92  0.24  
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276 1 Gamma-enolase 4 7 14.1  S 1.13  0.15  

130 1 Galectin-1 1 1 11.2  S 1.10  0.41  

283 1 Fructose-bisphosphate aldolase A 11 19 17.6  S 0.85  0.38  

40 1 Fatty acid synthase 3 3 1.2  S 1.12  0.25  

215 1 Fascin 6 8 7.1  S 1.24  0.33  

32 1 F-box only protein 2 3 3 5.1  S 1.01  0.14  

44 1 F-actin capping protein alpha-2 subunit 1 1 7.0  S 0.69  0.15  

107 1 Excitatory amino acid transporter 1 2 2 2.0  M9 0.94  0.14  

324 0.99 Eukaryotic translation initiation factor 5A,PREDICTED: similar 

to eukaryotic translation initiation factor 5A 

1 1 12.2  S 0.00  0.00  

41 1 ES1 protein homolog, mitochondrial precursor 2 2 5.6  S 840.31  16.09  

192 1 ES cells cDNA, RIKEN full-length enriched library, 

clone:2400003C23 product:adenylosuccinate synthetase 2, non 

muscle, full insert sequence,Adenylosuccinate synthetase, non-

muscle isozyme 

1 1 3.1  S 840.31  16.09  

355 0.98 ES cells cDNA, RIKEN full-length enriched library, 

clone:C330013L04 product:ALDOSE REDUCTASE homolog 

1 1 6.0  S 840.31  16.09  

306 0.98 Eno1 protein,Alpha-enolase 1 1 13.9  S 2.46  0.68  

273 1 Elongation factor 2 4 6 2.8  S 0.90  0.16  

199 1 Elongation factor 1-alpha 2 4 4 3.5  S 0.89  0.27  

305 0.99 Elongation factor 1-alpha 1,PREDICTED: similar to 
eukaryotic translation elongation factor 1 alpha 1 isoform 1 

1 1 7.8  S 0.87  0.05  

6 1 Dual specificity mitogen-activated protein kinase kinase 4 2 2 4.0  S 0.00  0.00  

338 0.99 DnaJ homolog subfamily A member 2 1 1 3.2  S 0.00  0.00  

82 1 Dihydropyrimidinase-related protein 5,62 kDa protein 2 2 4.1  S 0.72  0.24  

21 1 Dihydropyrimidinase-related protein 3 3 3 2.3  S 1.12  0.19  

178 1 Dihydropyrimidinase-like 2,Dihydropyrimidinase-related protein 

2 

7 11 8.4  S 1.21  0.27  

25 1 Dihydropteridine reductase 2 3 7.9  S 0.78  0.24  
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146 1 Destrin 3 3 7.9  S 0.00  0.00  

375 0.96 Dehydrogenase\reductase SDR family member 1 1 1 5.4  S 0.80  0.14  

372 0.96 D-beta-hydroxybutyrate dehydrogenase, mitochondrial 

precursor 

1 1 5.0  S 0.00  0.00  

296 1 D-3-phosphoglycerate dehydrogenase 2 2 14.9  S 0.62  0.14  

117 1 Cytoplasmic dynein heavy chain,Dynein heavy chain, 
cytosolic 

4 4 1.0  S 15.54  5.64  

235 1 Cysteine and glycine-rich protein 1 5 5 26.0  S 1.00  0.24  

75 1 Cullin-associated NEDD8-dissociated protein 1 7 7 3.4  S 0.00  0.00  

28 1 CRL-1722 L5178Y-R cDNA, RIKEN full-length enriched library, 

clone:I730028I05 product:glucose regulated protein, full insert 

sequence 

3 5 2.4  S 1.03  0.23  

308 0.99 CRL-1722 L5178Y-R cDNA, RIKEN full-length enriched library, 

clone:I730090I17 product:electron transferring flavoprotein, 

alpha polypeptide, full insert sequence,Electron transfer 

flavoprotein alpha-subunit, mitochondrial precursor 

1 1 3.6  S 0.00  0.00  

46 1 Creatine kinase B-type,45 kDa protein,Hypothetical protein 
(Fragment) 

8 13 13.1  S 1.20  0.09  

110 1 Creatine kinase, ubiquitous mitochondrial precursor 3 3 10.0  S 0.82  0.11  

389 0.93 Coronin-1C 1 1 1.7  S 0.00  0.00  

51 1 Copine-6,Cpne6 protein 2 2 4.3  S 840.31  16.09  

104 1 COP9 signalosome complex subunit 6 3 3 7.4  S 1.46  0.34  

353 0.98 Contactin-1 precursor 2 2 1.4  S 840.31  16.09  

269 1 Complexin-1 4 6 17.9  S 1.72  0.30  

325 0.99 Coiled-coil-helix-coiled-coil-helix domain-containing protein 6 1 1 3.7  S 0.00  0.00  

27 1 Clathrin, heavy polypeptide,Clathrin heavy chain 24 33 10.0  S 0.71  0.54  

170 1 Citrate synthase, mitochondrial precursor,Citrate synthase-like 

protein 

3 3 2.6  S 1.09  0.30  
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328 0.99 Ceruloplasmin precursor,Cp protein,0 day neonate lung cDNA, 

RIKEN full-length enriched library, clone:E030019D07 

product:similar to GPI-ANCHORED CERULOPLASMIN 

1 1 1.3  M1 0.00  0.00  

195 1 Cell division protein kinase 5 2 2 8.2  S 1.15  0.29  

136 1 CDNA, RIKEN full-length enriched library, clone:M5C1005P16 

product:ankyrin 1, erythroid, full insert sequence,Erythroid 

ankyrin 

2 2 1.4  S 840.31  16.09  

323 0.99 CDNA, RIKEN full-length enriched library, clone:M5C1013B10 

product:similar to Calmodulin binding protein kinase 

1 1 2.5  S 0.00  0.00  

266 1 Cathepsin D precursor,B6-derived CD11 +ve dendritic cells 

cDNA, RIKEN full-length enriched library, clone:F730002E02 

product:cathepsin D, full insert sequence 

4 6 9.8  M1 0.98  0.38  

334 0.99 Catalase 1 1 2.9  S 0.91  0.29  

95 1 cAMP-dependent protein kinase type II-beta regulatory subunit 3 3 3.4  S 0.00  0.00  

313 0.99 Calreticulin precursor 1 1 3.1  M1 1.08  0.40  

144 1 Calcium-binding mitochondrial carrier protein Aralar1 2 2 2.4  S 1.28  0.21  

159 1 Bone marrow stroma cell CRL-2028 SR-4987 cDNA, RIKEN 
full-length enriched library, clone:G430057B22 
product:heterogeneous nuclear ribonucleoprotein A\B, full 
insert sequence,JKTBP,Heterogeneous nuclear 
ribonucleoprotein A\B,Hnrpab protein 

2 2 3.5  S 0.15  0.04  

142 1 Bone marrow macrophage cDNA, RIKEN full-length 
enriched library, clone:I830083B18 product:ATPase, H+ 
transporting, V1 subunit B, isoform 2, full insert sequence 

9 10 8.8  S 0.38  0.34  

307 0.99 Bone marrow macrophage cDNA, RIKEN full-length enriched 

library, clone:G530128C15 product:calpain 1, full insert 

sequence,88 kDa protein,75 kDa protein,84 kDa protein,82 kDa 

protein,Calpain-1 catalytic subunit 

1 1 1.8  S 840.31  16.09  

374 0.96 Bisphosphoglycerate mutase 1 1 4.3  S 1.39  0.41  
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379 0.95 Beta-soluble NSF attachment protein 1 1 4.7  S 0.00  0.00  

68 1 Beta-enolase 2 3 11.8  S 0.00  0.00  

392 0.93 Atp6v0a1 protein,Splice Isoform A1-II of Vacuolar proton 

translocating ATPase 116 kDa subunit a isoform 1 

1 1 2.9  M9 1.21  0.31  

251 1 ATP synthase O subunit, mitochondrial precursor 4 13 10.3  S 0.96  0.08  

149 1 ATP synthase gamma chain, mitochondrial precursor 2 2 4.0  S 1.07  0.30  

398 0.91 ATP synthase epsilon chain, mitochondrial 1 1 13.7  S 840.31  16.09  

359 0.98 ATP-sensitive inward rectifier potassium channel 15,6 days 

neonate spleen cDNA, RIKEN full-length enriched library, 

clone:F430105F09 product:potassium inwardly-rectifying 

channel, subfamily J, member 15, full insert sequence 

1 1 5.9  M2 840.31  16.09  

366 0.97 ATP-dependent RNA helicase DDX1 1 1 1.5  S 1.85  0.24  

390 0.93 Aspartyl-tRNA synthetase,Bone marrow macrophage cDNA, 

RIKEN full-length enriched library, clone:I830042F18 

product:aspartyl-tRNA synthetase, full insert sequence 

1 1 1.8  S 0.00  0.00  

397 0.92 ARL-6-interacting protein 1 1 1 4.9  M4 0.00  0.00  

225 1 Arginyl-tRNA synthetase 2 2 2.3  S 1.07  0.12  

57 1 ApoA-I binding protein 1 1 5.7  S 1.29  0.41  

220 1 AP-2 complex subunit alpha-2 3 3 4.3  S 1.57  0.43  

156 1 Alpha-soluble NSF attachment protein 2 2 5.1  S 840.31  16.09  

131 1 Alpha-internexin,Ina protein 4 5 6.0  S 1.17  0.42  

190 1 Alpha-centractin,Beta-centractin 2 2 2.9  S 12.35  12.89  

71 1 Alpha-2-HS-glycoprotein precursor 3 3 8.7  S 1.01  0.23  

354 0.98 Aldehyde dehydrogenase, mitochondrial precursor 1 1 2.1  S 840.31  16.09  

196 1 Alcohol dehydrogenase class III 3 3 5.6  S 0.67  0.13  

330 0.99 Alanyl-tRNA synthetase 1 1 2.2  S 0.00  0.00  
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362 0.97 Adult male tongue cDNA, RIKEN full-length enriched library, 

clone:2310058B18 product:methylcrotonoyl-Coenzyme A 

carboxylase 1 (alpha), full insert sequence,Methylcrotonoyl-CoA 

carboxylase alpha chain, mitochondrial precursor 

1 1 1.6  S 0.00  0.00  

69 1 Adult male testis cDNA, RIKEN full-length enriched library, 
clone:4930414C22 product:peroxiredoxin 5, related 
sequence 1, full insert sequence,Peroxiredoxin-
6,PREDICTED: similar to Peroxiredoxin 6 

2 5 5.4  S 2.36  0.47  

182 1 Adult male testis cDNA, RIKEN full-length enriched library, 

clone:4922505F07 product:ATP citrate lyase, full insert 

sequence 

2 2 1.7  S 1.01  0.25  

231 1 Adult male testis cDNA, RIKEN full-length enriched library, 
clone:4933423N16 product:ASPARAGINASE-LIKE SPERM 
AUTOANTIGEN homolog 

4 4 6.7  S 0.72  0.27  

264 1 Adult male testis cDNA, RIKEN full-length enriched library, 

clone:1700082G03 product:similar to CDNA FLJ10626 FIS, 

CLONE NT2RP2005549, WEAKLY SIMILAR TO PUTATIVE 

LACTOYLGLUTATHIONE LYASE,10, 11 days embryo whole 

body cDNA, RIKEN full-length enriched library 

2 3 3.6  S 0.00  0.00  

83 1 Adult male small intestine cDNA, RIKEN full-length 
enriched library, clone:2010107H02 product:cytochrome c 
oxidase, subunit Vb, full insert sequence 

2 2 7.0  S 0.82  0.14  

63 1 Adult male medulla oblongata cDNA, RIKEN full-length 

enriched library, clone:6332404G05 

product:DIHYDROLIPOAMIDE ACETYLTRANSFERASE (EC 

2.3.1.12) homolog 

3 9 6.9  S 0.93  0.13  

285 1 Adult male medulla oblongata cDNA, RIKEN full-length 
enriched library, clone:6330411G17 product:proteolipid 
protein 

8 26 16.2  M4 0.50  0.08  
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189 1 Adult male diencephalon cDNA, RIKEN full-length enriched 
library, clone:9330159F11 product:adaptor protein complex 
AP-1, beta 1 subunit, full insert sequence,Adaptor protein 
complex AP-1, beta 1 subunit 

10 12 5.7  S 0.66  0.22  

52 1 Adult male cerebellum cDNA, RIKEN full-length enriched 

library, clone:1500017E18 product:similar to HAGH 

2 2 9.9  S 0.00  0.00  

121 1 Adult male brain UNDEFINED_CELL_LINE cDNA, RIKEN full-

length enriched library, clone:M5C1106L01 product:Dynamin 3, 

full insert sequence,12 days embryo spinal cord cDNA, RIKEN 

full-length enriched library, clone:C530045C17 

product:DYNAMIN 3 (EC 3.6.1.50) (DYNAMIN, TESTICULAR) 

(T-DYNAMIN) homolog 

2 3 2.0  S 0.82  0.19  

99 1 Adult female vagina cDNA, RIKEN full-length enriched library, 

clone:9930122D14 product:hypothetical von Willebrand factor 

type D domain containing protein, full insert sequence 

3 3 0.9  S 840.31  16.09  

160 1 ADP-ribosylation factor-like protein 3 2 2 6.6  S 1.33  0.28  

248 1 ADP\ATP translocase 1,PREDICTED: solute carrier family 25 

(mitochondrial carrier, adenine nucleotide translocator), 

member 4 isoform 2 

2 4 4.3  S 1.51  0.89  

65 1 Activated spleen cDNA, RIKEN full-length enriched library, 

clone:F830206G11 product:erythrocyte protein band 4.2, full 

insert sequence 

2 2 1.3  S 0.00  0.00  

361 0.98 Activated spleen cDNA, RIKEN full-length enriched library, 

clone:F830201B12 product:pyruvate carboxylase, full insert 

sequence 

1 1 1.1  S 0.00  0.00  

287 1 Actin-like protein 3 4 5 7.4  M1 1.05  0.19  

80 1 Acp1 protein,PREDICTED: similar to acid phosphatase 1 

isoform b,PREDICTED: similar to acid phosphatase 1 isoform b 

2 2 3.8  S 0.00  0.00  

193 1 Aconitate hydratase, mitochondrial precursor 4 4 4.9  S 1.07  0.22  
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119 1 Acetyl-CoA acetyltransferase, cytosolic 1 1 5.0  S 840.31  16.09  

173 1 A disintegrin and metalloprotease domain 23,Splice Isoform 

Alpha of ADAM 23 precursor,A disintegrin and metalloprotease 

domain 23 

2 2 2.2  M2 0.61  0.51  

140 1 96 kDa protein,Brevican core protein precursor 3 3 3.1  S 840.31  16.09  

322 0.99 95 kDa protein,AMP deaminase 2 1 1 1.6  S 840.31  16.09  

383 0.95 86 kDa protein 1 1 1.2  S 0.00  0.00  

291 1 71 kDa protein,Heat shock cognate 71 kDa 

protein,PREDICTED: similar to heat shock protein 8 

3 5 4.6  S 1.24  0.45  

124 1 60S ribosomal protein L6,Adult pancreas islet cells cDNA, 

RIKEN full-length enriched library, clone:C820008J02 

product:ribosomal protein L6, full insert sequence 

2 2 2.4  S 0.91  0.27  

376 0.95 60S ribosomal protein L4 1 1 3.6  S 0.00  0.00  

103 1 60S ribosomal protein L37 2 2 6.2  S 840.31  16.09  

300 1 60S ribosomal protein L15,PREDICTED: similar to ribosomal 

protein L15,PREDICTED: similar to ribosomal protein L15,24 

kDa protein 

2 2 4.8  S 1.06  0.28  

98 1 60 kDa heat shock protein, mitochondrial 

precursor,PREDICTED: similar to 60 kDa heat shock protein, 

mitochondrial precursor 

10 10 8.2  S 0.86  0.17  

238 1 6 kDa protein,60S ribosomal protein L23 4 5 33.3  S 0.43  0.19  

89 1 6-phosphofructokinase, muscle type 4 4 4.7  S 1.00  0.23  

123 1 55 kDa protein,Retinal dehydrogenase 1 2 3 3.0  S 0.00  0.00  

315 0.99 48 kDa protein,PREDICTED: similar to 60S ribosomal protein 

L3 

1 1 11.5  S 0.00  0.00  

280 0.97 36 kDa protein 1 1 11.4  S 0.00  0.00  

280 1 36 kDa protein,38 kDa protein,TIB-55 BB88 cDNA, RIKEN full-

length enriched library, clone:I730067N10 

product:glyceraldehyde-3-phosphate dehydrogenase 

9 23 11.4  S 0.89  0.27  
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380 0.95 34 kDa protein,PREDICTED: similar to ADP\ATP 
translocase 2 (Adenine nucleotide translocator 2) (ANT 2) 
(ADP,ATP carrier protein 2) (Solute carrier family 25 
member 5) isoform 3 

1 2 3.2  S 28.73  7.22  

55 1 33 kDa protein,Thiosulfate sulfurtransferase 2 2 4.7  S 0.96  0.20  

116 1 30 kDa protein,14-3-3 protein zeta\delta 3 8 7.3  S 1.02  0.75  

343 0.98 29 kDa protein,PREDICTED: similar to 40S ribosomal protein 

S3a,40S ribosomal protein S3a,30 kDa protein,29 kDa 

protein,26 kDa protein,PREDICTED: similar to 40S ribosomal 

protein S3a isoform 1 

1 1 5.6  S 0.79  0.27  

352 0.98 29 kDa protein,16 days embryo kidney cDNA, RIKEN full-length 

enriched library, clone:I920091G04 product:heterogeneous 

nuclear ribonucleoprotein A1, full insert sequence  

2 2 4.9  S 1.06  0.34  

403 0.9 26 kDa protein,26 kDa protein,27 kDa protein,25 kDa protein,23 

kDa protein 

1 1 3.2  S 0.00  0.00  

133 1 23 kDa protein,PREDICTED: similar to heterogeneous nuclear 

ribonucleoprotein A3  

2 4 7.0  S 0.87  0.19  

151 1 23 kDa protein,Glutathione S-transferase Mu 1,Glutathione S-

transferase Mu 3 

2 2 4.6  S 1.15  0.36  

232 1 21 kDa protein,Osteoclast-like cell cDNA, RIKEN full-length 

enriched library, clone:I420048E21 product:capping protein 

(actin filament) muscle Z- line, beta, full insert 

sequence,capping protein (actin filament) muscle Z-line, beta 

isoform a,Capping protein 

2 2 4.8  S 0.00  0.00  

293 1 21 kDa protein,Hypothetical protein,PREDICTED: similar to 

High mobility group protein 1 (HMG-1) (High mobility group 

protein B1) (Amphoterin) (Heparin-binding protein p30) isoform 

1,High mobility group protein 1 

2 2 11.4  S 0.96  0.17  

292 1 21 kDa protein,60S ribosomal protein L18a 3 4 11.9  S 0.00  0.00  

205 1 19 kDa protein 4 4 20.9  S 1.25  0.25  
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331 0.99 19 kDa protein,ATP synthase D chain, mitochondrial 1 1 7.5  S 0.89  0.30  

111 1 18 kDa protein,PREDICTED: similar to 60S ribosomal protein 

L12,60S ribosomal protein L12 

2 2 11.9  S 840.31  16.09  

364 0.97 18-day embryo whole body cDNA, RIKEN full-length enriched 

library, clone:1110048P09 product:guanylate kinase 1, full 

insert sequence 

1 1 5.5  S 0.00  0.00  

85 1 17 kDa protein,Prostaglandin E synthase 3 4 4 25.2  S 1.34  0.27  

118 1 17 days pregnant adult female amnion cDNA, RIKEN full-length 

enriched library, clone:I920065A01 product:ATPase, H+ 

transporting, V1 subunit C, isoform 1, full insert 

sequence,Vacuolar ATP synthase subunit C 

2 2 7.6  S 1.06  0.32  

158 1 17 days embryo kidney cDNA, RIKEN full-length enriched 

library, clone:I920059K05 product:heat shock protein 1, beta, 

full insert sequence,Heat shock protein HSP 90-beta 

3 3 5.4  S 0.00  0.00  

327 0.99 17 days embryo kidney cDNA, RIKEN full-length enriched 

library, clone:I920061H24 product:ubiquitin-activating enzyme 

E1C, full insert sequence,Splice Isoform 1 of NEDD8-activating 

enzyme E1 catalytic subunit 

1 1 3.2  S 840.31  16.09  

37 1 15 days embryo head cDNA, RIKEN full-length enriched 
library, clone:D930045G19 product:SODIUM- AND 
CHLORIDE-DEPENDENT GABA TRANSPORTER 3 
homolog,Sodium- and chloride-dependent GABA 
transporter 4 

5 8 3.7  M12 1.25  0.21  

336 0.99 146 kDa protein,Myosin-6,MKIAA0389 protein (Fragment) 1 1 2.5  S 0.99  0.21  

147 1 14-3-3 protein gamma 2 4 4.1  S 1.28  0.25  

317 0.99 14-3-3 protein epsilon 1 3 4.7  S 2.14  0.42  

298 1 13 kDa protein,PREDICTED: similar to ribosomal protein 

L30,PREDICTED: similar to ribosomal protein L30 

2 2 24.6  S 1.14  0.15  

34 1 13 kDa protein,Macrophage migration inhibitory 

factor,PREDICTED: similar to Macrophage migration inhibitory 

2 2 7.9  S 840.31  16.09  
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factor 

157 1 13 days embryo male testis cDNA, RIKEN full-length enriched 

library, clone:6030400N17 product:CGMP-BINDING CGMP 

SPECIFIC PHOSPHODIESTERASE homolog 

2 4 4.2  S 1.12  0.30  

74 1 13 days embryo liver cDNA, RIKEN full-length enriched library, 

clone:I920006B08 product:plastin 3 (T-isoform), full insert 

sequence 

2 2 3.5  S 0.56  0.56  

311 0.99 13 days embryo liver cDNA, RIKEN full-length enriched library, 

clone:I920089D15 product:aldehyde dehydrogenase family 7, 

member A1, full insert sequence 

1 1 4.8  M2 0.99  0.26  

86 1 12 days embryo spinal ganglion cDNA, RIKEN full-length 

enriched library, clone:D130015G23 product:valosin containing 

protein, full insert sequence,Transitional endoplasmic reticulum 

ATPase 

6 8 6.2  S 0.93  0.15  

180 1 12 days embryo eyeball cDNA, RIKEN full-length enriched 
library, clone:D230033A18 product:phosphoglycerate 
kinase 1, full insert sequence,Phosphoglycerate kinase 1 

1 2 6.2  S 1.23  0.20  

279 1 12 days embryo embryonic body between diaphragm region 

and neck cDNA, RIKEN full-length enriched library, 

clone:9430060J01 product:COFILIN 1, NON-MUSCLE homolog

4 4 10.9  S 1.03  0.25  

230 1 117 kDa protein,Ankyrin 2, brain 3 3 2.8  S 0.35  0.06  

113 1 11 kDa protein,Protein DJ-1,9 kDa protein,18 kDa protein,14 

kDa protein,13 kDa protein 

3 11 19.0  S 0.98  0.14  

289 1 11 days embryo whole body cDNA, RIKEN full-length enriched 

library, clone:2700065P13 product:peptidylprolyl isomerase A, 

full insert sequence,Peptidyl-prolyl cis-trans isomerase A 

4 5 31.3  S 1.01  0.31  
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267 1 10 days neonate skin cDNA, RIKEN full-length enriched 
library, clone:4732465M09 product:hypothetical Prolyl 
oligopeptidase\Prolyl oligopeptidase, N-terminal beta-
propeller domain\Esterase\lipase\thioesterase family active 
site containing protein 

2 2 2.3  S 0.77  0.21  

8 1 10 days lactation, adult female mammary gland cDNA, RIKEN 

full-length enriched library, clone:D730032C02 product:malate 

dehydrogenase 1, NAD (soluble), full insert sequence,Malate 

dehydrogenase, cytoplasmic 

5 6 7.5  S 0.99  0.17  

393 0.92 10 day old male pancreas cDNA, RIKEN full-length enriched 

library, clone:1810043I11 product:hypothetical 

HIT,PREDICTED: similar to histidine triad protein 4 

1 1 6.1  S 0.00  0.00  

222 1 10-formyltetrahydrofolate dehydrogenase 2 2 2.4  S 4.57  0.74  

312 0.99 10, 11 days embryo whole body cDNA, RIKEN full-length 

enriched library, clone:2810407E01 product:hypothetical 

Ribokinase-like structure containing protein, full insert sequence

1 1 6.7  M1 840.31  16.09  

369 0.96 0 day neonate skin cDNA, RIKEN full-length enriched library, 

clone:4631430M22 product:prolyl endopeptidase, full insert 

sequence 

1 1 1.6  S 840.31  16.09  

249 1 0 day neonate lung cDNA, RIKEN full-length enriched library, 

clone:E030024J03 product:isocitrate dehydrogenase 1 

(NADP+), soluble, full insert sequence 

2 2 4.0  S 840.31  16.09  

20 1 0 day neonate cerebellum cDNA, RIKEN full-length enriched 

library, clone:C230040D23 product:GEPHYRIN homolog 

6 6 6.0  S 1.77  1.78  

396 0.92 [Pyruvate dehydrogenase [lipoamide]] kinase isozyme 2, 

mitochondrial precursor 

1 1 3.9  S 0.00  0.00  
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1. Main Findings and Conclusions 

  

This thesis had the main goal to address the transcriptome and proteome changes 

which occurred in the Nogo-A KO mouse, a model for spinal cord regeneration, with 

the main aim of identifying if intrinsic differences in the genetic background of these 

mice could play a role in the regenerative potential of their CNS, which transcription 

factors could orchestrate the regenerative process, which compensatory inhibitory 

molecules could be responsible for the remaining inhibitory properties of the adult 

CNS of Nogo-A KO mice, and which functions Nogo-A could be playing in the intact 

adult CNS.  

Wide-screen genomics and proteomics techniques can efficiently identify potential 

candidates in multiple experimental setups. To correlate molecular with functional 

changes, biochemical and cell biological techniques are required.  With regards to the 

questions addressed in this thesis, the obtained results have permitted us to conclude 

the following: 

1) Which could be the cause of the differences in regeneration capacities observed in 

the Nogo-A KO mice generated in three separate laboratories (Kim et al., 2003b; 

Simonen et al., 2003; Zheng et al., 2003)?  

We were able to show that intrinsic differences in the regeneration capacity of 

129X1/SvJ mice versus C57Bl/6 mice could explain many of the differences observed 

in the regeneration capacity of the three lines of Nogo-A knockout mice due to their 

mixed genetic background; 

2) Which transcription factors could regulate the regenerative response observed after 

a lesion in Nogo-A KO mice? 

Using an Affymetrix GeneChip approach, we identified those transcription factors 

which are upregulated in C57Bl/6 as well as 129X1/SvJ Nogo-A KO mice versus WT, 

1 week following spinal cord injury. Only 4 transcription factors were identified and 

one of them was SOX-11 which has been described in recent literature playing a role 

in neuronal fate specification, neuron survival and neurite outgrowth (Bergsland et al., 

2006; Jankowski et al., 2006). We suggest therefore that SOX-11 could play a role as 
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orchestrator of the regenerative process. Further experiments will be needed to dissect 

its temporal pattern of expression following a lesion and its involvement in the 

regenerative process. 

3) Which additional neurite outgrowth inhibitory molecules are compensating for the 

lack of Nogo-A in the Nogo-A KO mice and could be responsible for the incomplete 

regeneration following a CNS injury? 

In the genomic analysis of intact adult Nogo-A KO CNS, we observed an interesting 

upregulation of certain ephrins/ephs as well as semaphorins/plexins. We propose that 

these families of molecules could play a role in inhibiting neurite outgrowth and their 

neutralization coupled to the neutralization of the major inhibitor Nogo-A could 

further increase regeneration after injury. To further prove their inhibitory role, we 

started testing them in vitro and we showed that ephrinA3 can inhibit neurite 

outgrowth of dissociated cortical neurons and cerebellar granule neurons.  

4) Which are the molecular mechanisms and signaling pathways responsible for the 

observed regeneration in Nogo-A KO mice and which function could Nogo-A play in 

the intact adult CNS? 

In a quantitative proteomic approach we found that even in the absence of a lesion, 

several of the differentially expressed proteins in the CNS of adult naive Nogo-A KO 

versus WT mice were related to cytoskeleton dynamics, transport and growth related 

signaling. Freshly dissected adult Nogo-A KO dorsal root ganglion neurons showed 

enlarged and more dynamic growth cones. The analysis of the regulated signaling 

pathways, as well as further biochemical studies, has permitted us to identify the 

involvement of the LIMK1/cofilin pathway. Nogo-A could act as a tonic neurite 

outgrowth inhibitor in the intact adult CNS leading to the suppression of the growth 

program and thereby stabilizing the CNS structure.  
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2. Outlook 

 

The systems biology analysis of Nogo-A KO mice has revealed important new 

mechanistic insights into the increased regenerative response observed in this model 

following spinal cord injury, and has suggested novel potential functions for Nogo-A 

in the intact CNS. However, several questions remain open. 

The observation that different genetic backgrounds of mice can affect the regenerative 

properties after a lesion of the CNS (Dimou et al., 2006) could be an important issue 

with regards to the degree of efficacy of a treatment in different patient populations. 

This would clearly add further complexity to the evaluation of therapeutic efficacy, 

already known to be affected by several other variables such as age, sex, or health state 

prior to injury (Bravo et al., 1996; Eleraky et al., 2000; Horn et al., 1998; Middleton et 

al., 2007; Poynton et al., 1997; Stevenson et al., 1996; Wuermser et al., 2007).  In 

addition, differences in the molecular response to a treatment can also affect 

biomarkers, e.g. evaluating therapeutic efficacy as well as, in a broader view, assessing 

of disease state, e.g. in cancer research (Bensalah et al., 2007).  

The molecular response to a treatment, in our case Nogo-A neutralization, is driven by 

a coordinated shift in gene expression. We observed that in different genetic 

backgrounds only a small number of transcription factors commonly responded to the 

same treatment. In particular, lack of Nogo-A, which results in improved regeneration 

and sprouting following a lesion, was accompanied by the upregulation of two 

transcription factors: Sox11 and the zinc finger protein 11-6s. Sox11 has been 

suggested to play a role in neurite outgrowth (Jankowski et al., 2006) and it is 

therefore a strong candidate in orchestrating the regenerative response observed in 

Nogo-A KO mice. Future experiments, with the aim to focus on the role of Sox11 in 

neurite growth and regeneration, will address:  

- The expression level of Sox11 in Nogo-A KO and WT mice at different time-

points (1, 3, 5, 7, 14 days) following spinal cord injury, both at the mRNA level by 

qRT-PCR and at the protein level by western blots. Different tissues - the lesion site, 

the spinal cord caudal to the lesion site, the spinal cord rostral to the lesion site, brain 

stem, and motor cortex - will be tested. 
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- The pattern of expression of Sox11 in Nogo-A KO mice by in-situ 

hybridization and/or immunohistochemistry. 

- The potential correlation between Sox11 expression and regeneration, 

sprouting, and functional recovery. 

- How Sox11 overexpression or downregulation affects neurite outgrowth of 

different populations of primary neurons in vitro. 

- How Nogo-A overexpression or neutralization would affect the expression of 

Sox11 and neurite outgrowth of different populations of primary neurons in vitro.   

Nogo-A neutralization in the adult intact rat CNS has been shown to result in increased 

sprouting (Bareyre et al., 2002; Buffo et al., 2000; Gianola et al., 2003), which we 

suggest to be due at least in part to the regulation of the neurite outgrowth machinery 

which results in increased growth cone dynamics through the regulation of the 

LIMK/cofilin pathway. This phenotype might be caused by the lack of neuronal Nogo-

A, as neutralization of Nogo-A by antibody application in vitro produced similar 

results as shown by adult Nogo-A KO neurons.  How neuronal Nogo-A could signal to 

the neurite outgrowth machinery remains to be clarified. One possibility would be that 

Nogo-A and NgR, or the specific up-to-now-unknown Nogo-A receptor, could interact 

in cis with Nogo-A on the growth cone membrane. A more risky claim, for which no 

supporting data are at the moment available, would postulate that Nogo-A could act as 

a receptor for a yet unknown ligand.  

Nogo-A is expressed not only on the cell surface but as well intracellularly in the ER 

(Oertle and Schwab, 2003). Our data suggest a potential additional role for Nogo-A in 

the ER stress response machinery, which remains to be addressed.  

In the intact adult CNS, Nogo-A is highly expressed in plastic regions, e.g. the 

hippocampus (Huber et al., 2002; Trifunovski et al., 2006). Our data point to a 

potential novel role for Nogo-A in neurotransmission and synaptic function. Further 

studies aimed to clarify the functional responses of Nogo-A KO neurons compared to 

WT ones, as well as the morphological and molecular differences in synaptic structure 

and neurotransmitter release could permit to further investigate this hypothesis. 

We have shown that several members of the semaphorin and ephrin families are 

upregulated in Nogo-A KO mice and could compensate for the lack of the myelin 
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associated neurite outgrowth inhibitor Nogo-A. Despite of the fact that these  

molecules are mainly known as attractive and repulsive guidance cues, required for 

guiding axons to their specific targets during development (Fiore and Puschel, 2003; 

Klein, 2004; Kullander and Klein, 2002; Nakamura et al., 2000), they are also 

expressed in the CNS during adulthood and shown to be upregulated following a 

lesion (Koeberle and Bahr, 2004; Mueller et al., 2006; Pasterkamp and Verhaagen, 

2001; Yamaguchi and Pasquale, 2004). Several studies have suggested that they could 

restrict neurite outgrowth in the adult CNS but up to now no clear proof of their 

potential as therapeutic targets has been provided (De Winter et al., 2002a; Goldshmit 

et al., 2006; Liu et al., 2006a; Niclou et al., 2006) (See Introduction). Additional in 

vitro studies could permit to address their potential inhibitory role for neurite 

outgrowth for different neuronal subpopulations. In order to establish whether 

neutralizing these new candidates could potentiate Nogo-A neutralization effects, and 

further improve neurite outgrowth, sprouting and functional recovery following a CNS 

injury, in vivo studies, for example with double knockout animals, would be required. 

Nogo-A, which is mainly known for its role as myelin associated neurite outgrowth 

inhibitor in the adult CNS, is also expressed during development where its function is 

still poorly understood. One could hypothesize that as ephrins and semaphorins play a 

role in adulthood in restricting growth by inhibition, on the other hand Nogo-A could 

play a role in axon guidance during development, pointing to similar roles for these 

molecules in both the developing and the adult CNS.  
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April 2006 – Sidney Sussex College, Cambridge – UK  
NeuroNE Network Workshop: Dysfunction of axons and synapses in neurodegeneration 
Talk: “Nogo-A Knockout Mice: A Transcriptome and Proteome Approach to study 
Regeneration” 
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 Curriculum-vitae 

 
March 2006 – Girton College, Cambridge – UK  
Joint meeting of Neuroscience for Clinicians 13 & Brain Repair Spring School 2006 
Poster: “Nogo-A Knockout Mice: A Transcriptome and Proteome Approach to study 
Regeneration” 
 
November 2005 – Washington D.C. – USA 
Neuroscience, SfN Annual Meeting 2005 
Poster: “Transcriptomic and proteomic analysis of Nogo-A knockout mice” 
 
September 2005 – Zurich – Switzerland 
Functional Genomics Center of Zurich, Users Colloquium 2005 
Talk: “Genomic and Proteomic Analysis of Nogo-A Knockout Mice” 
 
August 2005 – Innsbruck – Austria 
Biennial ISN/ESN Meeting 
Poster: “Exploring Nogo-A Function: A Transcriptomic/Proteomic combined Approach” 
 
August 2005 – Obergurgl – Austria 
ISN, 7th Advanced School of Neurochemistry 
Talk: “Transcriptomic and Proteomic Analysis of Nogo-A knockout Mice” 
Poster: “Exploring Nogo-A Function: A Transcriptomic/Proteomic combined Approach” 
 
May 2005 – Wildhaus – Switzerland 
TransRegio SFB Konstanz/Zurich meeting: Structure and function of membrane proteins  
Talk: “Nogo-A knockout mice: investigating the Proteome” 
 
March 2005 – Goettingen – Germany 
Second International Meeting Horizons in Molecular Biology, The Mosaic of Nature: 
Hierarchy of Interactions 
Talk: “Characterization of Nogo-A knockout Mice through Proteomic and Transcriptomic 
Techniques” 
 
March 2005 – Ittingen – Switzerland 
NCCR Meeting 
Organizer: NCCR 
Datablitz: “Transcriptomic and Proteomic Analysis of Nogo-A Knockout Mice” 
 

PATENTS 
 
PATENT WO/2007/057395  
“Biomarkers for anti-Nogo-A Antibody Treatment in Spinal Cord Injury” 
In collaboration with Novartis Pharma – Basel – Switzerland  
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 Curriculum-vitae 

PUBLICATIONS 
 
Published 
- Dimou L, Schnell L, Montani L, Duncan C, Simonen M, Schneider R, Liebscher T, 

Gullo M and Schwab ME (2006) Strain-dependent potential for axonal growth and 
regeneration, the example of Nogo-A knockout mice. J. Neurosci. 26: 5591-5603 

- Weinmann O, Schnell L, Ghosh A, Montani L, Wiessner C, Wannier T, Rouiller E, 
Mir A, Schwab ME (2006) Intrathecally infused antibodies against Nogo-A penetrate 
the CNS and downregulate the endogenous neurite growth inhibitor Nogo-A. Mol Cell 
Neurosci 32: 161-173 

 
Submitted 
- Montani L, Kempf A, Petrinovic MM, Gerrits B, Gehrig P, Dimou L, Wollscheid B, 

Schwab ME. Systems biology profiling of Nogo-A KO mice: cytoskeleton-remodeling 
role for Nogo-A in the intact CNS and new inhibitory therapeutical targets 

- Craveiro LM, Hakkoum D, Weinmann O, Montani L, Stoppini L, Schwab ME. 
Neutralization of the membrane protein Nogo-A enhances growth and reactive 
sprouting in established organotypic hippocampal slice cultures 

 
In preparation 
- Montani L, Schwab ME (2009) Defeating Inhibition of axonal Regeneration by 

Myelin Components. In: Handbook for clinical Neurology, Vol. Spinal Cord Trauma. 
New Edition 2009, Elsiever  

- Montani L, Schwab ME. Axon guidance molecules in the adult CNS: a role in neurite 
outgrowth inhibition. Review 

- Aloy EM, Gall D, Hourez R, Montani L, Weinmann O, Kuenzli M, Rietschin L, 
Schiffmann SN, Schwab ME. Neuronal Nogo-A negatively regulates dendritic 
morphology and synaptic transmission  

- Montani L, Schroeter A, Petrinovic M, Schnell L, Thallmair M, Schwab ME. Sox-11: 
orchestration of regeneration?  

 

MEMBERSHIPS 
 
Swiss Society of Neuroscience 
American Society of Neuroscience 
International Society of Neurochemistry 
NeuronNe – European Network of Excellence 
 

LANGUAGES 
 
Italian: Mother-language 
English: Advanced 
German: Intermediate 
Spanish: Beginner 
Japanese: Beginner 
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