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Glial inhibition of CNS axon
regeneration
Glenn Yiu and Zhigang He

Abstract | Damage to the adult CNS often leads to persistent deficits due to the inability of
mature axons to regenerate after injury. Mounting evidence suggests that the glial
environment of the adult CNS, which includes inhibitory molecules in CNS myelin as well as
proteoglycans associated with astroglial scarring, might present a major hurdle for successful
axon regeneration. Here, we evaluate the molecular basis of these inhibitory influences and
their contributions to the limitation of long-distance axon repair and other types of
structural plasticity. Greater insight into glial inhibition is crucial for developing therapies
to promote functional recovery after neural injury.

Dystrophic growth cones
Unusually shaped nerve
terminals that are
characterized by small globular
clusters or multivesicular sacs
found on the distal ends of
regenerating axons in a glial
scar environment.

Dorsal root ganglia
(DRG). Ganglia that are found
beside the spinal cord in which
the cell bodies of sensory
neurons are located. The
bipolar neurons send a central
axon through the spinal cord
and another process to the
PNS.

Oligodendrocytes
Glial cells that elaborate myelin
in the CNS. Unlike Schwann
cells in the PNS that myelinate
single axons, oligodendrocytes
typically ensheath several
processes at once.
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The nervous system has the remarkable ability to adapt
and respond to various stimuli, ranging from physiological experiences associated with learning and memory,
to pathological insults such as traumatic injury, stroke
or neurodegenerative diseases. In addition to plasticity
at the functional level, nervous system responses might
also occur in the form of structural remodelling. In vivo
imaging studies have shown that sensory experience
can drive the formation and elimination of synapses,
and that these changes might underlie the adaptive
remodelling of neural circuits1,2. Similarly, neural injury
is often accompanied by a transient period of anatomical
remodelling in the form of local sprouting at the lesion
site3. However, although many CNS neurons can survive
for years after axotomy, the severed axons ultimately fail
to regenerate beyond the lesion site, in contrast to those
in the PNS or embryonic nervous system. Recent evidence is beginning to reveal intriguing parallels between
some of the molecular mechanisms that affect the different forms of structural plasticity, including both shortrange remodelling and long-distance axon regrowth.
Therefore, targeting these mechanisms might not only
promote the regeneration of damaged nerve fibres, but
might also enhance axon sprouting and plasticity after
CNS injury. Here, we describe recent progress in understanding the inhibitory components of the adult glial
environment, as well as the neuronal receptor complexes
and downstream signals that mediate their effects. The
limited success in targeting these pathways in vivo will
then be evaluated. Finally, we discuss the physiological
roles of glial inhibition in the intact nervous system, and
their implications for the development of strategies to
promote functional recovery after adult CNS injury.
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The role of extrinsic inhibition
The regeneration failure in the adult CNS might be
partly attributed to the gradual decline in the intrinsic growth ability of neurons as the animal matures.
Ramón y Cajal described that, after injury, the ends
of lesioned axons become swollen into ‘dystrophic
endballs’, which he believed were no longer capable
of regeneration 4. However, recent studies revealed
that these dystrophic growth cones are not quiescent at
all, and might actually be highly active structures that
are stalled in the hostile injured environment5. Early
studies have demonstrated that some injured axons
retain a limited capacity for regrowth, and can extend
over long distances in the permissive environment of
a peripheral nerve graft6. Furthermore, neurons such
as those in dorsal root ganglia (DRG) have axons in
both the CNS and PNS, but can only regenerate their
peripheral processes. These observations suggest that
interactions with different environments contribute to
the differential regenerative responses.
Increasing evidence suggests that many inhibitory or repulsive guidance cues involved in axon
pathfinding during development actually persist
into adulthood and might restrict axon regeneration
after injury. In addition, the glial environment of the
adult CNS is very different from the PNS or embryonic nervous system. The myelin structure formed
by oligodendrocytes that normally ensheaths nerve
fibres can become damaged after injury, exposing
severed axons to myelin-associated inhibitors7–9. In
addition, reactive astrocytes form a glial scar at the
lesion site and might act as an additional barrier to
axon regrowth10 (FIG. 1).
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Figure 1 | Schematic representation of the CNS injury site. Injury to the adult CNS
often results in the transection of nerve fibres and damage to surrounding tissues. The
distal ends of the severed axons form characteristic dystrophic growth cones that are
exposed to the damaged glial environment4. During the early phase of injury, myelinassociated inhibitors from intact oligodendrocytes and myelin debris can restrict axon
regrowth7–9. Recruitment of inflammatory cells and reactive astrocytes over time leads to
the formation of a glial scar, often accompanied by a fluid-filled cyst10. This scarring
process is associated with the increased release of chondroitin sulphate proteoglycans,
which can further limit regeneration43. Together, these molecular inhibitors of the CNS
glial environment present a hostile environment for axon repair.

Glial scar

Many of the initial efforts to identify the molecular
components of these inhibitory influences have relied
on in vitro assays similar to those used to examine axon
guidance molecules in early development. Inhibitory
fractions or molecules were characterized by their ability to restrict neurite outgrowth or induce growth cone
collapse. However, these studies often rely on immature
CNS or PNS neurons, which are more easily grown in
culture, and therefore might not truly represent effects in
the mature nervous system. Nevertheless, these studies
have led to the identification of a growing list of inhibitory molecules that are either constitutively expressed
or induced after injury in the glial environment of the
adult CNS.

A physical and molecular
barrier to regeneration that
develops at CNS lesion sites,
consisting primarily of reactive
astrocytes, along with
extracellular matrix molecules
such as CSPGs.

Myelin-associated inhibitors
CNS myelin was first postulated as a major source of
inhibition when immobilized CNS myelin, but not PNS
myelin, was found to inhibit axon outgrowth11. To identify individual molecules, an antibody to an inhibitory

Astrocytes
The most abundant glial cell in
the CNS, with a star-shaped
cell body and broad end-feet
on their processes. Astrocytes
are thought to have nutritive
functions, as well as roles in
maintaining the blood–brain
barrier and extracellular milieu.
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fraction of myelin, termed IN-1, was isolated for its ability
to neutralize myelin inhibition in vitro12,13. Subsequent
identification of the putative antigen led to the discovery
of Nogo14–16. Nogo is a member of the reticulon family of
membrane proteins, and at least three isoforms (Nogo-A,
-B and -C) are generated by alternative splicing and promoter usage. Among these, Nogo-A is best characterized,
owing to its high expression in CNS oligodendrocytes17.
Structure–function analyses support the presence of two
inhibitory domains: a unique amino-terminal region
(amino-Nogo) that is not shared by Nogo-B and NogoC18, and a 66 amino acid loop (Nogo-66) that is common
to all three isoforms14. However, the topology of Nogo-A
remains controversial. Although initial evidence places
Nogo-66 on the extracellular surface and amino-Nogo
facing intracellularly, at least some amino-Nogo can be
detected on cell surfaces and both domains are inhibitory to neurite outgrowth14,15,18,19 (FIG. 2). Furthermore,
Nogo-A contains an endoplasmic reticulum (ER)retention motif, and appears to be largely restricted to
tubular ER20. As axon-derived signals might also influence
membrane trafficking in oligodendrocytes21, it remains
to be clarified whether Nogo-A has different membrane
topologies in different contexts, or is exposed only after
oligodendrocyte membrane damage during injury.
Other studies led to the identification of several
other myelin-associated components that can inhibit
axon outgrowth in vitro, including myelin-associated
glycoprotein (MAG)22,23, oligodendrocyte myelin glycoprotein (OMgp)24, the transmembrane semaphorin 4D
(Sema4D/CD100)25 and ephrin B326 (FIG. 2). MAG is a
transmembrane protein with five immunoglobulin-like
domains in its extracellular region27,28, although myelin
disruption might lead to its release as a soluble proteolytic fragment29. Unlike Nogo-A, it is expressed by both
CNS oligodendrocytes and PNS Schwann cells, and has
also been implicated in myelin formation and maintenance30. Interestingly, embryonic and neonatal neurite
outgrowth is promoted by MAG, which suggests that
this protein can act as a bi-functional cue, with a sharp
transition from promotion to inhibition at around the
time of birth31–33. OMgp is a GPI-anchored protein that
contains a leucine-rich repeat (LRR) domain34. Recent
evidence suggests that it is enriched in membranes of
oligodendroglia-like cells that encircle nodes of Ranvier,
and might act to prevent collateral sprouting35.
In addition to these myelin components, repulsive
guidance cues with roles in axon pathfinding during
development — such as ephrin B3 and Sema4D/CD100
— have also been found in CNS myelin and implicated as
inhibitors of axon repair in the adult. Ephrin B3 functions
as a midline repellent during corticospinal tract (CST) formation36, but continues to be expressed during postnatal
stages in myelinating oligodendrocytes26. Sema4D/CD100
is similarly expressed on mature oligodendrocytes, can be
induced by injury and triggers growth cone collapse25.
Therefore, although many guidance cues that are involved
in the initial formation of the nervous system become
downregulated when development is complete, at least
some persist into adulthood to exert an inhibitory effect
in the mature CNS.

www.nature.com/reviews/neuro

© 2006 Nature Publishing Group

F O C U S O N N E RV E R E G E NR
EE
RV
AT
ON
I EI W
S
Oligodendrocytes and myelin debris
ephrin B3 Sema4D
Reactive
astrocytes

MAG

Other
ligands?

Nogo-66

OMgp
Amino-Nogo

CSPGs

Unknown
receptor

NgR2

α-Secretase

GT1b

p75
or
TROY

LINGO1

γ -Secretase
Unknown
receptor
EphA4 plexin Other
B1
receptors?

Growth cone
A motile actin-supported
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A post-transcriptional process
through which a pre-mRNA
molecule, containing several
introns and exons, can lead to
different functional mRNA
molecules, and consequently
proteins, that originate from a
single gene.

GPI-anchor
A glycosylphosphatidylinositol
(GPI) linkage, located at the
carboxy termini of proteins
without hydrophobic
transmembrane regions, that
can insert into the cell
membrane. They might be
released from the membrane
by treatment with
phospholipase C.

Corticospinal tract
(CST). Axon fibres that
originate from pyramidal
neurons in layer 5 of the
cerebral cortex and synapse on
motor and interneurons in the
spinal cord. This tract mediates
motor functions and is
commonly used for CNS
injury models.
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Figure 2 | Glial inhibitors and intracellular signalling mechanisms. The molecular inhibitors of the adult CNS glial
environment include chondroitin sulphate proteoglycans (CSPGs) associated with reactive astrocytes from the glial scar43,
and myelin-associated inhibitors from intact oligodendrocytes and myelin debris, including myelin-associated
glycoprotein (MAG)22,23, Nogo-A14–16, oligodendrocyte myelin glycoprotein (OMgp)24, ephrin B3 (REF. 26) and the
transmembrane semaphorin 4D (Sema4D)25. Although the topology of Nogo-A remains unclear, both the 66 amino acid
loop (Nogo-66) and the amino-terminal domain (amino-Nogo) are known to be inhibitory to axon outgrowth14,15,18,19. The
neuronal receptors and downstream signalling pathways known to be involved in transducing these inhibitory signals are
shown. Among the signalling components that are common to both CSPG and myelin inhibition are the activation of
RhoA82 and the rise in intracellular calcium65,89,92,93. Whereas the signals downstream of RhoA that lead to the actin
cytoskeleton are well characterized (solid arrows), the relationship between components upstream of RhoA and the role
of calcium influx are still ambiguous (dashed arrows). For example, calcium transients might activate protein kinase C
(PKC)88,89, which is required for p75 cleavage by γ-secretase66, or trigger the transactivation of epidermal growth factor
receptor (EGFR)90.

Given the remarkable diversity among these myelin
components, their respective contributions to myelin
inhibition remain unclear. Genetic deletion of Nogo and
enzymatic depletion of OMgp or other GPI-linked proteins can reduce the inhibitory activity of myelin24,37–39.
However, in vitro neurite outgrowth assays do not measure myelin inhibition in a linear fashion, and removal of
individual components might be complicated by compensatory responses by other inhibitors. Nevertheless, it
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is clear that CNS myelin exerts multiple layers of inhibitory influences with a significant degree of overlap and
cross-regulation.

CSPGs and the glial scar
In addition to degenerating myelin, another important
source of inhibition is the glial scar, which forms after
CNS injury40. The glial reaction to injury results in the
recruitment of microglia, oligodendrocyte precursors,
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Dorsal root entry zone
(DREZ). The interface between
the CNS and PNS where
sensory afferents from dorsal
root ganglia enter the spinal
cord during development.

Penumbra
The area of secondary injury
surrounding a CNS lesion
epicentre.

Dorsal rhizotomy
A transection of sensory nerve
fibres in the dorsal root at its
point of entry into the spinal
cord.

meningeal cells and astrocytes to the lesion site. Some
of these responses could have beneficial effects; they
could isolate the injury site and minimize the area of
inflammation and cellular degeneration. Some populations of astrocytes might even support axon regrowth41.
However, many astrocytes in the injured area often
become hypertrophic and adopt a reactive phenotype,
releasing inhibitory extracellular matrix molecules
known as chondroitin sulphate proteoglycans (CSPGs)42.
CSPGs (aggrecan, brevican, neurocan, versican, phosphacan and NG2) are a family of molecules characterized by a protein core to which large, highly sulphated
glycosaminoglycan (GAG) chains are attached43. The
spatiotemporal expression of CSPGs correlates with glial
boundaries in the developing CNS, such as the spinal
cord roof plate, optic tectum and dorsal root entry zone
(DREZ)44,45. After injury, CSPG expression is rapidly
upregulated by reactive astrocytes, forming an inhibitory gradient that is highest at the centre of the lesion
and diminishes gradually into the penumbra.
There is ample evidence to suggest that the inhibitory
activity of CSPGs depends on the GAG components,
as treatment with chondroitinase ABC (ChABC), an
enzyme that removes GAG chains from the protein
core, eliminates this inhibition10,46. Other studies have
shown that the core proteins of at least some CSPGs (for
example, NG2) can also inhibit outgrowth47. However,
the mechanisms by which these CSPGs exert their
inhibitory effects are still not entirely clear. One model
suggests that the proteoglycans serve as a mechanical
barrier, indirectly masking neurons from neuritepromoting components of the extracellular matrix48.
Indeed, interactions between various proteoglycans with
molecules such as laminin, fibronectin and neural cell
adhesion molecules have been widely documented49–51.
Antibody-mediated blockade of laminin can also reduce
growth promotion by ChABC treatment52. Interestingly,
unlike the NG2 molecule itself, NG2-expressing glial
cells can promote axon growth53. Given the delicate balance between growth-promoting and inhibitory components in the extracellular matrix, it is not surprising
that CSPGs might exert their effects by interacting with
growth-promoting substrates. Nevertheless, there is also
evidence to support the presence of unique intracellular
pathways in neurons that mediate CSPG inhibition;
for example, a specific neuronal surface receptor has
been identified for NG2 (REF. 54). Signalling pathways
involving the small GTPase RhoA have also been implicated55. As described below, many of these intracellular
signals might share similarities with those triggered by
myelin-associated inhibitors. Interestingly, exposure to
CSPGs can also stimulate the formation of dystrophic
growth cones on lesioned sensory axons similar to
those described by Ramón y Cajal5. These observations
suggest that CSPG-mediated inhibition could severely
affect both the cytoskeletal and membrane components
of growth cone architecture5.
Although it is clear that both CNS myelin and the glial
scar can inhibit axon outgrowth, their relative importance in vivo remains uncertain. After dorsal rhizotomy,
DRG axons treated with neurotrophin 3 are able to
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overcome the CSPG-enriched glial barrier at the DREZ,
but not the degenerative white matter myelin56. This supports a hierarchy of inhibitory influences, with myelin
being more potent than the glial scar. However, DRG
neurons microtransplanted into the spinal cord with
minimal scarring can project axons over long distances
along degenerating white matter tracts, stopping only
on contact with CSPGs at the glial scar. These results
indicate that it is the astroglial barrier that is the major
impediment to adult CNS regeneration57,58.
Despite these conflicting reports, both CSPGs and
myelin-associated inhibition are likely to be involved in
regenerative failure, with some overlap and differences in
function attributable to their spatial and temporal regulation. For example, whereas myelin inhibitors are constitutively expressed and are not significantly changed after
trauma17, CSPGs can be strongly upregulated following
injury, with different time courses of expression ranging
from 24 hours to 6 months post-lesion59. An interesting
possibility is that the two sources of inhibition could have
effects on each other. Physical interactions with CSPGs,
for example, can convert Sema5A from an attractive to a
repulsive guidance cue60. Therefore, the observed effects
from ChABC treatment might be partially attributable to
the effects on molecules that are associated with CSPGs.
Combinatorial treatments targeting these different
sources of inhibition in vivo will be crucial to evaluate
their relative contribution to nerve fibre regeneration
failure.

Receptor mechanisms for myelin inhibition
So far, the receptor mechanisms for CSPG inhibition
remain elusive. By contrast, much effort has been made
to elucidate the neuronal signalling pathways triggered
by myelin-associated inhibitors. The Nogo-66 receptor
(NgR) is a GPI-linked protein that is expressed in many
types of CNS neuron and can interact with the putative
extracellular domain of Nogo-A19. Surprisingly, it was
later found to also bind with high affinity to MAG61,62
and OMgp24, which are structurally different from Nogo.
In initial studies, the removal of GPI-linked molecules
such as NgR from axonal surfaces could reduce or abolish neuronal responses to myelin inhibitors. In addition,
overexpression of NgR could confer responsiveness
to these inhibitors in embryonic neurons, which are
normally unresponsive19.
As NgR is GPI-linked and lacks an intracellular
domain, efforts have been made to identify additional
transmembrane co-receptors that can transduce the
myelin inhibitory signals. So far, two classes of molecule have been implicated, including members of the
tumour necrosis factor receptor (TNFR) family, such as
p75 and TROY, as well as LINGO1 (FIG. 2). The first such
co-receptor to be identified was p75, which was originally characterized as a neurotrophin receptor. Neurons
from p75-mutant mice showed dramatically reduced
responses to MAG, OMgp and Nogo-66 (REFS 63,64).
Subsequently, p75 was found to form a physical receptor complex with NgR64,65, and activation of downstream
signals might require its intramembrane proteolysis by
α- and γ-secretases66. However, p75 is not expressed in
www.nature.com/reviews/neuro
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most populations of mature neurons. This led to the
identification of another TNFR family member TROY
(also known as Taj), which is widely expressed across
the adult CNS and can functionally substitute for p75.
Similar to p75, TROY can form a receptor complex with
NgR. Genetic deletion or overexpression of a dominantnegative form of TROY can also promote robust axon
outgrowth on a myelin substrate67,68. Nevertheless, the
relative roles of these two molecules remain unknown,
and other TNFR family members might also be involved.
Other lines of evidence have revealed the requirement
for another co-receptor known as LINGO1, a transmembrane protein that can bind to both NgR and p75 (REF. 69).
Co-expression of all three receptor components, including NgR, p75 or TROY, and LINGO1, is sufficient to
allow non-neuronal cells to respond to myelin inhibitors
by activating the downstream signal RhoA67,68.
As enzymatic cleavage or overexpression of dominantnegative versions of NgR render neurons unresponsive
to inhibition by myelin19,24,61,62,70, the NgR complex was
initially postulated to be the major receptor for myelinassociated signals. However, this oversimplified scenario
has been challenged by recent studies using NgR-mutant
mice generated by two groups. In one study, Kim and
colleagues used a growth cone collapse assay to show
that NgR-deficient neurons showed reduced sensitivity
to myelin-associated inhibitors71. By contrast, Zheng
et al. found that neurite outgrowth from neurons lacking NgR is still limited by these inhibitors72. These data
provide evidence for the existence of other receptor
mechanisms that are independent of NgR. Two additional human homologues for NgR (NgR2 and NgR3)
that are expressed in CNS neurons have been identified73,74. Although neither binds to Nogo-66 (REF. 75),
some evidence suggests that NgR2 can bind to MAG76.
Additional receptor mechanisms that are unrelated to
NgR might also exist, as neurons treated with an enzyme
that cleaves GPI-linked proteins can still respond to
MAG77. For example, some evidence has implicated
the involvement of the ganglioside GT1b in MAG
inhibition78,79. Together, these results indicate that the
remarkable diversity of inhibitory influences from the
glial environment might also be reflected at the receptor
level in neurons.

Rho-guanine dissociation
inhibitor
(Rho-GDI). An inhibitory
regulator of the Rho small
G-protein family that can bind
to RhoA and maintain it in an
inactive state.

Dorsal columns
Axon fibres that consist of the
central processes of mediumdiameter sensory dorsal root
ganglia neurons that project up
to dorsal column nuclei in the
medulla.

Intracellular signalling pathways
Considering the many ligands and receptors that mediate inhibition by CNS myelin and the glial scar, targeting
individual components might not be the most efficient
approach to overcome these inhibitory influences.
Instead, identifying intracellular pathways that are
common to multiple sources of inhibition could offer
a greater prospect for promoting axon regeneration. So
far, the best-characterized pathway involves RhoA and
its effector, RhoA-associated kinase (ROCK). Small
GTPases of the Rho family such as RhoA, Rac1 and
Cdc42 (cell division cycle 42) are known regulators of
the actin cytoskeleton80. In particular, RhoA activation
has been shown to correlate with signals that induce
growth cone collapse and axon guidance repulsion81.
Evidence suggests that this pathway also mediates myelin
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inhibition. RhoA can be directly activated in response to
myelin-associated inhibitors82, possibly by displacing a
Rho-guanine dissociation inhibitor (Rho-GDI)83. Inhibiting
RhoA using C3 transferase or a dominant-negative
approach also promotes axon outgrowth on inhibitory substrates, as can pharmacological inhibition of
ROCK77,84–86. More recent evidence has highlighted the
mechanisms further downstream, with Nogo-66 signalling through LIM (Lin-11, Isl-1 and Mec-3) kinase
and Slingshot (SSH) phosphatase to regulate the actin
depolymerization factor cofilin87. Together, these reports
support a model in which myelin-based inhibitory signals might trigger the activation of RhoA and ROCK,
leading to the phosphorylation of cofilin by LIM kinase
to stabilize the growth cone cytoskeleton of damaged
axons, restricting regenerative outgrowth (FIG. 2).
As we learn more about the intracellular signals that
mediate myelin inhibition, it is becoming evident that
many of these components are also triggered by CSPGs.
Outgrowth inhibition by CSPGs, for example, can be
neutralized by blocking RhoA/ROCK signalling55,84. By
systematically screening libraries of small molecules for
their ability to promote outgrowth on inhibitory substrates, two additional signal mediators were found to be
common to both CSPG and myelin inhibition: protein
kinase C (PKC) and epidermal growth factor receptor
(EGFR). Pharmacological inhibition of conventional
PKC isoforms attenuates outgrowth inhibition and
RhoA activation by both CSPGs and myelin88,89. In addition, intramembrane proteolysis of p75 is PKC dependent66. Similarly, EGFR activation is also required by both
inhibitory influences. Although a direct interaction
with NgR components was not detected, EGFR appears
to be transactivated by calcium influx90. Local calcium
transients are intimately related to growth cone motility, affecting both axon extension and guidance during
development91. Intriguingly, both myelin components
and CSPGs have been shown to trigger local elevations
in calcium at the growth cone65,89,92,93. Given the involvement of calcium-related signals such as PKC and EGFR,
it will be important to further explore the role of local
calcium changes, the signals that they trigger and their
relationship to the actin cytoskeleton.

Regeneration failure in vivo
The relative success from targeting inhibitory signals
in vitro has led to much anticipation for the promotion
of regeneration and functional recovery after CNS injury
in vivo. Both genetic deletion and pharmacological
interventions have been used towards this aim to block
the inhibitory pathways, including ligands, receptor
components and signalling intermediates (TABLE 1).
These studies have primarily focused on the regeneration of long axonal fibres, such as those in the CST, dorsal
columns or optic nerve in various nerve injury models.
At the ligand level, initial attempts to block Nogo-A
activity met with some success. Treatment with IN-1
antibody induced some sprouting after a CST lesion13,94.
However, when CST regeneration was examined in
Nogo-knockout mutants that were generated independently by three groups, the results were ambiguous.
VOLUME 7 | AUGUST 2006 | 621
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Table 1 | Summary of in vivo studies targeting inhibitory signals in the adult CNS
Target

Intervention method

Injury model

Result

IN-1 (MAb secretion from tumour or
intrathecal infusion of humanized Fab
fragment)

Spinal cord dorsal
hemisection (rat)

CST regeneration13,94

Genetic deletion

Spinal cord dorsal
hemisection (mouse)

CST regeneration in Nogo-A/B mutants and improved
functional recovery37

Spinal cord dorsal
hemisection (mouse)

Slight CST regeneration in Nogo-A mutants38

Spinal cord dorsal
hemisection (mouse)

No regeneration of CST in Nogo-A/B or Nogo-A/B/C
mutants39

Spinal cord dorsal
hemisection (mouse)

No regeneration of CST95

Optic nerve crush
(mouse)

No regeneration of RGC fibres95

Myelin-associated inhibitors
Nogo

MAG

Genetic deletion

Glial scar
GFAP and
vimentin

Genetic deletion

Spinal cord lateral
hemisection (mouse)

Ventral serotonin-containing fibre and CST regeneration,
and improved functional recovery103

CSPGs

ChABC (intrathecal delivery)

Dorsal column crush (rat)

Dorsal column and CST regeneration, and improved motor
and sensory functions104

Nigrostriatal tract
axotomy (rat)

Nigrostriatal tract regeneration105

Genetic deletion

Spinal cord lateral
hemisection (mouse)

CST and rubrospinal tract regeneration, and improved
functional recovery106

NEP1–40 antagonist peptide (intrathecal or
delayed subcutaneous injection)

Spinal cord dorsal
hemisection (rat)

CST regeneration and improved functional recovery96,97

EphA4

Receptors
NgR

p75

NgR(310)ecto function-blocking peptide
Spinal cord dorsal
(intrathecal delivery or transgenic expression) hemisection (rat)

CST and raphespinal regeneration and improved
functional recovery98,99

Truncated dominant-negative NgR (AAVmediated expression)

Optic nerve crush (rat)

RGC fibre regeneration when combined with lens injury to
induce active growth state70

Genetic deletion

Spinal cord transection
or dorsal hemisection
(mouse)

Raphespinal and rubrospinal fibre regeneration with
improved motor function, but no regeneration of CST71

Spinal cord dorsal
hemisection (mouse)

No regeneration of CST72

Spinal cord dorsal
hemisection or crush
(mouse)

No regeneration of CST or dorsal columns102

C3 transferase (intrathecal delivery by
polymer release (mouse) or infusion pump
(rat))

Spinal cord dorsal
hemisection (mouse)

CST regeneration and improved functional recovery84

Spinal cord dorsal
hemisection (rat)

No CST regeneration85

C3 transferase (gelfoam delivery)

Optic nerve crush (rat)

RGC fibre regeneration86

Y-27632 (intrathecal delivery by polymer
release (mouse) or infusion pump (rat))

Spinal cord dorsal
hemisection (mouse)

CST regeneration and improved functional recovery84

Spinal cord dorsal
hemisection (rat)

CST regeneration and improved functional recovery85

Genetic deletion

Signalling mediators
RhoA

ROCK

PKC

Gö6976 (intrathecal infusion)

Spinal cord dorsal
hemisection (rat)

Dorsal column regeneration, but no CST regeneration88

EGFR

PD168393 (gelfoam delivery)

Optic nerve crush
(mouse)

RGC fibre regeneration90

The varied outcomes of these in vivo studies highlight the extent of redundancy and compensation between the different inhibitory pathways, as well as the heterogeneous
nature of the methods used to assess regeneration and recovery in CNS injury paradigms. AAV, adeno-associated virus; ChABC, chondroitinase ABC; CSPGs, chondroitin
sulphate proteoglycans; CST, corticospinal tract; EGFR, epidermal growth factor receptor; EphA4, the cognate neuronal receptor for ephrin B3; Fab, portion of an
immunoglobulin molecule that binds the antigen; GFAP, glial fibrillary acidic protein; IN-1, antibody to an inhibitory fraction of myelin; MAb, monoclonal antibodies; MAG,
myelin-associated glycoprotein; NgR, Nogo-66 receptor; PKC, protein kinase C; RGC, retinal ganglion cell; RhoA, a small GTPase; ROCK, RhoA-associated kinase.
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Box 1 | Standardized criteria to assess true axon regeneration
In vivo studies on the promotion of nervous system repair often fail to distinguish
regeneration of transected axons from compensatory sprouting that arises from
preserved fibres (see figure). Although both types of axon growth might potentially
enhance functional recuperation, local sprouting might be more important in
physiological plasticity or conditions such as stroke, whereas long-distance regeneration
of axons is required for recovery from spinal cord injury. Quantifying the number of
regenerated fibres is further plagued by the presence of spared fibres, which are easily
mistaken for regenerated fibres107. A potentially useful approach could be to monitor the
sprouting and/or regenerative behaviours of lesioned axons by in vivo imaging122–125.
Injured axon separated
from its target
Compensatory sprouting
from preserved axons

Regeneration from
transected axons

Raphespinal tract
Serotonin-containing fibres
originating from caudal raphe
nuclei in the brainstem to
modulate sensory inputs such
as pain.

Rubrospinal tract
Axon fibres that are
functionally related to
corticospinal tracts, that
originate from the caudal red
nucleus and terminate on
motor neurons in the spinal
cord.

Whereas one group reported extensive sprouting of
lesioned axons in young adult mice lacking Nogo-A/
B37, the other two observed little (in mice lacking only
Nogo-A38) to no (in two mouse lines lacking either
NogoA/B or Nogo-A/B/C39) improvement in regeneration. Studies using MAG-mutant mice also showed little
to no detectable regeneration of optic nerve and CST
fibres95. Interestingly, although OMgp-knockout animals have not been examined in any models of injury,
the animals were found to have abnormally wide nodes
of Ranvier and signs of collateral sprouting35, supporting the importance of this molecule in limiting aberrant
sprouting under physiological conditions.
Despite the limited success achieved by genetic deletions of individual myelin components, targeting the
NgR complex should neutralize all three major inhibitors. Indeed, early experiments involving the delivery
of a Nogo-66 antagonist peptide (NEP1–40)96,97 or the
function-blocking NgR ectodomain (NgR(310)ecto)98,99
after spinal cord hemisection promoted some axon
regeneration and functional recovery. In addition, transgenic expression of a truncated NgR lacking its co-receptor binding site can enhance optic nerve regeneration if
the retinal ganglion cells are in an active growth state70.
However, the recent characterization of two strains of
mutant mice lacking NgR once again produced mixed
outcomes. Although in one of the studies some regeneration was observed in the raphespinal tract and rubrospinal
tract, no CST regeneration could be detected in either
mutant strain71,72. Similarly, initial studies showed that
sympathetic neurons from p75-mutant mice overexpressing NGF can grow in extensively myelinated portions of the cerebellum100 or optic nerve101. However, no
CST or dorsal column repair could be detected in these
p75 knockouts after spinal cord injury102. Nevertheless,
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as neurons from both p75- and NgR-deficient mice still
retain at least partial responses to myelin inhibitors
in vitro67,72, these in vivo results might not faithfully
reflect the contribution of myelin inhibition to regeneration failure. In fact, published results from genetic
deletion studies have largely been less consistent than
function-blocking or dominant-negative approaches in
enhancing axon regeneration. The reason for such divergent regenerative responses remains unclear, although
it is probably attributable to compensatory upregulation of other inhibitory pathways. Neutralizing agents
might also affect other mediators of inhibition that have
not yet been identified. Nevertheless, these studies are
beginning to help us to understand the relative contribution of myelin-associated inhibitors and their receptor
components to regeneration failure.
Studies that target the glial scar have also shown some
promise for the promotion of regeneration and recovery after CNS injury. Mutant mice that are deficient in
both glial fibrillary acidic protein (GFAP) and vimentin
(important cytoskeletal proteins that are induced in
reactive astrocytes) show reduced astroglial reactivity,
increased supraspinal sprouting and improved functional
recovery after spinal cord hemisection103. Intrathecal
administration of ChABC following spinal cord injury
promoted the regeneration of various axon tracts as well
as some recovery of function104,105. Interestingly, mutants
with genetic deletion of EphA4, the cognate neuronal
receptor for ephrin B3, also showed regrowth of corticospinal and rubrospinal tract fibres after spinal cord
hemisection, although the phenotype was attributed to
reduced astrocytic gliosis rather than a loss of outgrowth
inhibition by ephrin B3 from oligodendrocytes106.
Additional studies have been used to target intracellular pathways common to both myelin and CSPGs.
Application of C3 transferase, which ADP-ribosylates
and inhibits RhoA, increases axon sprouting in the
optic nerve after crush injury and in CST fibres after
spinal cord hemisection84,86. Pharmacological inhibition
of Rho’s downstream effector ROCK using Y-27632 also
promoted significant regeneration of CST fibres and an
improvement in function84,85. However, not all CNS fibre
tracts may respond in the same way. Intrathecal infusion
of the PKC inhibitor Gö6976 after dorsal hemisection
promoted increased regeneration of only dorsal column, but not CST, fibres88. Nevertheless, pharmacological treatments might ultimately be more useful than
genetic approaches in the clinical context. For example,
local application of EGFR kinase inhibitors such as
PD168393 can promote dramatic retinal ganglion axon
regeneration after optic nerve crush90. Incidentally, the
EGFR antagonist erlotinib (Tarceva) has already been
approved for the treatment of lung cancer, and might
therefore be readily tested in clinical trials for its efficacy
in nerve repair.
It is difficult to reconcile the varying outcomes from
these in vivo studies. The effects of genetic deletions
might be obscured by variations in the genetic background and differential compensatory mechanisms from
the different mouse strains. Pharmacological treatments
using small molecules, enzymes or function-blocking
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Box 2 | Critical period for ocular dominance plasticity
In the early postnatal period, neural connections in the visual cortex are fine-tuned by
external stimuli. However, this experience-dependent plasticity is available only for a
short time. As the animal matures, this ‘critical period’ ends and further changes can no
longer take place. Interestingly, dark-rearing can prolong the duration of this period,
implicating the involvement of sensory input in the maturation process. Ocular
dominance in the visual cortex is a commonly used model for studying experiencedriven plasticity. The brain receives two images, one from each eye, that are combined in
the binocular zone of the visual cortex. Monocular deprivation by suturing one eye
closed during the critical period causes the open eye to take control of the binocular
zone. In other words, neurons that would normally subserve both visual fields lose
connections with the closed eye and gain synaptic inputs from the open eye117. Once this
critical period ends (about 3–4 weeks after birth in mice and 7–8 years in humans), the
synaptic connections are fixed, and no further changes can occur. An earlier study
showed that the injection of immature astrocytes into the cat brain can restore plasticity
in the visual cortex126. In two recent studies, treatment with chondroitinase ABC118 and
genetic deletion of NgR or Nogo-A/B119 were shown to reactivate or extend the duration
of the critical period. These results provide a molecular basis for critical period closure,
suggesting that both chondroitin sulphate proteoglycans and myelin have important
roles in stabilizing the visual circuitry as the organism matures.

Preconditioning injury
A lesion of the peripheral
branch of bipolar sensory
neurons in dorsal root ganglia
that can promote the
subsequent regeneration of
their central axons in the spinal
cord after nerve transection at
a later time point.

antibodies or peptides might depend on the pharmacokinetic properties of the compound or method of
delivery. In addition, evaluating these results could
also be complicated by the heterogeneous nature of the
complex surgical techniques used in these injury paradigms. Even the criteria used to distinguish bona fide
regeneration from collateral sprouting or fibre sparing
lack standardization107 (BOX 1).
Nevertheless, the mixed success from these studies
has taught us much more about the complex nature
of the mechanisms that prevent CNS axon regeneration. In particular, it is becoming clear that nerve fibre
tracts have different intrinsic regenerative potentials,
and might respond to various methods of intervention in different ways. For example, PKC inhibitor
treatment failed to enhance CST regeneration, but
might promote the repair of dorsal column fibres71,88.
In addition, treatments that show little effect in one
injury paradigm could still have potential benefits
under other conditions. This can be seen in a model
of middle cerebral artery occlusion, in which both
IN-1 antibody treatment and genetic deletion of NgR
or Nogo-A/B have been shown to improve local axonal
sprouting and stroke recovery108–111. In fact, ischaemic
or contusion injuries occur much more frequently in
the clinical setting than complete nerve transection,
highlighting the importance of testing different injury
paradigms when evaluating the efficacy of a particular
approach.
It is clear from these studies that no single component
is solely responsible for regeneration failure in the adult
CNS. Although we cannot exclude the possibility of
other key inhibitory molecules that have not yet been
identified, a reasonable next step would be to use combinatorial approaches to simultaneously target multiple
inhibitory pathways. In addition, treatments to enhance
the intrinsic regenerative machinery of the damaged
neurons, such as neurotrophin treatment112,113, preconditioning injury114,115 or macrophage activation115, might also
be required. Studies combining ChABC treatment with
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a preconditioning lesion have already revealed markedly
improved regeneration across the DREZ after dorsal root
crush injury compared with either treatment alone116.
Further investigation along these lines will provide valuable information regarding the relative importance of
different factors, as well as their therapeutic potential in
the clinical setting.

Physiological roles in the intact CNS
Given such remarkable diversity in the structure and
expression patterns of the various inhibitory components, it is unlikely that the different mechanisms
evolved together solely to limit CNS repair after injury.
Evidence indicates that these inhibitory mechanisms
have resulted as a by-product of normal physiological
processes that are regulated by neuron–glia interactions. For example, monocular deprivation can lead to
shifts in ocular dominance in the visual cortex during
a postnatal critical period, but not in adults117 (BOX 2).
Interestingly, both ChABC treatment118 and genetic
deletion of NgR119 have recently been found to either
reactivate or extend the duration of this critical period.
These results support a crucial role for both CSPGs and
myelin in closing the critical period for experiencedependent plasticity. Although the underlying mechanisms for these observations remain unknown, it is
conceivable that physiological stimuli could act in a
similar manner to injury signals to trigger local structural plasticity. In this way, the removal of extrinsic
constraints such as CSPGs and/or myelin inhibitors
would allow a greater degree of local anatomical
remodelling in the mature CNS. This is exemplified
by results showing enhanced short-range plasticity
and stroke recovery in the absence of Nogo or NgR
expression108, increased sprouting at nodes of Ranvier
in OMgp-deficient mice 35, and improved collateral
sprouting with ChABC treatment after denervation of
the superior colliculus120 or spinal cord injury121.
Together, these reports support a model in which
different astrocyte and oligodendrocyte-derived inhibitory factors have evolved to promote the maturation
Box 3 | Glial inhibition in evolution
Why have such diverse mechanisms evolved to limit axon
regeneration in the adult CNS? Unlike most higher
vertebrates, primitive organisms such as newts and
salamanders can regenerate after spinal cord injury.
Regeneration also occurs in some mammals such as
opossums, but only in the days immediately following
birth127. Assuming that ontogeny recapitulates phylogeny,
an analogy can be drawn with the increased ability of the
embryonic nervous system to regenerate when compared
with adults. This evidence suggests that the loss of CNS
regeneration might have resulted from recent
evolutionary adaptations, and is not hard-wired into the
nervous system. Therefore, although glial inhibition is still
likely to be crucial for preserving higher-order processes,
removing these inhibitory influences after injury could
potentially recover some basic, more primitive functions in
the clinical setting, such as the ability to breathe without a
respirator or improved bowel or bladder control.
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Figure 3 | Changes in CNS environments after maturation and injury. During
embryonic development, unmyelinated axons with motile growth cones can extend,
retract and respond to various trophic and guidance molecules. This dynamic process
allows the neural circuitry to be fine-tuned (a). As the nervous system matures after birth,
myelination is finalized with oligodendrocytes ensheathing axons to prevent aberrant
sprouting and astrocytes secreting chondroitin sulphate proteoglycans (CSPGs) to
further limit structural plasticity in the adult (b). After CNS injury, axons become
transected and reactive astrocytes further upregulate their secretion of CSPGs. The
distal endings of severed axons form dystrophic growth cones and become exposed to
CSPGs from the glial scar, as well as myelin-associated inhibitors from oligodendrocytes
and myelin debris (c). As similar mechanisms prevent short-range plasticity in the adult
and long-distance axon repair after injury, relieving these inhibitory influences might not
only enhance the regeneration of severed axons, but might also promote compensatory
sprouting. EphA4, the cognate neuronal receptor for ephrin B3; MAG, myelin-associated
glycoprotein; NgR, Nogo-66 receptor; OMgp, oligodendrocyte myelin glycoprotein;
Trk, tyrosine receptor kinase.

and stabilization of the complex neural circuitry in
higher vertebrates (BOX 3). During development, embryonic axons are unmyelinated and respond to various
guidance cues such as netrins, ephrins, SLITs and
semaphorins to fine-tune the neural circuitry. As the
nervous system matures, oligodendrocytes ensheath
the nascent axons to prevent aberrant sprouting, while
astrocytes express CSPGs to further limit structural
changes in the adult. Therefore, these inhibitory signals might not only prevent axon regeneration in the
context of injury, but might also serve as a protective
mechanism to preserve the complex neural networks
formed during development (FIG. 3).
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Concluding remarks
Advances in recent decades have led to the identification
of many inhibitory molecules in the adult CNS environment that might be responsible for regenerative failure
after injury. These molecular inhibitors are largely distinct from the trophic and guidance cues that regulate the
initial formation of the nervous system. Instead, they are
mainly associated with the later stages of nervous system
development, including myelin formation and termination of the critical period for experience-driven plasticity.
During CNS injury, the damaged axons might be initially
exposed to various myelin-associated inhibitors from
oligodendrocytes and myelin debris. Over time, reactive
astrocytes are recruited to the glial scar, releasing gradients of inhibitory CSPGs that further prevent axon repair.
As the same set of mechanisms limits both axon repair
after injury and local plasticity in the intact adult, alleviating these inhibitory influences might not only promote
the regrowth of damaged axons, but might also enhance
compensatory sprouting from preserved fibres.
Recent studies using in vivo injury models have
provided interesting perspectives on the involvement
of glial inhibition in limiting both long-distance and
short-range structural remodelling in the mature CNS.
In conventional spinal cord injury paradigms, efforts to
block these inhibitory influences have generally met with
limited success. This not only alludes to the tremendous
degree of overlap and cross-compensation between
the various inhibitory signals, but might also reflect
the reduced intrinsic ability of mature axons for longdistance regeneration. By contrast, removing these
inhibitory influences could induce short-range rearrangements of neuronal processes to enhance stroke
recovery or experience-dependent plasticity. Such evidence suggests that strategies to overcome glial inhibition
could be more useful for conditions such as stroke in
which local short-range sprouting is important. But in
cases such as spinal cord injury, in which long-distance
regeneration of nerve fibres is necessary, it could be
important to consider combinatorial approaches to block
extrinsic inhibition while also enhancing the intrinsic
growth programme of the neurons.
Today, treatment options for CNS injury remain
limited to minimizing inflammation and swelling in
the acute setting to preserve intact fibres, and physical
therapy in the long term to stimulate the little plasticity that is available in adults. Attempts to promote axon
repair by neutralizing these inhibitory mechanisms
could potentially shift the current treatment paradigm
from palliative care to actual restoration of function.
Furthermore, experimental results and clinical data have
shown that functional recovery after CNS injury does
not always correlate with observable regrowth of nerve
fibres. In the absence of long-distance regeneration, even
a small improvement in compensatory sprouting and
local plasticity by reducing the inhibitory environment
of the CNS could translate to significant improvements
in clinical outcomes. Future work to better characterize
the mechanisms that prevent adult CNS regeneration are
imperative for developing clinical therapeutic strategies
to promote functional recovery after CNS injury.
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