
Nogo proteins were discovered, and have been exten-
sively studied, in the context of injury and repair of fibre 
tracts in the CNS1 — a topic of great research interest 
and clinical relevance. However, much less in known 
about the physiological functions of Nogo proteins in 
development and in the intact adult organism, including 
in the brain. Through a number of recent publications, 
Nogo proteins have emerged as important regulators of 
cell motility and growth — for example, for develop-
ing neurons and blood vessels. Recent studies have also 
strengthened the evidence that they have intracellular 
roles — for example, as regulators of secretases, endoplas-
mic reticulum (ER) composition and cell survival. This 
Review summarizes the current knowledge of the com-
plex receptor interactions of Nogo proteins, their tissue  
expression and their diverse roles in the developing and 
adult nervous system, and other tissues.

Nogo proteins
Nogo-A, Nogo-B and Nogo-C are the three main protein 
products of the reticulon 4 (RTN4; also known as NOGO) 
gene2–4 (FIG. 1a). Only the last 188 amino acids in the  
carboxyl terminus, the so-called Reticulon homology 
(RTN) domain, are common to the three isoforms. This 
RTN domain also shows high similarity to the RTN domain 
in the proteins encoded by the other three Reticulon genes 
— RTN1, RTN2 and RTN3 (ReFs 3,5) — whose functions 
in the nervous system and in other organs are mostly 
unknown. The RTN domain of Nogo proteins contains two 
long hydrophobic stretches, each of which is long enough to 
span the cell membrane twice. They are linked together by a 
66-amino acid segment called Nogo-66 (ReF. 3) (FIG. 1b).

The amino-terminal segments of the proteins 
encoded by the different RTN genes have differing 
lengths and there is no homology between them3,5. The 
N termini of the RTN4 products Nogo-A and Nogo-B are 
identical, consisting of a 172-amino acid sequence that 
is encoded by a single exon (exon 1) that is followed by 
a short exon 2 and, in Nogo-A, by the very long exon 
3 encoding 800 amino acids2,6 (FIG. 1a). This 800-amino 
acid insert, as well as the N terminus of Nogo-A and 
Nogo-B, are rich in proline and contain large unstruc-
tured regions7. No homologies of any of these exons with 
known protein sequences have been found so far.

The shortest Nogo isoform, Nogo-C, has an N terminus 
of just a few amino acids that is directly followed by the 
RTN domain. This N terminus is encoded by a primary 
transcript that is generated from a different promoter to the 
one that generates the primary transcript for the N termini 
of Nogo-A and Nogo-B6. In all three Nogo isoforms, the N 
terminus lacks a signal sequence for ER translocation.

Nogo proteins are present in the ER and at the cell 
surface. They can have several membrane topologies, 
in particular with regard to a cytoplasmic versus extra-
cellular position of the N termini. On the cell surface, 
the N termini of Nogo-A and Nogo-B, and the exon 3  
sequence of Nogo-A have been found to face the extra-
cellular space, even though they do not contain a con-
ventional signal peptide for ER translocation. This fact 
classifies Nogo-A and Nogo-B as unconventional mem-
brane proteins, similar to cystic fibrosis transport regu-
lator (CFTR) or the secreted proteins fibroblast growth 
factor (FGF), interleukin (IL)-1b and ciliary neuro-
trophic factor (CNTF), all of which lack a conventional 
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Abstract | The membrane protein Nogo-A was initially characterized as a CNS-specific 
inhibitor of axonal regeneration. Recent studies have uncovered regulatory roles of Nogo 
proteins and their receptors — in precursor migration, neurite growth and branching in the 
developing nervous system — as well as a growth-restricting function during CNS maturation. 
The function of Nogo in the adult CNS is now understood to be that of a negative regulator  
of neuronal growth, leading to stabilization of the CNS wiring at the expense of extensive 
plastic rearrangements and regeneration after injury. In addition, Nogo proteins interact  
with various intracellular components and may have roles in the regulation of endoplasmic 
reticulum (ER) structure, processing of amyloid precursor protein and cell survival.
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N-terminal signal sequence. In line with the lack of a 
signal sequence, however, the N terminus of Nogo-A 
and Nogo-B can also face the cytosol, in particular when 
Nogo is located in the ER4,8 (FIG. 1b–d).

The evolution of Nogo proteins occurred in two main 
steps. RTN-like genes with a highly conserved RTN 
domain and usually with short N termini first appeared 
in eukaryotes in which they are found in all phyla9. many 
RTN-like genes exist in plants, one RTN gene exists  
in Caenorhabditis elegans, two in Drosophila, and four in 
vertebrates9. In fishes, there are several splice variants of 
Nogo (encoded by RTN4), but in all splice variants only 
the RTN domain exhibits homology with the RTN genes 
of higher vertebrates10,11. The second evolutionary step 
for the Nogo proteins occurred between newts (urodeles)  
and frogs (anurans) with the appearance of exons 1 and 2,  
and the long exon 3, and therefore with the proteins 
Nogo-A and B11,12. Interestingly, postmetamorphic frogs 
are the first vertebrates on the evolutionary scale that 
show a lack of fibre tract regeneration in spinal cord 
and brain following injury. Remarkably, this coincides 
with the appearance of exon 3 sequences, the products 
of which are growth inhibitory (see below)11,13.

Receptors and interaction partners
The domains Nogo-66, Nogo-Δ20 (amino acids 544–725  
of rat Nogo-A) (FIG. 1a,b), the N-terminal domain (amino 
acids 1–979) of Nogo-A and the N-terminal domain 
of Nogo-B have been used in screening studies aimed 
at identifying putative Nogo receptors. These have 
yielded several interaction partners, as summarized  
below (FIG. 1b,d).

Receptors for Nogo‑66. The first Nogo receptor to be 
characterized was the glycosylphosphatidylinositol 
(GPI)-linked leucine rich repeat (LRR) protein Nogo 
receptor 1 (NgR1; also known as Nogo-66 receptor and 
reticulon 4 receptor)14. NgR1 is part of a complex that 
acts as a functional Nogo receptor, as discussed below 
(BOX 1). It primarily interacts with the Nogo-66 loop, 
but a sequence in the C-terminal part of Nogo-A that 
is encoded by exon 3 increases the binding affinity of 
Nogo-A to NgR115. A soluble peptide that consists of the  
first 40 amino acids of Nogo-66, which is called Nogo-A 
extracellular peptide residues 1-40 (NEP1-40), acts as 
an antagonist by inhibiting Nogo-A–NgR binding16.  
Interestingly, NgR1 also binds to the growth-inhibitory  
myelin-associated glycoprotein (mAG) and oligo-
dendrocyte myelin glycoprotein (OmGP)17,18, although 
mAG binds with higher affinity to another receptor from 
the same family, Nogo receptor 2 (NgR2; also known 
as Nogo-66 receptor homologue 1 and reticulon 4  
receptor-like 2)(ReF. 19). In addition, NgR1 binds to the 
Alzheimer’s disease-related amyloid protein fragment 
amyloid-β20, to B-lymphocyte stimulator (BLYS, a pro-
tein of the immune system that inhibits neurite growth 
in dorsal root ganglion neurons21) and to the repulsive 
guidance molecule leucine-rich glioma-inactivated 
protein 1 (LGI1), a protein that competes with Nogo-66 
for binding to NgR1 (ReF. 22). Nogo-66 also binds to the 
paired immunoglobulin-like receptor B (PIRB)23.

Figure 1 | Domains, localization, binding partners and signalling of Nogo proteins. 
a | Structure of the three major Nogo isoforms (Nogo-A, Nogo-B and Nogo-C) and their 
functional domains. Neurite growth inhibition is associated with the extracellular domain 
of Nogo-A, in particular with the fragment Nogo-Δ20 (shown in brown), and with the 
Nogo-66 loop (shown in red) that is present in all three Nogo isoforms and located 
between the transmembrane domains (TM). The Reticulon homology (RTN) domain is 
common to all three Nogo isoforms and shows high homology to that of the RTN1–3 
proteins. The Nogo-A-specific domain is encoded by a single exon (exon 3). b | Nogo-A 
inhibits neurite outgrowth through binding of its inhibitory Nogo-66 domain to Nogo 
receptor 1 (NgR1), which forms a complex with the transmembrane proteins LINGO1, 
and p75 or TROY. This binding leads, through still unknown intermediates, to an increase 
in intracellular Ca2+ and activation of the Rho–Rho-associated, coiled-coil containing 
protein kinase (ROCK) pathway. Through RHOA signalling, the actin cytoskeleton is 
destabilized, and this leads to growth cone collapse. The Nogo-A-specific region 
Nogo-Δ20 interacts with a yet uncharacterized Nogo-A receptor (shown in yellow) that 
also activates RHOA and increases intracellular Ca2+ levels. Transactivation of the 
epidermal growth factor receptor (EGFR) and of protein kinase C (PKC) has been shown, 
but the detailed pathways involved remain unknown. In addition to NgR1, Nogo-66 can 
interact with paired immunoglobulin-like receptor B (PIRB), an additional potential Nogo 
receptor subunit. c | All three isoforms of Nogo are expressed in the membrane of the ER, 
although they each have a different topology of the N-terminus. d | The N-terminal 
region of Nogo-B interacts with the specific receptor Nogo-B receptor (NGBR) on 
vascular endothelial cells. DG, diacylglycerol; IP

3
, inositol triphosphate; PIP2, phosphati-

dylinositol 4,5-biphosphate; PLC, phospholipase C.
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The biological functions of these potential receptors 
for Nogo-66 and their roles in specific cell types are not 
fully understood. disruption of Nogo–NgR1 interac-
tions increased neurite growth in culture dishes coated 
with Nogo-66 or CNS myelin14,24. The Nogo-66–NgR1 
interaction induced growth cone collapse but was not 
required for inhibition of long-term neurite growth25. 
NgR1 phosphorylation by extracellular casein kinase 2 
inhibited NgR1 binding to Nogo-66, mAG and OmGP, 
and increased neurite outgrowth on CNS myelin 
in vitro26. In vivo, acute blockade of NgR1 enhanced 
sprouting, regeneration and plastic rearrangements of 
fibre connections after CNS injury in adult rats, but 
NgR1 knockout mice showed similar effects only in 
some studies16,24,27–30. mice lacking both Nogo-A and 
Nogo-B, or NgR1 or PIRB show prolonged plasticity for 
the formation of ocular dominance columns (see below): 
although plasticity after monocular deprivation is pro-
gressively restricted in wild type mice at 30 days of age 
and almost absent after 3 months, mutant mice retained 
a high level of plasticity well beyond 100 days31,32. These 
results suggest that both NgR1 and PIRB are functionally 
relevant receptors for growth- and plasticity-restricting 
actions of Nogo proteins (see below).

Because NgR1 has no transmembrane domain14 it is 
thought that, in order to induce Nogo signalling, NgR1 
must be associated with membrane proteins involved in sig-
nal transduction. The low-affinity neurotrophin receptor  
p75 and its relative, tumour necrosis factor-α (TNFα) recep-
tor superfamily member 19 (TROY), have been found to 
be signal transducing NgR1-associated components18,33–37.  
Another LRR protein, LINGO1, can bind to NgR1  
extracellularly35,38. Blockade of LINGO1 resulted in 
enhanced regenerative fibre growth, neuroprotection 

and functional recovery after spinal cord injury in adult 
rats39,40. However, the distribution of LINGO1 in the 
developing and adult mouse and chicken CNS is much 
wider than that of NgRs41,42, indicating that NgRs are 
probably not its only binding partners. The NgR1 receptor 
complex has also been observed to interact with integrins, 
resulting in decreased integrin activity, decreased cell–
substrate adhesion and a transactivation of the epidermal 
growth factor (EGF) receptor, which is involved in many 
aspects of cellular growth and migration43,44.

Nogo‑A‑specific receptors. The extracellular part of 
Nogo-A (in rats, this includes amino acids 1–979, often 
called ‘amino Nogo’), the part encoded by exon 3 (amino 
acids 173–979) and the fragment of the peptide sequence 
encoded by exon 3 called Nogo-Δ20 (amino acids 544–725)  
(FIG. 1a) exert strong inhibitory effects on growing neur-
ites and growth cones in vitro and, unlike Nogo-66, also 
on the migration of non-neuronal cells such as fibrob-
lasts, in vitro2–4. Finding the binding site (or sites) and 
receptors for these active regions of Nogo-A has been 
difficult; so far, the G protein coupled orphan receptor 
GPR50 is a candidate, but current data are incomplete45. 
In vitro, overexpression of GPR50 increased neurite 
length in a neuronal cell line, but results from GPR50 
knockdown or neutralization experiments, or from 
in vivo regeneration studies are not available yet, and the 
binding affinity of GPR50 to Nogo-A has not been deter-
mined. The search for additional Nogo-A receptors is 
on going. Considering the known interaction of Nogo-66 
with NgR1 and PIRB, it is likely that Nogo-A interacts 
with a multisubunit receptor complex that is similar to 
those described for neurotrophins, wnts and the axonal  
guidance molecules netrin and semaphorins46–49 (BOX 1).

 Box 1 | Multisubunit receptors for neurite growth regulators and guidance molecules

The search for Nogo binding partners and receptors has not been easy and is not yet complete. The Nogo binding 
proteins Nogo receptor 1 (NgR1; also known as Nogo‑66 receptor and reticulon 4 receptor) and paired immuno globulin‑
like receptor B (PIRB) interact with all three Nogo isoforms but also with other ligands, only some of which are known to 
inhibit neurite outgrowth14,23,34,35,151. In addition, the identity of the interaction partners of the most strongly inhibitory 
Nogo‑A fragments (‘amino Nogo’ and Nogo‑Δ20) has not been determined yet. The recently characterized 
G protein‑coupled orphan receptor GPR50 is the first candidate for a Nogo‑A‑specific receptor45. In addition, NgR1 
forms a complex with proteins such as LINGO1 and the presumed signal transducers p75 and Troy33,35. The concerted 
action of these receptor components is still poorly understood.

Interestingly, the picture of a multisubunit Nogo receptor complex that emerges resembles that described for other 
ligands such as neurotrophic factors — for example, nerve growth factor (NGF), brain‑derived neurotrophic factor 
(BDNF) and ciliary neurotrophic factor (CNTF) — and repulsive or attractive guidance molecules (semaphorins, netrins 
and Wnt proteins)46–49,152. Neurotrophins interact with three different binding sites or receptor subunits: p75, high affinity 
nerve growth factor receptors (Trks) and sortilin. Different neurotrophin‑responsive cell types express different 
combinations of these receptor constituents and respond to the same neurotrophin in different ways, leading in some 
cases to cell survival and in others to apoptosis46,153. Whether the guidance molecule netrin exerts attractive or repulsive 
functions depends on the expression of uncoordinated 5 (UNC5), deleted in colorectal cancer (DCC) and Down 
syndrome cell adhesion molecule (DSCAM), providing another example of triple interactions of a ligand with subunits  
of a receptor complex48,154,155. Semaphorin 3 molecules interact with plexins and neuropilins as co‑receptors, and 
neuropilins are also constituents of vascular endothelial growth factor (VEGF) receptors49,156. An even more complex 
situation exists for Wnt receptors, with different combinations of binding partners and receptor subunits determining 
which of various intracellular signalling pathways is activated152.

Nogo receptors, therefore, seem to fit a concept of multisubunit receptors that applies to many regulators of neurite 
growth. Different cell types at different developmental stages could respond differently to Nogo signalling depending  
on the expression of receptor subunits. Elucidating the evolution of the Nogo receptor composition will also shed  
light on the functional evolution of Nogo signalling.
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Compartmentalized cultures
Neurons are grown in the 
middle chamber of a 
three‑chamber culture system. 
Their neurites are guided into 
the side chambers under a 
Teflon ring divider or through 
microfluidic channels. Neurites 
can be treated with substances 
and subsequently analysed 
separately from the cell bodies.

Tangential migration
A mode of neuron migration 
that is non‑radial. Most 
interneurons immigrate 
tangentially into the forebrain 
cortex from a proliferation 
zone in the basal ganglia 
region.

Nogo‑B‑specific receptors. A single Nogo-B specific 
receptor (NGBR) has been identified in blood vessels50. 
This 30-kd receptor binds to Nogo-B sequences spanning 
the splice junction between the N terminus of Nogo-B 
and the beginning of the RTN domain50,51. NGBR medi-
ates the chemotactic, pro-migratory actions of Nogo-B 
on human and mouse vascular endothelial cells and is 
involved in vascular remodelling and repair after injury 
in mice50,51. Its role under physiological conditions and in  
development remains to be studied. A recent study 
described an intracellular role of NGBR in cholesterol 
trafficking in a human hepatocyte cell line52.

Second messenger and effector pathways
many studies have shown that Nogo-66 and other active 
fragments of Nogo-A, such as Nogo-Δ20 and the extra-
cellular domain (amino acids 1–979), can trigger activa-
tion of the small GTPase RHOA and its effector protein 
Rho-associated, coiled-coil containing protein kinase 1 
(ROCK) in different neuronal cell types33,35,53–57 (FIG. 1b). 
In agreement with this, pharmacological blockade of 
RHOA or of ROCK activation prevents the inhibitory 
effects of Nogo on neurite outgrowth in vitro and allows 
regeneration and compensatory sprouting to occur in 
the mechanically injured spinal cord, optic nerve or 
brain of rats and mice in vivo. These data indicate that 
Rho GTPases have a crucial role in Nogo signalling33,35,56 
(FIG. 1b). Furthermore, it has been reported that inactiva-
tion of Rac — a small GTPase with cytoskeletal regu-
latory functions opposite to those of Rho — occurs in 
response to Nogo-Δ20 (ReF. 58).

Elevated levels of Nogo proteins can also increase 
intracellular Ca2+ levels59,60 and influence the activation 
of integrins43, protein kinase C (PKC)61, mammalian tar-
get of rapamycin (mTOR), signal transducer and acti-
vator of transcription 3 (STAT3)62,63 and the epidermal 
growth factor receptor (EGFR)44. moreover, high levels 
of cyclic AmP can override the inhibitory effects of 
Nogo signalling on neurite growth in vitro and possibly 
in vivo, suggesting a convergence of cAmP and RHOA 
signalling pathways57,64.

How signals are transmitted from the Nogo recep-
tor complex to Rho is not entirely understood65. 
downstream of Rho, the phosphatase slingshot, the 
LIm domain kinase 1 (LImK1) and the actin regulator 
cofilin have been shown to mediate the effect of Nogo-A 
(FIG. 1b) on the destabilization of the actin cytoskeleton 
that leads to growth cone collapse and growth arrest66,67. 
Interestingly, Nogo that is bound to the receptor complex 
has to be internalized through endocytosis for growth 
cone collapse to occur57, suggesting that Nogo bind-
ing leads to the formation of a molecular complex —  
comprising the activated Nogo receptor, signal transduc-
tion components, probably adaptor molecules and endo-
somal components — that then triggers the effects on the 
cytoskeleton57. A similar phenomenon has recently been 
described for ephrin-induced growth cone collapse68.

dorsal root ganglion neurons have been used to study 
the internalization events following binding of Nogo to 
its cell surface receptors. when dorsal root ganglion cells 
from newborn rats were grown in compartmentalized 

cultures and the neurites exposed to the Nogo-Δ20  
fragment, the fragment was internalized and subse-
quently transported retrogradely to the cell bodies57. Rho 
activation was increased in the cell bodies upon arrival 
of the Nogo-containing endosomes and Rho-GTP colo-
calized with Nogo-containing endosomes, as measured 
by immunofluorescence. In contrast to the increase in 
cAmP-responsive element-binding protein (CREB) 
phosphorylation that has been observed upon arrival of 
growth-promoting factors such as neurotrophins after 
retrograde axonal transport57,64,69, CREB phosphoryla-
tion was decreased after arrival of Nogo-containing 
endosomes57. These results suggest that growth sup-
pressors such as Nogo-A and growth stimulators such 
as neurotrophins are internalized as ligand–receptor 
complexes and subsequently transported to the cell body 
in signalling endosomes (signalosomes) (FIG. 2). Thus, 
Nogo and neurotrophins seem to act in opposite direc-
tions at the level of the growth cone, and subsequently, 
at the level of the cell body, where they cause changes in 
the transcriptional machinery, with Nogo proteins act-
ing as growth suppressors and neurotrophins as growth 
enhancers (FIG. 2). This yin–yang mechanism may have 
a role in the regulation of stability and plasticity in the 
developing CNS and adult CNS (described below).

Expression of Nogo proteins
The Nogo isoforms Nogo-A, Nogo-B and Nogo-C have 
very different distribution patterns throughout the body 
and the nervous system of rats, mice and chickens70–73. 
Nogo-A is largely, but not exclusively, expressed in the 
nervous system, with three distinct expression windows 
during development70–73. First, Nogo-A is expressed in 
migrating neuroblasts and immature neurons in the 
neural tube during early stages of development73–75. In 
the developing cortex, radially migrating neurons and  
tangentially migrating interneurons express Nogo-A, 
whereas cortical radial glial cells show weak Nogo-A 
staining74,75. Cultured neural precursor cells express 
Nogo-A on the cell surface75. In the optic chiasm and in 
the floor plate of the early spinal cord, Nogo-A is also 
expressed by radial glial cells76,77. The Nogo-A receptor 
NgR1 is expressed by subpopulations of neurons, for 
example retinal ganglion cells, at different developmental  
stages72,73,75–79.

Second, during the main outgrowth phase of central 
and peripheral neurons, Nogo-A is expressed by many 
neuron types, especially those with long axons70,72,73,80–82. 
This expression decreases to low, often undetectable, lev-
els after birth70,72. However, some neuron types retain 
high levels of Nogo-A expression, in particular those 
in the olfactory bulb, pyramidal cells and interneurons 
in the hippocampus, spinal motor neurons and dorsal 
root ganglion cells70,78,81–83. All these neuronal types are 
characterized by the high plasticity of their connections, 
suggesting that neuronal Nogo could have a role in  
synaptic plasticity.

Finally, in the postnatal CNS, Nogo-A is mainly 
expressed in oligodendrocytes70–72. Interestingly, the  
analogous cell type in the peripheral nervous sys-
tem (Schwann cells) does not express Nogo-A70,71. In 

R E V I E W S

802 | dECEmBER 2010 | vOLumE 11  www.nature.com/reviews/neuro

© 20  Macmillan Publishers Limited. All rights reserved10



Nogo-A

Nature Reviews | Neuroscience

20

Unknown
Nogo-A-RRC

Rho-GTP

LINGO1

p75 or TROY

NgR

Signalosome

Neuron

Nucleus

MAPK
signalling
complex

Oligodendrocyte
or neuron

Growth
cone

ERK

–

+
PCREB

PCREB

p75

TrkA

NGF

Growth
cone
expansion

Neurite
elongation

Activation
of gene
transcription

Retrograde transport
of signalosomes
along microtubulae

local actions of
Nogo-A at the
growth cone

Endocytosis

Pincher-
mediated

RHOA/ROCK
Ca2+

Lamellipodia and
filopodia collapse

Growth cone paralysis

NGF: activation 
of growth 
genes

Nogo-A:
suppression of
growth genes

oligodendrocytes, Nogo-A is enriched in the innermost  
(adaxonal) membrane and in the outer myelin  
membrane70,71. In addition, in brain regions in which neu-
ronal Nogo-A expression is high — such as the hippoc-
ampus — it is found at the synapses, at both presynaptic 
and postsynaptic sites71,84,85. The Nogo-A receptor NgR1 
is expressed both at the axonal membrane and at synapses 
in postnatal hippocampal neurons71,84.

Outside of the CNS, Nogo-A is expressed in the 
developing skin, in skeletal muscle during differen-
tiation and in the heart70,72. Adult heart tissue (in rats, 
mice and humans) and certain immune cells (in mice 
and humans) — in particular macrophages — express 
Nogo-A and components of the Nogo receptor complex, 
such as NgR1 (ReFs 86–89).

Nogo-B is expressed in many tissues, including the 
central and peripheral nervous systems70,89. As reliable 

antibodies against Nogo-B are not yet available, data 
on the expression of Nogo-B in specific cell types are 
scarce. In cultured primary neurons and 3T3 fibroblasts, 
Nogo-B has been detected at the plasma membrane as 
well as intracellularly, often forming complexes with 
Nogo-A8. vascular endothelial cells express Nogo-B and 
its receptor NGBR; they respond to Nogo-B by increased 
adhesion and migration, whereas vascular smooth 
muscle cells react to it by deceased adhesion50,51,90. The 
detailed distribution of NGBR in developing and adult 
blood vessels remains to be studied50,90.

Nogo-C expression is still poorly documented, again 
largely owing to the lack of antibodies and probes with 
the required specificity. It was detected in the rat CNS 
in some types of neuron, such as cerebellar Purkinje 
cells, and it replaces Nogo-A in striated muscle after  
maturation70. denervation of skeletal muscle decreases 

Figure 2 | common intracellular pathways but opposite effects of Nogo-A and neurotrophins. At the growth 
cone, binding of Nogo-A (or its active, shed fragments) to the Nogo receptor complex triggers endocytosis. This is 
followed by collapse of lamellipodia and filopodia, presumably mediated by RHOA activation and an increase in 
intracellular Ca2+. The Nogo-A–Nogo receptor 1 (NgR1) complex is then retrogradely transported to the cell body in 
signalosomes (signalling endosomes) carrying Rho-GTP (shown as orange circles) on their membranes. In the cell body 
they induce a decrease in levels of phosphorylated cyclic AMP response element-binding (CREB) and a downregulation  
of neurite growth specific proteins and transcription factors. Neurotrophins such as nerve growth factor (NGF) interact  
at the growth cone with high affinity nerve growth factor receptors (Trks) and p75, leading to internalization of the  
neurotrophin–receptor complex, growth cone expansion and neurite elongation. Internalized neurotrophin–receptor 
complexes are transported retrogradely as signalling endosomes with mitogen-activated protein kinase (MAPK)/
extracellular signal-regulated kinase (ERK) on their surface. Once in the cell body, they increase phosphorylated CREB 
levels and subsequent activation of the genetic programme for neurite growth. Nogo-A-RRC; unknown Nogo-A receptor.
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Nogo-C — and increases Nogo-A — expression91. 
Indeed, as patients with amyotrophic lateral sclerosis 
have increased Nogo-A expression in muscle in the early 
stages of the disease, Nogo-A expression in muscle has 
been proposed as a diagnostic marker for the disease92.

Roles of Nogo in CNS development
A role for Nogo in neuronal migration. In the developing 
forebrain cortex, Nogo-A expressing post mitotic neu-
ronal precursors migrate along Nogo-A positive radial 
glia75. Cells that will become part of the cortical plate  
pass between Nogo-A expressing neurons in the subplate 
and intermediate zone, and in mice lacking Nogo-A this 
migration through the intermediate zone is enhanced75. 
The early tangential migration of cortical interneu-
rons from the median eminence, on the other hand, is 
delayed in mice lacking all three forms of Nogo, sug-
gesting that Nogo proteins can slow down (in the case 
of radial migrating cells) or enhance (in the case of tan-
gentially migrating interneurons) migrating neurons74.  
In vitro, migration of cortical neural precursors was 
enhanced in cells derived from Nogo-A knockout ani-
mals and in wild-type neurons cultured in the presence 
of antibodies against Nogo-A, NgR1 or LINGO1, sug-
gesting that Nogo-A at the cell surface regulates neu-
ronal migration in the early developing CNS via an 
NgR1–LINGO1 containing receptor complex75. many 
details regarding the role of Nogo-A and Nogo-B in the 
migration of neurons and non-neuronal (for example, 
vascular) cells remain to be studied.

A role for Nogo in neurite growth, fasciculation and 
branching. Nogo-A is highly expressed in outgrow-
ing neurons in vivo, including in growth cones74,81,82,93. 
Embryonic cortical neurons lacking Nogo-A, Nogo-B 
and Nogo-C showed increased branching in culture74. 
By contrast, newborn dorsal root ganglion explants from 
mice or rats treated with antibodies against Nogo-A, 
NgR1 or LINGO1 showed a highly fasciculated out-
growth with reduced branching and longer neurites94 
(FIG. 3b). Similar morphologies were observed in dorsal 
root ganglion explants from Nogo-A knockout mice, or 
when wild-type explants were treated with Y27632, a 
blocker of the Rho–ROCK pathway. Reduced branching 
and increased fasciculation have also been observed in 
chicken embryos injected with function-blocking Nogo-
A-specific antibodies and in the forelimbs and hindlimbs 
of mouse embryos lacking Nogo-A94. These results 
suggest that in developing neurites and growth cones, 
Nogo-A can influence mutual adhesion (as reflected by 
fasciculation) and branch formation. It remains to be 
determined whether the developmental stage of the neu-
rons or their origin (for example, cortical versus dorsal 
root ganglion) influences the direction of the effect, and 
whether Nogo-B and Nogo-C have similar effects.

Nogo-A also seems to participate in axon guidance. 
Growing optic nerve axons and spinal cord commissural 
axons in the mouse embryo are repulsed by Nogo-A-
expressing radial glia in the ventral midline, and a pep-
tide blocking NgR1 or function-blocking antibodies 
against Nogo-A lead to misprojecting axons77,79. At early 

Figure 3 | Functions of Nogo-A in the developing and adult cNs. a | Contact of a 
neuritic growth cone with a cell (in this case, an oligodendrocyte) expressing Nogo-A 
(shown by orange dots) leads to growth cone collapse through destabilization of the 
actin cytoskeleton. Expression of Nogo-A on the surface of neighbouring neurites leads 
to balanced repulsion, thus regulating fasciculation and branching. b | In cultures of 
perinatal dorsal root ganglion explants, blockade of Nogo signalling by antibodies 
against Nogo-A or Nogo receptor 1 (NgR1; also known as Nogo-66 receptor and 
reticulon 4 receptor), by Rho-associated, coiled-coil containing protein kinase (ROCK) 
inhibition or by Nogo-A gene knockout leads to longer, highly fasciculated and 
unbranched neurites. c | Nogo-A in the myelin membranes that surround axons in the 
maturing and adult CNS restricts the formation of new side branches and, by retrograde 
signalling, suppresses the neuronal growth programme. d | After a spinal cord lesion, 
injured tracts show spontaneous but transitory regenerative sprouting (shown in blue) 
that is enhanced by inactivation of Nogo-A signalling (shown in red), as is the 
compensatory sprouting of spared fibres. e | Cortical lesions — for example, by stroke — 
deprive one half of the CNS of its cortical input. Inactivation of Nogo-A signalling 
induces growth of corticofugal fibres (shown in red) across the midline, a phenomenon 
associated with a high degree of functional recovery. Ab; antibody. Part b is reproduced, 
with permission, from ReF. 94 © (2010) The Company of Biologists.
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Cortical plate
The upper part of the 
developing cerebral cortex, 
where neurons end their 
migration and start to 
assemble into the distinct 
neuronal layers that will form 
the future adult cortex.

Subplate 
A transient layer of cells in the 
fetal brain that lies beneath  
the cortical plate.

Intermediate zone 
A transient layer in the 
developing cortex through 
which neurons migrate on their 
way from the proliferative zone 
to the cortical plate. With 
maturation, this zone is 
replaced by the subcortical 
white matter.

Morpholinos 
Antisense oligonucleotides that 
block gene expression.

postnatal stages of development, the myelinating, Nogo-
A-positive, ascending sensory tracts in the dorsal column 
of the rat spinal cord seem to channel the late-growing 
corticospinal tract into its characteristic territory and 
prevent it from mixing with the surrounding sensory 
tracts95. Antibodies against Nogo-A or the ablation of 
oligodendrocytes by irradiation lead to aberrant, wide-
spread distribution of corticospinal tract fibres beyond 
the normal tract boundaries95,96. Thus, Nogo proteins 
— and Nogo-A in particular — expressed by glial cells 
and neurons can exert guidance effects in the developing 
CNS by repulsion of growing fibres.

Developmental roles of Nogo in zebrafish. Nogo proteins 
affecting axonal guidance and fasciculation have also 
been documented in the developing peripheral nervous 
system of zebrafish embryos. Fish Nogo proteins have 
short N termini that have no resemblance to those of 
Nogo-A, Nogo-B or Nogo-C in higher vertebrates, but 
the RTN domains are very similar to those in mammals 
and include an NgR-binding Nogo-66 domain10,97. An 
NgR1 homologue is also present in fish98,99. Addition 
of mammalian Nogo-66 to cultured zebrafish neu-
rons induced growth cone collapse but, astonishingly, 
Nogo-66 derived from zebrafish proved to be growth 
enhancing instead97. Indeed, in vivo knock down of Nogo 
or NgR in the fish embryo impaired growth of the lat-
eral line nerve, suggesting a growth-enhancing function 
of Nogo proteins in fish99. By contrast, regeneration of 
lesioned trigeminal axons in the skin of zebrafish larvae 
is normally restricted to the area formerly occupied by 
the cut nerves, but this restriction was absent in zebrafish 
expressing dominant-negative forms of NgR, LINGO 
or RHOA, or in zebrafish in which NgR expression was 
suppressed by antisense morpholinos100. This suggests that 
at later developmental stages the Nogo-positive axonal 
fragments of the lesioned nerve inhibit the growth of 
new axons in their vicinity100.

These observations in zebrafish are interesting from 
an evolutionary point of view. Short Nogo proteins that 
consist mostly of the RTN domain and contain the 
Nogo-66 sequence are expressed in the developing fish 
nervous system and are involved in growth regulation 
of neurites. The presence of NgR in fish suggests that at 
least some of these effects are mediated by a Nogo-66–
NgR interaction. However, the effects can be growth 
enhancing or growth inhibitory, depending on fac-
tors that are presently unknown. In higher vertebrates, 
new N-terminal sequences, in particular the Nogo-A-
specific Nogo-Δ20 domain, have made the molecule 
predominantly growth-inhibitory, presumably through  
interaction with a second receptor subunit.

Role of Nogo in myelin formation. At late developmental 
stages of the CNS of higher vertebrates, axons and their 
surrounding myelin-forming oligodendrocytes express 
Nogo proteins and Nogo receptor components70,71,101, 
suggesting a possible role of Nogo proteins in axon–
oligodendrocyte cross-talk. Indeed, it was found that 
Nogo-A and mAG double knockout mice showed a delay 
in myelin formation and had myelin malformations101. 

One or more receptors from the NgR family, to which 
both Nogo proteins and mAG can bind, are likely to 
be involved — as is the NgR-binding protein LINGO1, 
which has been shown to inhibit oligodendrocyte  
differentiation and myelin formation102.

Roles of Nogo in the adult CNS
Downregulation of growth, stabilization of wiring 
and restriction of plasticity in the adult CNS. Adult 
CNS tissue, in particular white matter, is a largely non- 
permissive environment for neurite growth. Nogo-A 
was originally described as one of the main neurite 
growth-inhibitory components of oligodendrocytes 
and myelin in the CNS103–105. myelin is formed dur-
ing the final phase of CNS maturation; in many CNS 
regions this phase is characterized by the refinement  
of the neuronal connections and ends with the closure of  
the so-called ‘critical period’ for major plastic rear-
rangements of axons and dendrites106. Examples of 
such postnatal periods of plasticity include the ocu-
lar dominance column plasticity in the visual cortex 
and, in the spinal cord, the compensatory sprouting 
of neighbouring sensory roots into denervated seg-
ments after dorsal root section. Axonal rearrange-
ments and growth are greatly reduced at specific 
time points after birth (around 3–5 weeks in mice 
and rats in these areas)107,108. Notably, this coincides 
with myelin formation in these areas and with a local 
downregulation of growth-promoting proteins such as  
growth-associated protein 43 (GAP43; also known  
as neuromodulin)32,108,109. when myelin formation was 
prevented in the spinal cord of postnatal rats, sprout-
ing of spared root fibres into neighbouring denervated 
segments continued much beyond the end of the 
plastic period108. In the visual cortex, a relationship 
between the termination of this highly plastic period 
and Nogo signalling was suggested by the finding  
that mice lacking both Nogo-A and Nogo-B, or mutant 
mice lacking NgR1 or PIRB, showed levels of ocular 
dominance plasticity in adulthood that were compa-
rable to those in immature mice32,31 (FIG. 4). moreover, 
adult mice lacking Nogo-A showed an upregulation of 
cytoskeletal and growth-related mRNAs, and proteins 
in the spinal cord and cortex67. Furthermore, addition 
of function-blocking Nogo-A-specific antibodies to 
mature (3- to 5-week-old) organotypic hippocampal 
slice cultures induced both upregulation of growth-
specific proteins and pronounced neurite sprouting in 
the absence of lesions110. An in vivo growth-restricting 
effect of myelin, preventing aberrant sprouting of 
cholinergic septal fibres that was mediated by p75 and 
Rho, was recently shown in the intact adult rodent 
brain111. Together, these observations suggest that Nogo 
proteins — and Nogo-A in particular — may be act-
ing as a tonic negative growth regulator in the adult 
CNS. From a developmental perspective, a possible 
sequence of events could be that the maturing axon 
induces oligodendrocyte differentiation, resulting in 
its myelination. Nogo-A expressed on the myelin may 
then suppress further branching locally and formation 
of collaterals, by downregulating the neuronal growth 
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programme (FIG. 3c). This would prevent unwanted 
side branch formation, especially in white matter, and  
therefore exert a stabilizing role in CNS wiring.

Not much is currently known about the physiological 
role of Nogo-A in neurons in the hippocampus, olfactory 
bulb or dorsal root ganglion of adult animals. Electron 
microscopy and biochemical studies have provided  
evidence for a synaptic localization of Nogo-A and NgR1 
in these areas71,84,85,112. A special form of FGF-dependent 
long-term potentiation (LTP) was increased and long-
term depression (LTd) was attenuated84 in hippocampi 
from NgR knockout animals. In agreement with this, 
acute administration of antibodies against Nogo-A or 
NgR strongly enhanced both short (30–90 min) and 
long-lasting (3 h) LTP in hippocampal slices from wild-
type animals (A. delekate, m. Korte, m. Zagrebelsky, 
m.E.S., unpublished observations). Conversely, overex-
pression of Nogo-A in Purkinje terminals induced syn-
apse disassembly112, and transgenic mice overexpressing 
NgR showed impairments of long-term memory113. 
Together, these observations suggest that Nogo-A and 

NgR1 at synapses could act as regulators of synaptic sta-
bility: in this scheme, low Nogo-A or NgR1 enhances 
synaptic connectivity, for example in the form of LTP, 
whereas high levels of Nogo-A lead to destabilization 
of synapses. Like Nogo, several other repulsive axonal 
guidance molecules are expressed at adult synapses, 
especially in regions such as the hippocampus, where 
they can influence LTP and other forms of synaptic  
plasticity114–116. many of them affect the cyctoskeleton, 
thus influencing synaptic function presynaptically and/or 
postsynaptically, which could also be the case for Nogo.

There are also indications that Nogo might have a role 
in some psychiatric disorders, such as schizophrenia.  
The schizophrenia-like behavioural phenotype of 
Nogo-A knockout mice117, and the genetic associations 
between psychiatric disorders and NgR or Nogo muta-
tions in certain families and patients118–122, are not well 
understood yet (BOX 2). They could reflect deficits in 
Nogo signalling during development, which would be  
in line with the postulated developmental origin of 
certain psychiatric diseases, and schizophrenia in 

Figure 4 | role of Ngr or Nogo-A/Nogo-B in restricting the developmental plasticity in the visual cortex.  
a | Maturation of cortical columns and of the terminal arborizations of thalamic input axons in the visual cortex is driven  
by visual experience. In the early postnatal (P0–20) mouse (top left panel), the thalamic visual afferents representing the 
left (L; shown in blue) and right (R; shown in red) eyes, and terminating in cortical layer IV, overlap to a large degree. 
Monocular deprivation (for example, by lid suture) of the left eye during the critical period leads to smaller arbors and 
ocular dominance columns and a corresponding enlargement of the right, open eye territories (top right panel). These 
plastic rearrangements are severely restricted at the end of the ‘critical period’. Indeed, the arrangements of thalamic 
visual afferents in cortical layer IV in adult mice (bottom left panel) is not affected by monocular deprivation during 
adulthood (bottom right panel), indicating that visual deprivation during adulthood does not affect terminal arborization. 
b | In mice lacking the Nogo receptor (NgR) or Nogo-A/Nogo-B,  monocular deprivation during the critical period has the 
same effect as in developing wild-type mice (left panel). In contrast to wild-type mice, however, monocular deprivation 
during adulthood in these mutant mice induces a highly plastic pattern similar to that in immature mice  
(right panel). 
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Tubular ER
A major part of the 
endoplasmic reticulum (eR) of 
cells that is characterized by a 
tubular shape, as opposed to 
the flat eR cisterns that 
compose the nuclear 
membrane, or the Nissl bodies 
in synthetically highly active 
neurons.

particular123. On the other hand, the evidence discussed 
above suggests that Nogo signalling might also have a 
role in these disorders through dysregulation of circuit 
functions in adulthood.

Specific roles of Nogo-B and its receptor NGBR in the 
CNS have not yet been defined. In blood vessels, they 
influence vessel repair after injury and also macrophage 
infiltration51,90.

In conclusion, much remains to be learnt of the roles 
played by Nogo proteins in the adult nervous system. 
The downregulation of the neuronal growth programme 
mainly by Nogo-A expressed in myelin may contribute to 
the termination of the plastic period for large-scale circuit 
rearrangements, such as in ocular dominance plasticity. 
Nogo-A-mediated growth suppression may help to stabi-
lize the highly complex neuronal wiring of the adult CNS, 
preventing aberrant fibre growth. Neuronal Nogo and its 
receptor components are also expressed at synapses, in 
particular in regions that show synaptic plasticity and are 
involved in learning. Current evidence points to a role 
of synaptic Nogo and NgR as negative regulators of syn-
aptic stability, but the precise site of action (presynaptic 
versus postsynaptic), the postreceptor signalling cascades 
involved, and the key effectors (for example, actin, pre-
synaptic or postsynaptic cytoskeleton, and extracellular 
adhesion mechanisms) remain to be studied.

Intracellular functions of Nogo proteins
The relatively few studies addressing the intracellular 
functions of Nogo — of which a large number are based 
on molecular interactions — suggest that Nogo proteins 
could have intracellular functions in the adult CNS5,124. 
By binding to and inhibiting the enzyme β-secretase 
(BACE), Nogo-A, Nogo-B or Nogo-C, as well as RTN3, 
can inhibit the production of amyloid-β peptides, which 
are linked to Alzheimer’s disease125–127. Interestingly, 
amyloid-β peptides bind to NgR20,128. However, there 
is currently no direct evidence for a crucial role of 

Nogo-A or Nogo-B in the development or progression 
of Alzheimer’s disease, except for the demonstration that 
increased fibre sprouting occurs around amyloid plaques 
in Nogo knockout mice, which could be due to the 
absence of the growth-inhibitory effect of Nogo-A129.

Several studies have found an upregulation of Nogo-A 
under conditions of cellular stress5,124, for example in neu-
rons and astrocytes surrounding stroke lesions or amyloid 
plaques130,131. In a superoxide dismutase (SOd) mutant 
mouse model of amyotrophic lateral sclerosis, genetic 
deletion of Nogo-A and Nogo-B accelerated disease pro-
gression and decreased spinal motor neuron survival, pos-
sibly as a result of a lack of regulatory effects of Nogo-A on 
the ER chaperone protein disulphide isomerase in these 
mice. Overexpression or deletion of Nogo-A changes the 
intracellular location of the enzyme, which in turn might 
compromise its chaperone functions132.

Another intracellular interaction partner of Nogo 
proteins and of the reticulon protein RTN3 is the anti-
apoptotic protein BCL2 (ReFs 133,134), suggesting a link 
between Nogo or RTN3 and apoptosis in neuroprotection 
or neurodegeneration. Indeed, a role of Nogo-B in regu-
lating the survival of cancer cells has been proposed134–136.  
A possible mechanism could be that Nogo or RTN3 
changes the intracellular localization of BCL2, but this 
remains to be confirmed by additional studies135,136.

All Rtn proteins, including Nogo-A, Nogo-B and 
Nogo-C, are enriched in the ER, suggesting additional 
functions of Nogo proteins that may be specific to this 
subcellular compartment5,124. Indeed, overexpression of 
Nogo-A or RTN3 led to an increase in the proportion  
of tubular eR137, but prevented the assembly of the 
nuclear membrane after cell division — a disturbance 
that was also observed after neutralization of Nogo-A by  
antibodies138,139. These effects were presumably mediated 
by interactions of the Rtn proteins with membrane pro-
teins like the ER protein deleted in polyposis 1 (dP1), 
leading to complexes that increase the curvature of the 
ER membrane and thereby help to shape the ER and  
the nuclear membrane137–140. Nogo-B and NGBR also play 
a part in intracellular cholesterol transport52.

The results described above suggest that, through 
their phylogenetically ancient C-terminal RTN domain, 
Nogo proteins function as interaction partners of specific 
intracellular proteins. They have also been proposed to 
have structural roles, especially for the tubular part of 
the ER and the nuclear membrane, and to be involved in 
mechanisms of cell survival and ER stress. Still, most of 
these functions have not been well studied yet. Functional 
compensation by other Rtn family members in knockout 
mice has made the study of these intracellular roles more 
difficult141. Nevertheless, it seems clear that Nogo proteins 
are an interesting example of multidomain, multipurpose 
proteins in which domains were added during evolution, 
resulting in novel functions for different isoforms.

Role of Nogo in CNS repair
The bulk of the Nogo and Nogo receptor literature deals 
with the role of these molecules in the injured spinal 
cord and brain, and many reviews are available on this 
topic1,33,35,142–147.

 Box 2 | Nogo and its receptor in psychiatric diseases

Human genetic linkage studies and examination of the post‑mortem brain tissue of 
patients with psychiatric disorders suggest a link between Nogo signalling and bipolar 
disorder and schizophrenia118–122,157–159. However, the number of families and individuals 
that have been examined so far is limited, and contradictory reports have been 
published. Two recent studies support the hypothesis that there is a link between 
Nogo‑A–Nogo receptor signalling and schizophrenia117,122. One study122 described point 
mutations in Nogo receptor 1 (NgR1; also known as Nogo‑66 receptor and reticulon 4 
receptor) in individuals affected by schizophrenia from different families. Some of 
these mutations directly affected Nogo binding122. Moreover, mice lacking NgR1 
showed mild behavioural alterations that mimic some symptoms of schizophrenia122.

Two studies have analysed the behavioural phenotype of mice lacking Nogo‑A117,160. 
Reflexes and locomotor behaviour in these mice were normal, but they showed 
enhanced locomotion in response to amphetamine administration as well as 
abnormalities in prepulse inhibition and latent inhibition, indicative of attentional 
deficits117,160. Similar abnormalities in analogous tests for humans are typically seen in 
patients with schizophrenia161,162. Nogo‑A knockout mice also showed neurochemical 
abnormalities — particularly in the level, turnover and receptor levels for dopamine 
and serotonin in the striatum and prefrontal cortex — that paralleled changes 
observed in patients with schizophrenia117. The mechanisms and possible 
developmental time course of the Nogo‑A or NgR1‑related defects leading to 
abnormal adult behaviour remain to be investigated.
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Suppression of Nogo or Nogo receptor function — 
by antibodies, soluble receptor fragments, antagonistic 
peptides, gene knockout or knockdown — or block-
ade of Rho or ROCK are all treatments that have been 
shown to enhance regenerative sprouting and growth of 
lesioned fibres after spinal cord or brain injury. In addi-
tion, these treatments induce compensatory collateral 
sprouting of intact fibres in the adult CNS after injury. 
These pro cesses result in increased plasticity and a cer-
tain degree of regeneration, depending on the size and 
type of the lesion (FIGs 3d,e). They induce reorganization 
of CNS circuits in the spinal cord, brainstem and cortex. 
Transitory, short-distance regenerative sprouting and a 
limited degree of plastic reorganization occurs sponta-
neously in many tracts after a lesion. The higher level of 
fibre growth and functional recovery seen after inactiva-
tion of Nogo-A signalling is best explained by the sup-
pression of its growth-inhibitory effects. These occur at 
the level of the growing fibres through inactivation of a 
growth-inhibitory interaction with myelin, oligodendro-
cytes and myelin debris, and at the level of the cell body 
through suppression of the retrograde, tonic Nogo-A-
mediated growth-inhibitory signals, which are present 
in the adult CNS. Thus, Nogo-A neutralization may shift 
the adult, stabilized CNS back into a more plastic, quasi-
developmental stage.

For most of the anti-Nogo or anti-Nogo receptor 
treatments mentioned above, enhanced recovery of lost 
functions has also been shown behaviourally. Treatments 

targeting Nogo signalling resulted in the most consistent 
and extensive structural and functional recoveries com-
pared to other experimental interventions after spinal 
cord or stoke lesions, such as scar-reducing treatments, 
growth factor injections and cell transplantations1,35. 
Importantly, very similar functional and structural 
improvements were observed in studies that used dif-
ferent methods of blocking Nogo-A or NgR function, 
whereby acute treatments that interrupt Nogo-A signal-
ling at the time of CNS injury were more efficient than 
conventional chronic gene knockouts (BOX 3). Although 
most of these results were obtained in rats or mice, proof-
of-principle experiments have also been performed on 
monkeys148–150. A clinical study in patients with acute 
injuries in the spinal cord with a human Nogo-A antibody 
(ATI-355; Novartis) is currently underway (ClincalTrials.
gov: NCT00406016). Together, these results support the 
concept that Nogo-A is a key stabilizer and negative 
growth regulator in the adult CNS of higher vertebrates.

Conclusions and future directions
Nogo proteins on cell membranes interact with multisub-
unit receptors consisting of ligand binding, signal trans-
duction and associated proteins. Some key components 
of the Nogo-A receptor still remain to be characterized, 
and, in spite of the known role of Rho and Ca2+, the full 
complexity of the second messenger cascades generated 
downstream of the activated Nogo receptor remains to be 
unravelled. In the CNS of developing and adult animals 

 Box 3 | Multiple methods to block Nogo function: acute blockade versus gene knockout

A traditional way to block the function of signalling molecules is the use of agents (‘blockers’) that interfere with ligand 
binding to a receptor, with receptor activation or with the downstream intracellular signalling cascade. To interfere with 
Nogo signalling, the peptide Nogo‑A extracellular peptide residues 1‑40 (NEP1‑40) can be used as an antagonist of Nogo 
receptors (NgRs)1,16,35. Pharmacological blockers of RHOA and of the Rho effector kinase Rho‑associated, coiled‑coil 
containing protein kinase (ROCK) blocked Nogo‑A functions in vivo and in vitro33. The Rho inactivating enzyme 
C3‑transferase (Cethrin; BioAxone Therapeutic) is currently being tested in clinical trials with patients affected by  
spinal cord injuries163.

Antibodies binding to, and sterically inhibiting access to, active sites of ligands or receptors have been successfully 
used in the study of Nogo‑A functions1,142,146. ‘Receptor bodies’ are fusion proteins that consist of receptor fragments 
containing the ligand binding site and Fc antibody sequences. Such an NgR–Fc fusion protein was shown to be a potent 
blocker of inhibitory NgR ligands, including Nogo proteins164. A remarkable congruence of the effects of different 
blocking agents for Nogo‑A signalling — including antibodies, receptor bodies and small molecule blockers — has been 
found in a number of regeneration and plasticity paradigms1,35,142. An antibody that blocks Nogo‑A function has reached 
the stage of clinical trial as a novel treatment for spinal cord injury (ClinicalTrials.gov: NCT00406016).

An alternative to small molecular weight blockers or antibodies are technologies that allow gene silencing or gene 
deletion. Acute knock down of NgR in optic nerve fibres enhanced regeneration30. However, the systemic knock out of 
Nogo‑A, Nogo‑A and B, or Nogo‑A, B and C simultaneously, and also the recent triple knockouts of Nogo‑A, myelin 
associated protein (MAG) and oligodendrocyte myelin glycoprotein (OMGP), performed in different laboratories, 
resulted in rather mild and seemingly inconsistent phenotypes141,165,166–168. More detailed analyses revealed several 
factors that affected the outcome. First, SV129 mice showed a significantly higher intrinsic growth and regeneration 
potential than C57BL/6 mice169, demonstrating the important influence of genetic background and the pitfalls of the 
conventional mixed‑strain technology (that is, unknown proportions of C57BL/6 and SV129 genes in different mutant 
offspring lines). Second, the absence of Nogo proteins has different effects according to the neuroanatomical structures 
and types of lesions being considered32,170. Third, functional compensation often occurs in knockout models — 
demonstrated, for example, by the increased levels of semaphorins and ephrins and their receptors in the CNS of mice 
lacking Nogo‑A171. The literature contains many examples of mouse mutants in which physiologically important 
molecules were knocked out but that nevertheless had only mild or even absent phenotypes, probably owing to 
compensatory effects172. Indeed, the many mutations present in the human population that do not dramatically affect 
viability are a good example of this compensatory capacity172. Therefore, inducible conditional knockouts and 
well‑defined knockdowns can be expected to yield much more relevant and informative phenotypes than models 
generated with conventional knockout techniques.
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Nogo-A exerts repulsive and neurite growth-inhibitory 
functions. migration of neuronal precursors can also be 
affected. In the embryonic forebrain cortex Nogo pro-
teins affect tangential and radial neuronal migration, but 
the generality of this phenomenon and its cell biologi-
cal mechanistic basis remain to be studied. In develop-
ing peripheral neurons Nogo-A also restricts the growth 
of neurites, counteracts the neurons’ mutual adhesive 
interactions during fasciculation and influences branch-
ing. Nogo-A, therefore, appears as a new player in the 
orchestra of repulsive or inhibitory, and attractive or 
growth-promoting cues that steer axons and govern the 
formation of the highly complex neuronal circuits and 
connections during development. The various levels at 
which Nogo-A-mediated growth regulation takes place 
— for example, on the level of the growth cone versus cell 
body, or cytoskeleton assembly versus gene transcription 
— remain to be elucidated in detail, as do the potential 
interactions between Nogo-A and the different growth 
regulators and guidance factors.

In the maturing and adult CNS, myelin-derived 
Nogo-A has stabilizing functions for the neurite  
network by acting as a growth suppressor. The recently 
discovered role of neuronal Nogo-A and NgR1 at synapses 

— suppression of Nogo-A and/or NgR1 function enhances 
LTP and synaptic stability — points to an additional role 
of Nogo-A as a regulator of neuronal connections. The 
growth-suppressive function of myelin Nogo-A sets a 
conceptual framework for understanding the observed 
enhancement of axonal growth and regeneration and the 
functional recovery after spinal cord or brain lesions by 
inactivation of Nogo-A–NgR1 signalling. If this enhance-
ment of CNS fibre growth and reparative processes by 
blockade of the Nogo-A pathway proves to be a general 
phenomenon, therapeutic windows might open for CNS 
diseases beyond spinal trauma and stroke.

Although the largest Nogo protein — Nogo-A — 
is well studied, much less information is available on 
Nogo-B and Nogo-C, in particular with regard to func-
tions in non-neural tissues, where these Nogo isoforms 
are frequently found. The role of Nogo-B and its spe-
cific receptor NGRB in vascular repair is interesting 
but begs the question of the function of Nogo-B in the 
normal patterning and function of the blood vessel sys-
tem. much more data are also needed on the potential 
intracellular functions of Nogo proteins, some of which 
may be related to basic biological processes such as ER 
structure and function, and cell survival.
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