
Mechanisms of CNS myelin inhibition: Evidence for distinct and 
neuronal cell type specific receptor systems

Roman J. Gigera,*, Karthik Venkateshc, Onanong Chivatakarna, Stephen J. Raikera, Laurie 
Robaka, Thomas Hoferb, Hakjoo Leea, Christoph Raderb

aCenter for Neural Development and Disorder, Department of Biomedical Genetics, University of 
Rochester School of Medicine and Dentistry, 601 Elmwood Avenue, Rochester, NY 14642, USA

bExperimental Transplantation and Immunology Branch, Center for Cancer Research, National 
Cancer Institute, National Institutes of Health, 9000 Rockville Pike, Bethesda, MD 20892-1203, 
USA

cMultiple Sclerosis Center, University of Michigan, Holtom-Garrett Program in Neuroimmunology, 
109 Zina Pitcher Place, Ann Arbor, MI 48109-2200, USA

Abstract

Following injury to the adult mammalian central nervous system, regenerative growth of severed 

axons is very limited. The lack of neuronal repair is often associated with significant functional 

deficits, and depending on the severity of injury, may result in permanent paralysis distal to the site 

of injury. A detailed understanding of the molecular mechanisms that limit neuronal growth in the 

injured spinal cord is an important step toward the development of specific strategies aimed at 

restoring functional connectivity lost as a consequence of injury. While rapid progress is being 

made in defining the molecular identity of CNS growth inhibitory constituents, comparatively 

little is known about their receptors and downstream signaling mechanisms. Emerging new 

evidence suggests that the mechanisms for myelin inhibition are likely to be complex, involving 

multiple and distinct receptor systems that may operate in a redundant manner. Furthermore, the 

relative contribution of a specific ligand-receptor system to bring about growth inhibition may 

greatly vary among different neuronal cell types. Myelin-associated glycoprotein (MAG), for 

example, employs different mechanisms to inhibit neurite outgrowth of cerebellar, sensory, and 

retinal ganglion neurons in vitro. Nogo-A harbors distinct growth inhibitory regions, which 

employ different signaling mechanisms. The Nogo-66 receptor 1 (NgR1), a shared ligand binding 

component in a receptor complex for Nogo-66, MAG, and OMgp, participates in neuronal growth 

cone collapse to acutely presented myelin inhibitors, but is dispensable for longitudinal neurite 

outgrowth inhibition on substrate-bound Nogo-66, MAG, OMgp, or crude CNS myelin in vitro. 

Consistent with the idea of cell-type specific mechanisms for myelin inhibition, different types of 

CNS neurons possess very different regenerative capacities and respond differently to 

experimental treatment strategies in vivo. We speculate that differences in regenerative axonal 

growth among different fiber systems are a reflection of their intrinsic ability to elongate axons 

and their distinct cell surface receptor profiles to respond to the growth inhibitory extracellular 
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milieu. The existence of cell type specific mechanisms to impair regenerative axonal growth in the 

CNS may have important implications for the development of treatment strategies. Depending on 

the fiber tract injured, different ligand-receptor systems may need to be targeted in order to elicit 

robust and long-distance regenerative axonal growth.
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1. Overview

In higher vertebrates, including humans, the regenerative capacity of severed axons in the 

adult central nervous system (CNS) is extremely limited. Over the past several years a 

growing number of CNS inhibitory cues has been identified. These include the prototypic 

myelin inhibitors Nogo-A, myelin-associated glycoprotein (MAG), oligodendrocyte myelin 

glycoprotein (OMgp) and several types of chondroitin sulfate proteoglycans (CSPGs). In 

addition, there is now good evidence that canonical axon guidance molecules belonging to 

the semaphorin, ephrin and netrin families contribute to the growth-hostile environment of 

injured CNS tissue (Yiu and He, 2006; Xie and Zheng, 2007). When combined with the 

observation that mature CNS neurons show an intrinsic loss of their ability to rapidly 

elongate axons (Goldberg et al., 2002), the expanding list of CNS inhibitors imposes a major 

hurdle for regenerative axonal growth.

In the brain and spinal cord, myelin is produced by oligodendrocytes, the myelinating glia of 

the CNS. Myelin sheaths are wrapped around axons to ensure rapid propagation of action 

potentials. Mature oligodendrocytes adopt complex morphologies with extended membrane 

structures that typically ensheath multiple axons. Traumatic injuries to brain or spinal cord 

often result in substantial axonal damage. While the neuronal cell body and axon proximal 

segment of an injured neuron survive, the axon distal segment undergoes progressive 

degeneration, a process known as Wallerian degeneration. Axonal loss disrupts a delicate 

biochemical balance between axons and oligodendrocytes and indirectly leads to death of 

oligodendrocytes and the accumulation of cellular debris rich in degenerating myelin. In the 

CNS, Wallerian degeneration is very slow compared to the peripheral nervous system (PNS) 

and degenerating myelin in the CNS persist for months to years (Miklossy and Van der 

Loos, 1991; George and Griffin, 1994). Because CNS myelin contains multiple inhibitors of 

growth, the protracted clearance of degenerating CNS myelin is likely to be a major 

contributor to the regenerative failure of severed axons (Vargas and Barres, 2007).

While a growing number of myelin-associated inhibitors has been identified and significant 

inroads are beginning to be made in defining the molecular basis of CNS myelin inhibition, 

the exact composition of inhibitors and their relative contribution to the regenerative failure 

of injured CNS axons remains largely unknown. With an increasing number of CNS 

inhibitors identified, an important next question is to define their mechanisms of action. The 

search for the neuronal surface receptors of myelin inhibitors and their down-stream 

signaling intermediates is of great interest both biologically and clinically. Cell surface 
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binding partners for MAG, Nogo, and OMgp implicated in neuronal inhibition include the 

Nogo receptor family members NgR1 and NgR2, as well as complex brain gangliosides 

(Vyas and Schnaar, 2001; Liu et al., 2006). Membrane proteins that participate directly or 

indirectly in CNS myelin inhibition include the leucine-rich repeat protein Lingo-1, select 

members of the TNF receptor superfamily, integrins, and the receptor tyrosine kinase EGFR 

(Yiu and He, 2006; Hu and Strittmatter, 2008). Many of these ligand-receptor systems share 

common down-stream signaling components, including RhoA, PKC, and appear to be 

antagonized by cAMP/PKA signaling. A detailed understanding of the molecular and 

cellular mechanisms that limit axonal growth and regeneration following CNS injury or 

disease is of fundamental importance for the rational design of new interventions aimed at 

promoting CNS repair. Our current knowledge of the molecular mechanisms of MAG, 

Nogo-A and OMgp mediated neuronal inhibition is the subject of this review, with a primary 

focus on ligand-receptor interactions and their importance for neuronal growth inhibition in 
vitro and axonal regeneration in vivo. For a detailed discussion on intracellular signaling 

mechanisms of neuronal growth inhibition we refer to several excellent reviews that recently 

have been published (Huber et al., 2003; Yiu and He, 2006; Schmandke and Strittmatter, 

2007).

2. CNS inhibitors

Over the past several years numerous CNS inhibitory cues have been identified. These 

include the prototypic myelin inhibitors MAG, Nogo-A, and OMgp (Filbin, 2003; Schwab, 

2004; Liu et al., 2006; Yiu and He, 2006). Furthermore, chondroitin sulfate proteoglycans 

(CSPGs) which are expressed throughout the brain and spinal cord, inhibit neuronal growth 

and are upregulated following traumatic CNS injury, particularly near the site of astroglial 

scar formation (McKeon et al., 1995; Davies et al., 1999; Bradbury et al., 2002). In addition, 

there is now good evidence that canonical axon guidance molecules belonging to the 

semaphorin (Pasterkamp et al., 1999; Moreau-Fauvarque et al., 2003; Kaneko et al., 2006), 

ephrin (Benson et al., 2005; Du et al., 2007), and netrin (Low et al., 2008) families of 

guidance cues also contribute to the growth hostile environment of injured CNS tissue. 

Expression levels of these different inhibitors often change following injury and there is 

currently no clear information available about their relative contribution to the growth 

inhibitory milieu of intact or injured adult mammalian CNS tissue. It appears likely, 

however, that robust regenerative axonal growth will depend on strategies directed at 

neutralizing multiple inhibitors of growth simultaneously. When combined with approaches 

to boost cell intrinsic growth mechanisms (Song et al., 1997; Cai et al., 2001), this may 

result in significant axonal regeneration, an important first step toward reestablishing 

meaningful neuronal connectivity lost as a consequence of CNS injury.

3. Myelin-associated glycoprotein

One of the best-characterized inhibitors of axonal growth is myelin-associated glycoprotein 

(MAG). A biochemical approach aimed at the purification and molecular characterization of 

myelin-associated growth inhibitory activity led to the identification of MAG, a previously 

known myelin constituent (McKerracher et al., 1994; Mukhopadhyay et al., 1994).
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MAG (Siglec-4) is a sialic acid-recognizing Igsuperfamily lectin comprised of 5 

immunoglobulin (Ig)-like domains, a single transmembrane domain, and a cytoplasmic 

domain that is variable in length. Alternative splicing in rodents generates two MAG splice 

forms with identical ectodomains and either a short (S-MAG) or large (L-MAG) cytoplasmic 

portion (Quarles et al., 1992; Kelm et al., 1994; Crocker and Varki, 2001). A soluble 

fragment of MAG (dMAG), the product of matrix metalloproteinase activity, retains neurite 

outgrowth inhibitory activity in vitro (Tang et al., 1997b; Milward et al., 2008). The MAG 

lectin activity is located within its N-terminal V-set Ig domain and binds with high 

specificity to certain types of terminal sialic acids. Soluble MAG ectodomain binds to the 

neuronal cell surface and inhibits growth in a sialic acid-dependent, Vibrio cholerae 
neuraminidase (VCN) sensitive manner (Kelm et al., 1994; DeBellard et al., 1996). 

Characterization of the MAG lectin activity revealed strong binding to α2,3-linked but not to 

α2,6- or α2,8-linked terminal sialic acids. Moreover, α2,3-linked sialic acids on a core 

structure of Galβ1–3GalNAc, found on O-glycosylated proteins and some gangliosides, bind 

to MAG very strongly (Vyas and Schnaar, 2001). In addition, MAG also binds to α2,3-

linked sialic acids on glycoconjugates that are N-linked to the protein core (Strenge et al., 

1998; Strenge et al., 1999). Together this suggests the existence of numerous ligands 

recognized by the MAG lectin activity, and similar to other siglecs, MAG function may be 

regulated by overall levels of both cis- and trans-sialic acid associations (Varki and Angata, 

2006).

MAG is a bi-functional molecule that regulates neurite outgrowth in an age-dependent 

manner; it promotes growth of many types of young neurons and at more mature stages, 

strongly inhibits neurite outgrowth (Johnson et al., 1989; McKerracher et al., 1994; 

Mukhopadhyay et al., 1994; Hasegawa et al., 2004). The molecular basis of the switch from 

growth promotion to growth inhibition is not yet fully understood (Hasegawa et al., 2004) 

and depending on the neuronal cell type examined, occurs at different developmental stages. 

Late embryonic rat hippocampal and cortical neurons already show a growth inhibitory 

response toward MAG (Vinson et al., 1996; Chivatakarn et al., 2007). Postnatal day (P) 1 

DRG neurons on the other hand, grow longer neurites when cultured on MAG. After P6 all 

neuronal cell types examined thus far are strongly inhibited by MAG (Mukhopadhyay et al., 

1994; Cai et al., 2001).

MAG is expressed by myelinating glia, Schwann cells in the PNS and oligodendrocytes in 

the CNS, and is strongly enriched in myelin membranes juxtaposed to the axon and on 

apposing myelin membranes in the non-compact myelin compartments such as the Schmidt–

Lanterman incisures and the paranodal loops (Trapp et al., 1989; Quarles, 2002; Erb et al., 

2006). S-MAG is the predominant isoform in the PNS, and both isoforms, S-MAG and L-

MAG, are abundantly found in the mature CNS (Erb et al., 2006). Expression levels of MAG 

in CNS myelin are much greater than in PNS myelin (Quarles, 1989).

MAG is a strong inhibitor of neurite outgrowth in vitro, however, loss of MAG is not 

sufficient to improve regenerative axonal growth in spinal cord injured mice (Bartsch et al., 

1995). Nevertheless, there is good evidence that MAG has growth inhibitory activity towards 

regenerating neurons in vivo (Schafer et al., 1996; Sicotte et al., 2003). When crossed into 

Wlds mice, a strain in which Wallerian degeneration is greatly delayed (Lunn et al., 1989), 
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MAG null mice show faster axonal regrowth in crushed femoral nerves compared to MAG 
wild-type controls, indicating that MAG is an inhibitor of axonal regeneration in vivo 
(Schafer et al., 1996). Also, acute inactivation of MAG in chicken retina-optic nerve cultures 

leads to enhanced regeneration of injured retinal ganglion cell axons (Wong et al., 2003). 

Because MAG is much more abundant in CNS myelin compared to the PNS myelin 

(Quarles, 1989), it is conceivable that MAG significantly contributes to the growth inhibitory 

nature of adult mammalian CNS white matter.

While MAG’s role as an inhibitor of axonal growth and regeneration has received most 

attention, analysis of the MAG null mouse revealed defects in myelin stability (Li et al., 

1994; Montag et al., 1994). In addition to mild deficits in myelination, MAG null mice 

exhibit late-onset progressive PNS axonal atrophy and increased Wallerian degeneration. 

More recent studies revealed clear evidence for CNS axon degeneration in MAG null mice 

(Loers et al., 2004; Pan et al., 2005). For a more detailed discussion of the MAG mutant 

phenotype see (Quarles, 2007).

4. Nogo

Since the identification of MAG as a myelin inhibitor in 1994, several additional myelin-

associated growth inhibitors have been cloned and characterized at the molecular level. 

Pioneering work by Schwab and Caroni demonstrated the existence of specific neurite 

growth inhibitory factors in CNS myelin (Caroni and Schwab, 1988). A monoclonal 

antibody (IN-1) raised against a 35/250-kDa inhibitory activity was found to promote neurite 

outgrowth in the presence of CNS myelin in vitro, and more importantly, to also promote 

regenerative axonal growth following spinal cord injury in vivo (Schnell and Schwab, 1990; 

Bregman et al., 1995; Brosamle et al., 2000; Liebscher et al., 2005). Based on subsequently 

deduced peptide sequences of the 250-kDa IN-1 antigen (Spillmann et al., 1998), three 

groups independently cloned Nogo-A and demonstrated its growth inhibitory activity (Chen 

et al., 2000; GrandPre et al., 2000; Prinjha et al., 2000). Nogo-A/RTN4 is a member of the 

reticulon (RTN) family of membrane-associated proteins. All RTN family members contain 

a carboxy-terminal RTN homology domain that consists of two hydrophobic regions 

flanking a hydrophilic loop of 60–70 amino acids. The RTN amino-terminal domains are 

more divergent and display little or no similarity to each other (Yang and Strittmatter, 2007). 

The Nogo gene gives rise to three different splice forms, Nogo-A, Nogo-B, and Nogo-C. 

The largest of which, Nogo-A, is comprised of at least two distinct and dissociable neurite 

outgrowth inhibitory domains (Fournier et al., 2001; Oertle et al., 2003). The Nogo-A 

specific inhibitory activity located toward the N-terminal domain of Nogo-A (Amino-Nogo), 

inhibits neurite outgrowth and fibroblast spreading in vitro (Caroni and Schwab, 1988; 

Oertle et al., 2003). A neuron-specific inhibitory activity, shared by all three Nogo isoforms, 

is a 66 amino acid hydrophilic loop (Nogo-66) flanked by two transmembrane domains and 

part of the carboxy-terminal RTN homology domain.

Nogo-A is strongly expressed by developing and mature oligodendrocytes but is not found 

in PNS myelin. In addition, Nogo-A is also expressed by many neuronal cell types in the 

developing and mature nervous system (Huber et al., 2002; Wang et al., 2002c). Inhibitory 

regions of Nogo-A are present on the cell surface; however, the membrane topology of 
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Nogo-A is variable and may be regulated in a developmental manner (Oertle et al., 2003). A 

large part of Nogo-A is located intracellularly and may only be exposed following injury 

induced death of oligodendrocytes, further contributing to the growth inhibitory environment 

of injured CNS tissue. When coupled with the protracted clearance of Nogo-A from 

degenerating tracts of spinal cord injured rats (Buss et al., 2005), this suggests that Nogo-A 

inhibition persists for a long time following injury.

5. Oligodendrocyte myelin glycoprotein

Oligodendrocyte myelin glycoprotein (OMgp) is a 110-kDa leucine rich repeat (LRR) 

protein linked to the cell surface via a glycosylphosphatidylinositol (GPI) anchor (Vourc’h 

and Andres, 2004). OMgp is a well-known CNS myelin constituent (Mikol and Stefansson, 

1988). Its neurite outgrowth inhibitory activity, however, was only described more recently 

(Wang et al., 2002b). OMgp appears to be largely identical with arretin, a previously 

reported growth inhibitory activity found in mouse and human CNS myelin (Kottis et al., 

2002). Similar to Nogo-A, OMgp is expressed by oligodendorcytes and neurons in the 

developing and adult CNS (Habib et al., 1998). OMgp has been reported to be present at 

Nodes of Ranvier where it is thought to function as a growth inhibitor that limits aberrant 

axonal sprouting at nodes (Huang et al., 2005). Whether functional ablation of OMgp leads 

to enhanced regenerative axonal growth following SCI in vivo has not yet been examined.

6. Mechanisms of myelin inhibition

6.1. MAG inhibition – Importance of terminal sialic acids

MAG is a siglec family member that binds to the neuronal cell surface in a sialic acid-

dependent manner (Kelm et al., 1994; DeBellard et al., 1996). To what extent the presence 

of neuronal sialoglycans is required for MAG inhibition, however, is still an ongoing debate. 

Knowledge on the role of MAG’s lectin activity is of considerable interest because it offers a 

potential target to antagonize MAG inhibition. Initially, the importance of MAG’s lectin 

activity for growth inhibition was probed by neuraminidase shedding of terminal sialic acids 

or the use of a MAG mutant (MAGR118A) with greatly decreased lectin activity (Tang et al., 

1997a). If cerebellar granule neurons (CGNs) are desialylated before the neurite outgrowth 

assay, inhibition by soluble MAG is completely lost, while inhibition by membrane bound 

MAG, expressed on the surface of CHO-MAG feeder cells, is only partially reversed. 

Moreover, soluble MAG-Fc but not MAGR118A-Fc inhibits neurite outgrowth of CGNs 

(Tang et al., 1997a). At high doses, however, MAGR118A-Fc still inhibits neurite outgrowth 

of embryonic hippocampal neurons (Vinson et al., 2001). Interestingly, when stably 

expressed on the surface of CHO cells, MAGR118A inhibits neurite outgrowth similarly to 

wild-type MAG (DeBellard et al., 1996; Tang et al., 1997a). The differences observed in 

outgrowth inhibition between neurons grown on CHO-MAGR118A cells and desialylatated 

neurons grown on CHO-MAG cells may be the result of residual lectin activity that remains 

present in MAGR118A. Alternatively, MAG’s lectin activity may primarily function in the 

binding and proper presentation of MAG to a signal-transducing component in the MAG 

holoreceptor complex – and when presented at high concentration on the cell surface of 

CHO-MAG feeder cells, MAG’s lectin activity may be dispensable for growth inhibition. At 
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lower concentration or in soluble form, however, the MAG lectin activity is necessary for 

neurite outgrowth inhibition (Vinson et al., 2001). Consistent with the idea that the MAG 

lectin activity does not directly participate in growth inhibition, MAG(1–3)-Fc binds to the 

neuronal surface in a sialic-acid dependent manner but fails to inhibit neurite outgrowth 

(Tang et al., 1997a). Based on these observations Filbin and colleagues proposed a model in 

which there are two binding sites on MAG, a sialic acid dependent site and a growth 

inhibitory site (Tang et al., 1997a). In support of their model, a growth inhibitory site on 

MAG was recently found to be located in the fifth Ig domain (Cao et al., 2007). The binding 

partner(s) of the MAG growth inhibitory site in the fifth Ig domain, however, remains 

elusive. As discussed below, the importance of MAG’s lectin activity for neuronal growth 

inhibition does not only depend on the form in which MAG is presented (soluble or 

membrane bound), but also varies greatly among different neuronal cell types.

6.2. Gangliosides

If sialoglycans are important for aspects of MAG inhibition, what is their molecular 

identity? Complex gangliosides, including GD1a and GT1b, have been identified as sialic 

acid-dependent MAG ligands that function in neurite outgrowth inhibition of soluble MAG-

Fc and substrate adsorbed MAG (Yang et al., 1996; Collins et al., 1997; Vinson et al., 2001; 

Vyas et al., 2002). The most compelling evidence for the importance of complex 

gangliosides in MAG inhibition stems from the greatly reduced inhibition of CGNs isolated 

from GalNacT mutant mice (Vyas et al., 2002; Fujitani et al., 2005). GalNacT mice lack all 

major brain gangliosides, including the MAG binding gangliosides GD1a and GT1b, 

however, other MAG binding gangliosides such as GM3 are still present. To what extent 

gangliosides contribute to MAG inhibition in neuronal cell types other than CGNs was only 

examined very recently. Consistent with mouse genetic studies, pharmacological inhibition 

of ganglioside biosynthesis largely abrogates inhibition of CGNs cultured on substrate 

adsorbed dMAG (Mehta et al., 2007). In marked contrast to CGNs, gangliosides are largely 

dispensable for MAG inhibition of DRG neurons and also play a less prominent role in 

MAG inhibition of hippocampal neurons compared to CGNs. This suggests that the 

importance of gangliosides for MAG inhibition greatly depends on the neuronal cell type 

examined (Mehta et al., 2007). Consistent with this conclusion, we found that MAG 

inhibition of CGNs, but not retinal ganglion cells (RGCs) or DRG neurons is sensitive to 

neuraminidase treatment (Venkatesh et al., 2007), further arguing for the existence of cell 

type specific mechanisms for MAG inhibition.

Because MAG-Fc binding to primary neurons and neuroblastoma cells is both 

neuraminidase and trypsin sensitive (DeBellard et al., 1996; DeBellard and Filbin, 1999; 

Strenge et al., 1999), it has been argued that in addition to gangliosides, cell surface 

protein(s) contribute to high affinity MAG binding. Consistent with this idea, affinity 

precipitation with immobilized MAG-Fc identified specific protein interactions, some of 

which are sialic acid-dependent (DeBellard and Filbin, 1999; Strenge et al., 1999). Whether 

the neuraminidase and trypsin sensitivity of MAG binding is a reflection of MAG binding to 

neuronal sialoglyco-protein(s) or a protein-ganglioside complex, however, remains 

unknown.
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7. Nogo receptors

7.1. NgR1

In addition to gangliosides, several other MAG binding partners have been described. These 

include extracellular matrix components such as heparin (Fahrig et al., 1987), collagen type 

1 (Probstmeier et al., 1992), fibronectin (Strenge et al., 2001), and tenascin-R (Yang et al., 

1999). The functional significance of MAG binding to different extracellular matrix 

components is not clear, however, it was recently found that extracellular matrix components 

greatly influence MAG’s ability to inhibit neurite outgrowth. In the presence of laminin, 

MAG inhibition of DRGs and CGNs is reduced in a dose dependent manner (Laforest et al., 

2005).

Neuronal binding partners of MAG include a glycosylated form of MAP1B (Franzen et al., 

2001), the Nogo receptor family members NgR1 and NgR2 (Domeniconi et al., 2002; Liu et 

al., 2002; Venkatesh et al., 2005) and OMgp (Lauren et al., 2007). In Xenopus spinal 

neurons, a homologue of mammalian TRPC1 is required for proper growth cone turning in 

response to microscopic gradients of MAG. However, MAG is not thought to directly bind to 

TRPC1, and it is not known how TRPC1 is activated in the presence of MAG (Shim et al., 

2005).

The first MAG binding protein directly implicated in neuronal growth inhibition was the 

Nogo-66 receptor NgR1. Initially identified as a high affinity receptor for Nogo-66 (Fournier 

et al., 2001), NgR1 was subsequently found to also directly bind MAG (Domeniconi et al., 

2002; Liu et al., 2002), and OMgp (Wang et al., 2002b). NgR1 is the founding member of 

the Nogo receptor gene family comprised of three members NgR1, NgR2, and NgR3 (Fig. 

1). Nogo receptors are leucine rich repeat (LRR) proteins linked to the surface by a 

glycosylphosphatidyl inositol (GPI) anchor. The LRR cluster of Nogo receptor family 

members is composed of 8.5 canonical LRRs flanked N-terminally and C-terminally by 

cysteine-rich LRRNT and LRRCT capping domains. The LRR cluster of NgR1 adopts a 

helical quaternary structure and is connected to the cell membrane via a ∼ 100 amino acid 

stalk region and a GPI anchor (Barton et al., 2003; He et al., 2003). The NgR1 LRR cluster 

is necessary and sufficient to support binding of Nogo-66, MAG, and OMgp. The stalk 

region of NgR1 is required for growth cone collapse in retinal ganglion cells but does not 

participate in ligand binding (Fournier et al., 2002).

Two independent approaches were pursued to assess the functional significance of the 

NgR1-MAG association for neuronal growth inhibition. One study showed that neurite 

outgrowth inhibition of CGNs plated on CHO-MAG feeder layers is blocked in the presence 

of anti-NgR1 antibody (Domeniconi et al., 2002), and a second study found that ectopic 

expression of NgR1 in embryonic chick DRG neurons is sufficient to confer MAG 

responsiveness (Liu et al., 2002). These findings would argue that NgR1 is both necessary 

and sufficient for MAG inhibition. However, when later challenged with primary neurons 

isolated from NgR1 null mice, it was found that in CGNs and other primary neuronal cell 

types, NgR1 is not necessary for MAG elicited neurite outgrowth inhibition (Chivatakarn et 

al., 2007; Venkatesh et al., 2007).
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7.2. Impact of inhibitor presentation – Chronic versus acute exposure

One of the most stringent and direct tests to examine to what extent any binding partner or 

receptor candidate contributes to neuronal growth inhibition is the use of primary neurons 

isolated from mice null for the binding partner(s) under investigation. Two independent 

NgR1 null mouse lines have been generated (Kim et al., 2004; Zheng et al., 2005) and 

primary neurons from these mice were used to examine the importance of neuronal NgR1 
for growth inhibitory responses toward crude CNS myelin or individual inhibitors in vitro. In 

one set of experiments DRG neurons isolated from two-week old NgR1 wild-type pups were 

shown to exhibit a mild but significant (∼20%) increase in growth cone collapse following 

acute application of soluble Nogo-66, OMgp, and MAG to the culture medium. A similar 

increase in growth cone collapse was not observed with DRG neurons from age matched 

NgR1 mutant pups treated under the same conditions (Kim et al., 2004). It thus came as a 

surprise when subsequent studies reported that CNS myelin, Nogo-66, and MAG inhibition 

of CGNs, RGCs, or DRG neurons is NgR1-independent (Zheng et al., 2005; Venkatesh et 

al., 2007). At face value, these studies seemed to come to opposite conclusions, but upon 

closer examination it became clear that there were important differences in the way the 

studies were performed. While Kim et al. (2004) studied the modest growth cone collapsing 

activity of NgR1 ligands when applied acutely to DRG neurons, Zheng et al. (2005) and 

Venkatesh et al. (2007) examined the neurite growth-inhibitory activity of Nogo-66, MAG, 

and crude CNS myelin when presented as substrates or in membrane bound form to 

postnatal CGNs, RGCs, and DRG neurons in chronic culture experiments. These 

experiments suggest that NgR1 is necessary for growth cone collapse if inhibitors are 

presented acutely (Kim et al., 2004) but not for neurite outgrowth inhibition on substrate 

bound inhibitors (Zheng et al., 2005; Venkatesh et al., 2007).

To independently show that NgR1 is important for DRG neuron growth cone collapse in 

response to acutely presented inhibitor, the experiments by Kim et al. (2004) were repeated 

with an independently generated NgR1 null mouse (Zheng et al., 2005; Chivatakarn et al., 

2007). Furthermore, because NgR1 has been proposed to represent a convergence point for 

multiple inhibitors, NgR1 null DRG neurons were also examined for OMgp responsiveness. 

Similar to substrate bound Nogo-66 (Zheng et al., 2005) and membrane bound MAG 

(Venkatesh et al., 2007), neurite outgrowth inhibition on substrate bound OMgp is NgR1 
independent (Chivatakarn et al., 2007). Consistent with Kim and colleagues it was found 

that growth cone collapse of postnatal-day 21 DRG neurons in response to acutely applied 

OMgp or MAG is attenuated in NgR1 mutants compared to age-matched wild-type controls 

(Chivatakarn et al., 2007). There was a ∼20% decrease in collapsed growth cones in NgR1 
mutants compared to NgR1 wild-type DRG cultures treated with ligand. Consistent with this 

observation, only a subpopulation of adult DRG neurons is expressing NgR1 (Hunt et al., 

2002). Because germline ablation of NgR1 may lead to compensatory changes in gene 

expression, an RNAi-based approach was used to independently confirm the results with 

NgR1 null neurons. Similar to experiments with NgR1 null neurons, RNAi knock-down of 

NgR1 does not result in enhanced neurite outgrowth on membrane bound MAG 

(Chivatakarn et al., 2007). Collectively, these results provide unexpected evidence that the 

growth cone collapsing activities and substrate growth-inhibitory activities of inhibitory 
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ligands can be dissociated. These results also demonstrate that chronic axon growth 

inhibition by myelin is mediated by NgR1-independent mechanisms.

Our results demonstrate that NgR1 is not necessary for neurite outgrowth inhibition of 

substrate bound inhibitor and imply that some other receptor(s) must exist that can bind 

Nogo-66, MAG and OMgp to mediate the actions of these factors. If so, how does NgR1 fit 

in with this alternate receptor(s)? A first possibility is that NgR1 pairs with this receptor(s) 

to increase its affinity for the inhibitory ligands. In this model, loss of NgR1 would reduce 

the sensitivity of the receptor, which could lead to loss of collapse but not substrate 

inhibition if the concentration of each ligand was limiting in the collapse assay but saturating 

in the substrate assay. Arguing strongly against this possibility, however, is the finding from 

a substrate dilution series that the degree of inhibition by different concentrations of MAG is 

the same for wild-type and NgR1 knockout neurons (Chivatakarn et al., 2007). Instead, these 

results appear to imply that different mechanisms are required for collapse and for growth 

inhibition.

Based on these recent findings, the originally proposed model in which Nogo, MAG, and 

OMgp all converge on neuronal NgR1 to exert their axon growth inhibitory action is most 

likely an oversimplification of the mechanisms employed by these inhibitors and implies the 

existence of additional receptor(s).

7.3. NgR2

In addition to NgR1, a close homologue, NgR2, associates with MAG directly (Venkatesh et 

al., 2005; Lauren et al., 2007). Ectopic expression of NgR2 in neonatal DRG neurons is 

sufficient to confer MAG inhibition and in P7 CGNs ectopic NgR2 augments MAG 

inhibition of neurite outgrowth (Venkatesh et al., 2005). NgR2 binds MAG-Fc with an 

approximately five-fold greater affinity than NgR1, however, NgR2 does not support binding 

of Nogo-66 or OMgp (Venkatesh et al., 2005). Furthermore, the previously reported 

interactions of NgR1 with Lingo-1, p75 and TROY are not shared with NgR2. We found no 

association of NgR2 with p75, TROY, or Lingo-1 (K. Venkatesh and R. Giger, unpublished 

observations). With respect to MAG inhibition, an obvious question is to what extent 

neuronal NgR2 functions as a MAG receptor that contributes to MAG inhibition, either 

following acute or chronic presentation of MAG. Because NgR1 and NgR2 show similar and 

largely overlapping expression patterns in the adult CNS, this question has not yet been 

addressed and awaits the availability of NgR1 and NgR2 double mutant mice.

We identified a truncated soluble form of human NgR2 (called s-NgR2) that is generated by 

alternative splicing and comprised of the first 171 amino acids of full-length NgR2 followed 

by 22 amino acids unique to s-NgR2 (Fig. 1). S-NgR2 is expressed in the adult human brain, 

however, its functional significance is unknown. One possibility is that s-NgR2 competes 

with full-length NgR2 for specific binding sites, and thus, may have NgR2 antagonistic 

function. While s-NgR2 is the only splice variant we identified in the NgR family (our 

unpublished observation), soluble forms of NgR1 and NgR2, generated by 

metalloproteinase-dependent ectodomain shedding, have been identified in vitro (Walmsley 

et al., 2005).
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NgR1 and NgR2 are both expressed by many projection neurons in the adult CNS, including 

pyramidal neurons of the neocortex, principal neurons in the hippocampus, retinal ganglion 

cells, and subsets of DRG neurons (Hunt et al., 2002; Wang et al., 2002c; Barrette et al., 

2007; Funahashi et al., 2008). Postnatal CGNs appear to form an exception, as they express 

NgR1 but not NgR2 (Venkatesh et al., 2005). When coupled with the observation that CGNs 

null for NgR1 are strongly inhibited by MAG, this shows that MAG signals growth 

inhibition in CGNs in an NgR1 and NgR2 independent manner. NgR3 is expressed by CGNs 

but does not support MAG binding, and thus, is likely not a functional substitute for NgR1. 

Thus in CGNs, complex brain gangliosides, including GD1a and GT1b appear to be the 

main MAG binding partners and an important component of the MAG receptor complex 

(Vyas et al., 2002). The mechanisms of how MAG binding to gangliosides triggers 

intracellular signaling events, such as activation of RhoA, however, are not well understood. 

Cell types other than CGNs, including DRG neurons, RGCs, and hippocampal neurons 

appear to depend much less or not at all on the presence of gangliosides or terminal sialic 

acids to show a growth inhibitory response to MAG (Mehta et al., 2007; Venkatesh et al., 

2007). Therefore, it will be interesting to examine whether and to what extent RGCs and 

neocortical or hippocampal pyramidal neurons – cells that express very high levels of NgR1 

and NgR2 – depend on the presence of NgR1 and NgR2 for MAG inhibition.

7.4. Redundant mechanisms for MAG inhibition

Clues about the existence of redundant mechanisms for MAG inhibition stem from recent 

experiments in which the association of MAG with multiple neuronal cell surface binding 

partners was impaired simultaneously (Fig. 2). For example, neither neuraminidase 

treatment nor genetic ablation of NgR1 is sufficient to attenuate MAG inhibition of RGCs 

cultured on CHO-MAG feeder layers, however, the combined loss of terminal sialic acids 

and NgR1 leads to a significant decrease in MAG inhibition (Venkatesh et al., 2007). In a 

similar vein, combined pharmacological blockade of ganglioside biosynthesis and NgR1 

antagonism (with the Nogo peptide NEP1–40), leads to significantly more neuronal growth 

of hippocampal and DRG neurons cultured on substrate adsorbed MAG than either 

treatment alone (Mehta et al., 2007). Taken together, these studies strongly argue for the 

existence of cell type specific mechanisms for MAG inhibition. Furthermore, there appears 

to be a significant degree of redundancy among different MAG receptor systems, suggesting 

that they function largely independently (Mehta et al., 2007; Venkatesh et al., 2007), an 

observation that may have important implications for the development of treatment strategies 

aimed at overcoming MAG inhibition in vivo.

7.5. MAG binding sialoglycans: Gangliosides, NgR1 and NgR2

Because MAG binding to NgR1 expressed on the surface of CHO or COS-7 cells is not 

sensitive to neuraminidase treatment, it was proposed that NgR1 is a sialic acid independent 

MAG receptor (Domeniconi et al., 2002; Liu et al., 2002). Subsequent studies showed that 

NgR1 and NgR2 are sialoglycoproteins (Venkatesh et al., 2005; Wen et al., 2005) and when 

ectopically expressed in neonatal DRG neurons, NgR2 and to a lesser extent NgR1, 

associates with MAG-Fc in a neuraminidase sensitive manner (Venkatesh et al., 2005). 

Differences observed in MAG binding to NgR1 and NgR2 expressed in primary neurons 

(neuraminidase sensitive) and cell lines (neuraminidase insensitive) may be a reflection of 
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different glycosylation patterns of Nogo receptors in different cell types. When compared to 

mock transfected DRG neurons, desialylated neurons transfected with NgR1 and NgR2 still 

show greater binding of MAG-Fc. This suggests that in primary neurons NgR1 and NgR2 

harbor sialic acid dependent, as well as sialic acid independent MAG binding sites 

(Venkatesh et al., 2005). Because NgR1 and NgR2 are primarily expressed by neurons, it has 

been proposed that MAG engages in a multivalent recognition complex with axonal NgR1 or 

NgR2. For high affinity MAG binding to occur, the presence of terminal sialic acids 

associated with NgR1 or NgR2 are necessary. Consistent with this model, in the absence of 

sialic acids MAG still binds to neuronal NgR1 and NgR2, though with greatly reduced 

affinity (Venkatesh et al., 2005). NgR1 and NgR2 endogenously expressed in postnatal rat 

brain undergo a neuraminidase dependent molecular weight shift, indicating that NgR1 and 

NgR2 are sialoglycopoteins (Venkatesh et al., 2005). Direct binding of MAG to sialoglycans 

covalently linked to NgR1 and NgR2 appears likely, however, more indirect mechanisms 

such as binding to a NgR1- or NgR2- ganglioside complex can formally not be ruled out.

7.6. Lingo-1, p75 and TROY

Because the neuronal cell surface binding partners for MAG – gangliosides, NgR1 and 

NgR2 – are lipid linked to the plasma membrane, an important question concerns the signal 

transduction mechanism of MAG upon binding to the neuronal cell surface. Yamashita and 

colleagues reported that DRG neurons and CGNs deficient for the low affinity neurotrophin 

receptor p75 are no longer inhibited by MAG (Yamashita et al., 2002). p75 does not directly 

associate with MAG and a complex between p75 and GT1b has been proposed to signal 

MAG inhibition (Yamashita et al., 2002). Subsequent studies found an interaction between 

p75 and NgR1 that signals growth inhibition in the presence of different myelin inhibitors 

(Wang et al., 2002a; Wong et al., 2002). Upon MAG binding to the neuronal cell surface, 

p75 undergoes α- and γ-secretase-dependent proteolytic cleavage, and processing of p75 is 

important for RhoA activation and subsequent inhibition of neurite outgrowth (Domeniconi 

et al., 2005). In addition to NgR1 and p75, Lingo-1/Lern-1, a nervous system specific type-I 

membrane protein (Carim-Todd et al., 2003), is an essential component of the NgR1 

receptor complex in vitro (Mi et al., 2004). Similar to MAG, neurite outgrowth inhibition by 

Nogo-66 and OMgp was proposed to be mediated by a tripartite NgR1/Lingo-1/p75 receptor 

complex (He and Koprivica, 2004). Analysis of Lingo-1 and NgR1 expression revealed 

overlapping, yet distinct neural distribution patterns (Barrette et al., 2007; Llorens et al., 

2008). For example, Lingo-1, but not NgR1 is robustly expressed in immature 

oligodendrocytes. In the mature CNS, Lingo-1 and NgR1 show largely overlapping neuronal 

expression patterns in the neocortex, hippocampus, and several thalamic structures. 

Consistent with the idea that Lingo-1 and NgR1 are part of the same receptor complex, 

Lingo-1 and NgR1 were found to interact in P7 mouse brain extracts (Llorens et al., 2008). 

Lingo-1 has a short cytoplasmic domain that was found to be necessary for neuronal growth 

inhibition in the presence of CNS myelin (Mi et al., 2004). The cytoplasmic portion of 

Lingo-1 associates with the zinc finger protein Myt1l, the functional significance of the 

interaction, however, has not yet been addressed (Llorens et al., 2008).

In vitro studies revealed that NgR1 and p75 function can be dissociated with respect to 

neurite outgrowth inhibition. In DRG neurons, p75 is important for neurite outgrowth 
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inhibition on substrate bound CNS myelin, Nogo-66, and membrane bound MAG, while 

NgR1 function is not necessary (Zheng et al., 2005; Venkatesh et al., 2007). In marked 

contrast to DRG neurons, neurite outgrowth inhibition of CGNs on substrate bound CNS 

myelin or membrane bound MAG neither depend on p75 nor NgR1 (Zheng et al., 2005; 

Venkatesh et al., 2007). Thus, similar to experiments with neuraminidase or ganglioside 

synthesis inhibitors (Mehta et al., 2007; Venkatesh et al., 2007), studies using p75 mutant 

neurons argue for the existence of neuronal cell type specific mechanisms for growth 

inhibition.

Many CNS neuron types that are inhibited by myelin, such as retinal ganglion cells, do not 

express p75 in the adult CNS (Roux and Barker, 2002). Furthermore, although neurons 

isolated from p75 mutant mice are less inhibited by myelin inhibitors in vitro, a significant 

inhibitory activity remains (Wang et al., 2002a), arguing for the existence of p75-

independent mechanisms for the myelin inhibitors MAG, Nogo-66, and OMgp. Because p75 

is a member of the tumor necrosis factor (TNF) receptor superfamily (TNFRSF), a class of 

type I transmembrane proteins which contain one or more cysteine-rich domains (CRDs), 

other members of this family may serve as functional substitutes for p75. In a screen for 

neural TNFRSF members that bind to NgR1, TROY was identified. NgR1 interacts with 

TROY eight-fold stronger than with p75, and functional studies showed that ectopic 

expression of dominant negative TROY (lacking the cytoplasmic portion) in DRG neurons 

attenuates Nogo66 inhibition (Park et al., 2005). Moreover, DRG neurons and CGNs 

isolated from mice null for TROY are significantly more resistant to Nogo-66, OMgp and 

CNS myelin inhibition of neurite outgrowth in vitro (Shao et al., 2005).

Because p75 is absent from most RGCs (Park et al., 2005), postnatal RGCs from TROY 
mutant mice were assayed for MAG inhibition to ask whether TROY is a functional 

substitute in neurons that normally do not express p75. We found that similar to TROY wild-

type RGCs, TROY null RGCs are strongly inhibited by MAG. Likewise, CGNs from TROY 
mutant and wild-type mice are strongly inhibited by membrane bound MAG in vitro 
(Venkatesh et al., 2007). These experiments indicate that TROY is not necessary for MAG 

inhibition of RGCs and CGNs. While it has been reported that TROY mRNA is expressed in 

DRG neurons and Purkinje neurons of the cerebellum (Park et al., 2005; Shao et al., 2005), 

and in pyramidal neurons of the cerebral cortex (Shao et al., 2005), these findings were not 

confirmed by two subsequent studies. In situ hybridization for TROY mRNA and 

immunolabeling with two different sera specific for TROY protein failed to detect TROY 

expression in neurons (Hisaoka et al., 2006). The lack of neuronal TROY expression in the 

mature CNS was recently confirmed by an independent study (Barrette et al., 2007). While 

additional studies are needed to define more conclusively the contribution of TROY in CNS 

myelin elicited growth inhibition, the studies thus far argue for the existence of p75 and 

TROY independent mechanisms for Nogo-66, MAG, and OMgp to bring about neurite 

outgrowth inhibition.

7.7. Integrins

Nogo-A is comprised of multiple inhibitory domains. The Nogo-66 loop together with 

adjacent sequences (Nogo-A-24) forms a high affinity complex with NgR1 (Hu et al., 2005) 

Giger et al. Page 13

Restor Neurol Neurosci. Author manuscript; available in PMC 2020 May 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and more N-terminal sequences (residues 181–864, the X-fragment of Amino-Nogo) inhibit 

neurite outgrowth and fibroblast spreading in an NgR1 independent manner (Fournier et al., 

2001; Oertle et al., 2003). A first mechanism for the X-fragment of Nogo-A has recently 

been identified – cell adhesion and axonal outgrowth by the X-fragment is inhibited in an 

integrin specific manner (Hu and Strittmatter, 2008). Integrins are a large family of 

heterodimeric cell-surface receptors for extracellular matrix (ECM) proteins including 

laminin, collagen, and fibronectin. Integrin receptors are expressed in all cell types, 

including neurons, functioning as both cell adhesion and signaling molecules. Integrins 

mediate a vast array of biological effects, ranging from proliferation and survival to cell 

migration, angiogenesis, axon guidance, and synaptic function (Pasterkamp et al., 2003; 

Nikolopoulos and Giancotti, 2005; Huang et al., 2006). Integrin function is regulated both 

by extracellular (outside-in) and intracellular (inside-out) signaling. Canonical axon 

guidance molecules regulate integrin function (Condic and Letourneau, 1997) and integrin 

signaling has also been implicated in nervous system regeneration (Lemons and Condic, 

2008). Indirect evidence for a role of integrins in axonal regeneration stems from the 

observation that following conditioning lesions (axotomy of DRG peripheral axons), 

expression of the integrin subunits α5 and α7 is upregulated (Gardiner et al., 2005; Gardiner 

et al., 2007). Conversely, sensory and motor neurons lacking functional α7 show impaired 

peripheral regeneration (Ekstrom et al., 2003; Gardiner et al., 2005). Also, more recent work 

shows that fibrinogen, a novel inhibitor of regeneration, inhibits neurite outgrowth via β-

integrin-mediated phosphorylation of the EGF receptor (Schachtrup et al., 2007).

Based on the observation that the X-fragment of Amino-Nogo attenuates spreading of non-

neuronal cells on different ECM components in a cell type specific manner, Hu and 

Strittmatter examined whether the X-fragment of Amino-Nogo blocks specific integrin 

signaling pathways (Hu and Strittmatter, 2008). Interestingly, activation of integrins partially 

overcomes Amino-Nogo inhibition in non-neuronal cells and primary neurons. Furthermore, 

biochemical studies revealed that in brain Nogo-A indirectly interacts with α5 or αv integrin 

subunits. Taken together, integrins have been implicated in promotion and inhibition of 

neurite outgrowth in vitro, as well as the regenerative failure of axon growth in vivo 
(Lemons and Condic, 2008). Mounting evidence suggests an important role for integrins in 

CNS myelin inhibition (Laforest et al., 2005; Hu and Strittmatter, 2008) as well as CSPG 

inhibition of neuronal growth (Zhou and Snider, 2006). Additional work is needed to define 

more precisely the role and contribution of specific integrin receptors in the regenerative 

failure of damaged CNS axons. For a schematic summary of the known myelin inhibitor-

receptor interactions, see Fig. 2.

7.8. In vivo regeneration studies

In vitro neurite outgrowth assays are a powerful approach to study growth inhibitory 

activities and elucidate their mechanisms of inhibition. A long-term goal is to evaluate the 

significance and relative contribution of different growth inhibitory mechanisms to the 

regenerative failure in vivo. Antibody-based strategies directed against myelin inhibitory 

constituents have been successful in achieving anatomical and functional regeneration 

following CNS injury (Schnell and Schwab, 1990; Bregman et al., 1995; Huang et al., 1999; 

Ellezam et al., 2003; Sicotte et al., 2003). In addition, positive behavioral outcomes have 
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been reported by antagonism of NgR1 with peptide inhibitors of Nogo (NEP1–40) 

(GrandPre et al., 2002; Li and Strittmatter, 2003) or following application of soluble NgR1 

ligand binding domain [NgR(310)-Fc] (Li et al., 2004; Wang et al., 2006). As discussed 

below, some of these pharmacological studies lead to robust regenerative phenotypes 

following SCI and stand in contrast to the more modest phenotypes reported for spinal cord 

injured mice following germline ablation of individual inhibitors or receptor components.

7.9. Antibody and peptide-based strategies

Following SCI, treatment with anti-Nogo-A antibody leads to long-distance regenerative 

growth of severed CST axons into the distal spinal cord (Schwab et al., 1993). In addition to 

longitudinal growth, enhanced collateral axonal sprouting of injured and spared axons is 

observed, both above and below the injury site (Thallmair et al., 1998). Over the past years, 

several different fiber systems have been analyzed and reported to show enhanced neuronal 

growth and sprouting following injury if treated with anti-Nogo-A. Studies focusing on CST 

and serotonergic fiber regeneration were most successful (Gonzenbach and Schwab, 2008). 

Other fiber systems, such as ascending sensory fibers in rat spinal cord do not exhibit 

enhanced regenerative growth in the presence of anti-Nogo-A (Oudega et al., 2000). This 

suggests that Nogo-A is an important inhibitor of growth in vivo, however, the contribution 

of Nogo-A to the regenerative failure of different CNS fiber systems may be variable.

Soluble NgR(310)-Fc binds and neutralizes Nogo-66, MAG, and OMgp in vitro and has 

been used successfully to promote anatomical fiber regeneration and behavioural 

improvement following spinal cord injury in vivo. In one study, purified NgR(310)-Fc 

protein was delivered intrathecally after midthoracic dorsal over-hemisection (Li et al., 

2004). Axonal sprouting of CST and raphespinal fibers was observed in NgR(310)-Fc-

treated animals and found to correlate with improved spinal cord electrical conduction and 

improved locomotion (Li et al., 2004). MacDermid and colleagues reported that intrathecal 

application of NgR(310)-Fc results in differential growth effects on distinct populations of 

spinally projecting axons (MacDermid et al., 2004). Specifically it was found that myelin 

antagonism with NgR1(310)-Fc differentially affects plasticity of uninjured primary afferent 

and descending monoaminergic projections in the rat spinal cord following dorsal rhizotomy 

(MacDermid et al., 2004). Furthermore, it was found that delayed therapy with NgR(310)-Fc 

following SCI is as efficacious as acute therapy in a contusion injury model (Wang et al., 

2006).

Some of the most robust regenerative axonal growth was reported for spinal cord injured 

animals treated with the NgR1 antagonistic peptide NEP1–40 (GrandPre et al., 2002). 

Following dorsal over-hemisection at T8 in mice, NEP1–40 was administered immediately 

after injury (early treatment) or after 7 days (delayed treatment). It was found that NEP1–40 

results in enhanced growth of CST and serotonergic axons and enhanced hindlimb 

locomotor recovery, both when delivered early or delayed (GrandPre et al., 2002). However, 

caution needs to be exercised with the interpretation of the NEP1–40 efficacy, as a more 

recent study by Steward and colleagues failed to independently replicate the robustness of 

the NEP1–40 effects (Steward et al., 2008). Using identical procedures as GrandPre and 

colleagues, and focusing strictly on the delayed subcutaneous treatment with NEP1–40, 
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experiments by Steward did not support the interpretation that treatment with NEP1–40 

robustly enhances regenerative growth of CST or serotonergic axons, however fiber growth 

is slightly enhanced in mice treated with NEP1–40. Moreover, assessment of hindlimb 

motor function did not support the interpretation that treatment with NEP1–40 consistently 

enhanced recovery of motor function (Steward et al., 2008).

In sum, these in vivo studies show that antibody-based neutralization of Amino-Nogo or 

antagonism of Nogo-66, MAG and OMgp with NgR(310)-Fc each leads to substantial 

functional repair in spinal cord injured animals. Based on the observation that Amino-Nogo 

functions independently of NgR1 it would be interesting to examine whether the positive 

effects of anti-Nogo-A and NgR(310)-Fc on SCI repair are additive when applied 

simultaneously.

7.10. Mouse genetic approaches

In contrast to CNS injured animals treated with anti-Nogo-A, germline ablation of Nogo-A 
(Simonen et al., 2003), Nogo-A and Nogo-B (Kim et al., 2003), or all three Nogo isoforms, 

Nogo-A, Nogo-B, and Nogo-C (Zheng et al., 2003), revealed either modest or no enhanced 

regenerative axonal growth of injured CST fibers. Differences in Nogo gene targeting 

strategies (resulting in the ablation of different isoforms), compensatory upregulation of 

other Nogo proteins, differences in the genetic background (Dimou et al., 2006), age of 

injured animals (Kim et al., 2003) and differences in the lesion paradigms used (Cafferty and 

Strittmatter, 2006) do not allow for a direct comparison of the different Nogo regeneration 

phenotypes reported by different groups. The consensus from these studies is that Nogo 
mutant mice show a less impressive CST regenerative phenotype than animals treated with 

anti-Nogo-A antibody. While the differences in Nogo gene targeting strategies, genetic 

background, age, and surgical procedures may account for variable regeneration phenotypes 

in Nogo mutant mice, the authors also note that much greater variability will likely be 

encountered in any clinical trial assessing SCI repair in humans – making it more 

challenging to clearly identify treatment strategies that are beneficial.

Similar to studies with Nogo knockout mice, germline ablation of p75 does not lead to 

improved anatomical or functional outcomes following SCI (Song et al., 2004). In addition, 

two independent studies showed that germline ablation of NgR1 does not result in a 

significant axonal regeneration of CST fibers following dorsal hemisection at T6 or 

complete transection at T8 (Kim et al., 2004) or dorsal hemisection at T8 (Zheng et al., 

2005). Kim et al. reported regeneration of some raphespinal and rubrospinal fibers in NgR1 
mutants following dorsal hemisection, suggesting that loss of NgR1 differentially affects 

regenerative growth of different spinal cord fiber populations (Kim et al., 2004). β-

galactosidase reporter gene expression analysis confirmed NgR1 promoter activity in 

neurons that give rise to the CST, however, much less NgR1 promoter activity was detected 

in raphespinal and rubrospinal tract (RST) fibers compared to CST fibers in spinal cord 

sections of one month old mice (Fig. 3). In a more recent study, it was reported that 

pyramidotomy in NgR1 mutants does not lead to long-distance axonal regeneration but 

induced growth of CST axons into denervated gray matter proximal and distal to the injury 

site – and a very similar regenerative phenotype was found in Nogo-A/B null mice following 
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pyramidotomy (Cafferty and Strittmatter, 2006). This suggests that loss of NgR1-NogoA/B 
function in upper motoneurons does not lead to long-distance regenerative axonal growth but 

increases collateral sprouting of injured and uninjured fibers.

8. Conclusions and future directions

A long standing goal of spinal cord injury research is to develop tools and strategies that 

lead to robust, directed, and long-distance regenerative growth of injured CNS axons in 

order to restore neuronal connectivity lost as a consequence of injury. A prerequisite for the 

design of specific intervention strategies is a solid knowledge basis of the molecular players 

of axonal growth inhibition and a detailed understanding of their mechanisms of action, 

including neuronal cell surface receptors and down-stream signaling cascades. In addition, 

the basic biology and physiological function of ligand-receptor systems that limit growth 

and regeneration needs to be understood in some detail. This will indicate what type of side 

effects may potentially occur following their perturbation in an attempt to promote 

regenerative axonal growth and may have important implications for how a potential drug(s) 

will be applied.

Over the past years enormous progress has been made in identifying growth inhibitors 

present in the mature CNS and their mechanisms of action are now rapidly beginning to be 

defined. Emerging evidence points to multiple and cell type specific mechanisms for growth 

inhibition. Furthermore, individual inhibitors may employ distinct and at least partially 

redundant mechanisms. Nogo receptors bind myelin inhibitors and have been implicated in 

aspects of neuronal growth inhibition, however, the concept of a tripartite NgR1/p75/

Lingo-1 receptor system that serves as a convergence point for multiple CNS myelin 

inhibitors is an oversimplification of the complex mechanisms of CNS myelin elicited 

growth inhibition.

Mechanistic findings based on studies carried out in vitro need to be confirmed in vivo and 

also scrutinized for their importance in regenerative failure of axonal growth in vivo. 

Regeneration studies in animal models will benefit from genetic tools enabling the 

visualization of specific fiber tracts. “Genetic tracing” of fiber tracts instead of tracer 

injections will reduce the risk of potential artifacts associated with this technique (Cafferty 

et al., 2007; Steward et al., 2007). Specifically, it would be advantageous to have mice in 

which specific fiber tracts such as the CST or RST are genetically labeled with distinct 

reporters. Also, the technology for the generation of transgenic animals other than mice is 

available. The rat, a commonly used model for SCI research, is more accessible surgically 

than the mouse and genetic tracing of the CST and other fiber tracts would help to 

standardize how fiber regeneration is assessed. If combined with the identification of recent 

biomarkers specific for regenerating fibers (Bonilla et al., 2002), this would allow for an 

unambiguous identification of “truly” regenerating axons. Fluorescent tagging of specific 

fibers tracts can be combined with in vivo imaging of regenerating axons to observe 

regenerative axonal growth over time in live animals (Kerschensteiner et al., 2005). This 

technique would be particularly helpful to test different treatment strategies as well as 

combination therapies in animal models of SCI over a prolonged time range. When 

combined with recent advances at the molecular level of axon growth inhibition, new 
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imaging tools to observe regenerating axons in vivo will greatly accelerate progress in this 

rapidly evolving and fascinating field of research.
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Fig. 1. 
The Nogo receptor family. The Nogo receptors NgR1, NgR2, and NgR3 comprise a small 

subfamily of leucine-rich repeat (LRR) proteins. The three receptors share an identical 

overall domain organization composed of a cluster of 8.5 canonical LRRs flanked N-

terminally by a LRRNT capping domain and C-terminally by a LRRCT capping domain. 

The LRRNT-LRR-LRRCT domains are connected via a stalk region to a 

glycosylphosphatidyl inositol (GPI) anchor. We identified s-NgR2, a soluble form of NgR2 

that is the product of alternative splicing of exon III of the NgR2 gene. The first 171 amino 

acid residues of s-NgR2 are identical with full-length NgR2 and are followed by 22 amino 

acids unique to s-NgR2. NgR1 is a 65-kDa glycoprotein that supports binding of Nogo, 

MAG, and OMgp. NgR2 is a 65-kDa glycoprotein and supports binding of MAG but not 

Nogo or OMgp. Thus far no binding partners for NgR3 have been identified.
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Fig. 2. 
Molecular players of neurite outgrowth inhibition in the CNS. “Metro map” of ligand-

receptor interactions of the prototypic myelin inhibitors Nogo-A, MAG, and OMgp. The 

“Green line” depicts the associations of MAG with its receptors, the “Red line” depicts the 

associations of Nogo-A (Amino-Nogo and Nogo-66) with its receptors, and the “Blue line” 

depicts the association of OMgp with its receptor. Nogo-66, MAG, and OMgp associate with 

the NgR1/p75/Lingo-1 complex. MAG also binds to gangliosides (including GT1b), NgR2, 

and axonal OMgp. NgR2 does not associate with p75, TROY, or Lingo-1 and the signal-

transducing component (green box) in the NgR2 complex is not known. Amino-Nogo 

interacts with neuronal integrins, however, this interaction is thought to be indirect. See main 

text for more details on the functional significance of these interactions.
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Fig. 3. 
NgR1 expression in brain and spinal cord. β-galactosidase reporter gene expression analysis 

in NgR1tauLacZ mice (Zheng et al., 2005), as assessed by X-gal histochemistry. A. In brain 

tissue sections of one-month-old mice, strongest β-galactosidase activity is observed in the 

cerebral cortex, the corpus callosum (CC), anterior commissure (AC), and optic chiasm 

(OC). Weaker β-galactosidase activity is found in the medial septum and the striatum/

caudate putamen (CPu). B. In the spinal cord of one-month-old mice, β-galactosidase 

activity is most robust in the corticospinal tract (CST). Weaker labeling is detected in the 

dorso-lateral spinal while matter including presumptive fiber tracts such as the rubrospinal 

or raphespinal tract. Also weak labeling is detected in the dorsal gray matter of the spinal 

cord, and may arise from DRG neuron afferent projections. No reporter gene expression was 

detected in motoneuron pools or the ventral gray and white matter of the spinal cord. This 

suggests that robust NgR1 expression in the spinal cord is restricted to a small number of 

fiber tracts.

Giger et al. Page 28

Restor Neurol Neurosci. Author manuscript; available in PMC 2020 May 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Overview
	CNS inhibitors
	Myelin-associated glycoprotein
	Nogo
	Oligodendrocyte myelin glycoprotein
	Mechanisms of myelin inhibition
	MAG inhibition – Importance of terminal sialic acids
	Gangliosides

	Nogo receptors
	NgR1
	Impact of inhibitor presentation – Chronic versus acute exposure
	NgR2
	Redundant mechanisms for MAG inhibition
	MAG binding sialoglycans: Gangliosides, NgR1 and NgR2
	Lingo-1, p75 and TROY
	Integrins
	In vivo regeneration studies
	Antibody and peptide-based strategies
	Mouse genetic approaches

	Conclusions and future directions
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.

