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Hieroglyphs of the ancient Egyptians provide 
the earliest known reference to the fact that, unlike the
peripheral nervous system (PNS) the adult mammalian
central nervous system (CNS) does not spontaneously
regenerate after injury (BOX 1). The Edwin Smith surgical
papyrus, which dates back to 1550 BC, states that “If you
examine a man with a neck injury … and find he is
without sensation in both arms and both legs, and
unable to move them, and he is incontinent of urine …
it is due to the breaking of the spinal cord caused by 
dislocation of a cervical vertebra. This is a condition
which cannot be treated”.

We now know that there are two main obstacles to
regeneration after injury: inhibitors within myelin and
the formation of a glial scar1–3. The scar is formed by
astrocytes, which change their morphology to present a
physical barrier to growth and also upregulate several
extracellular-matrix-associated inhibitors of regenera-
tion. Before the scar matures, however, myelin seems to
be the predominant source of growth inhibition.

A study by David and colleagues4 confirmed the
important role of myelin in inhibition. They immunized
mice with myelin three weeks before the spinal cord was
lesioned. These mice showed considerable axonal regen-
eration across the lesion, unlike control mice that were
immunized with liver tissue. In some cases, the regener-
ated axons seemed to be ‘pinched’ by the glial scar that
formed later at the lesion site. These studies tell us 

two things: first, immediately after injury the main
impediments to regeneration are inhibitors in myelin,
and second, there is a ‘window of opportunity’, before the
scar is mature, when regeneration can proceed as long as
myelin inhibitors are blocked/neutralized.

Given the recent impressive advances in our under-
standing of how myelin inhibitors work, the time is
right for a review of strategies that have the potential to
overcome myelin inhibitors, and could thereby encour-
age spinal cord regeneration in vivo. In this review I will
describe what is known about the individual myelin
inhibitors, whether there is redundancy in their activities,
and what signalling pathways are involved in bringing
about inhibition. Finally, I will describe recent studies
where activation of parallel signalling pathways has
been shown to overcome inhibition by changing the
intrinsic growth state of the neuron.

Inhibitors of regeneration in myelin

Nogo. Ramón y Cajal was the first person to suggest that
white matter could ‘block’ regeneration in the CNS5.
Subsequent studies confirmed that this was probably
true6,7, although it was not until the definitive work of
Schwab and his colleagues in the late 1980s that we were
given a molecular insight into the mechanism of inhibi-
tion8,9. The IN-1 monoclonal antibody, which was
raised against a fraction of myelin that did not support
neurite extension, allowed axons to grow on myelin both
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axonal regeneration after injury to the mammalian central nervous system. Several inhibitors have

been identified that seem to signal inhibition through the same receptor complex. New molecular
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the oligodendrocyte surface and on the innermost loop of
the myelin membrane, where it could make contact with
the axon14,15.

All three Nogo isoforms have a common carboxyl (C)
terminus, which contains sequences that are similar in all
reticulons. Nogo-A, however, has a unique amino (N)
terminus and at least two inhibitory domains11–13. One of
these domains (Nogo-66) is carried by a 66-amino-acid
sequence, which is common to all three isoforms, and the
second domain (amino-Nogo) is unique to the Nogo-A-
specific N terminus. The most common topology of
Nogo-A in the membrane places Nogo-66 outside the
cell, and the N- and C-terminals in the cytoplasmic com-
partment12. A second topology has also been proposed
whereby amino-Nogo is extracellular, and it has been
suggested that the two different topologies might coexist
simultaneously11–14. This issue remains to be resolved, but
Nogo-66 and amino-Nogo both induce growth cone col-
lapse, regardless of the topology. Furthermore, it is con-
ceivable that once myelin/oligodendrocytes are damaged
by injury, both domains would be exposed to make con-
tact with axons that are attempting to regenerate. If so,
Nogo-A in the endoplasmic reticulum and any 
cytoplasmic sequences would now become exposed to
the extracellular environment.

Myelin-associated glycoprotein. Although IN-1 had long
been known to recognize a putative myelin inhibitor of
regeneration, Nogo was not the first myelin inhibitor to
be described. In 1994, a well-known myelin protein,
myelin-associated glycoprotein (Mag), was shown to be a
potent inhibitor of neurite outgrowth in culture16,17.
Interestingly, young neurons are not inhibited by Mag; in
fact, their growth is promoted in most cases17–21.
Therefore, Mag seems to be bifunctional, and all neurons
that have been studied to date switch their response to
Mag from promotion to inhibition with development.
The age at which the switch occurs is specific to the par-
ticular neuron type, and the ability of young neurons to
grow on Mag (and on myelin in general) correlates with
their ability to regenerate spontaneously in vivo18 (see
later in text).

in culture9 and in vivo10. This was the first indication that
specific molecules were involved and that the effect was
not simply one of general non-permissiveness.

Despite intense work, it was not until a decade later
that an antigen for the IN-1 antibody was identified.
Three groups independently cloned an antigen of the
IN-1 antibody, which was named Nogo by Schwab11–13.
Nogo exists in three isoforms — A, B and C — and is 
a member of the reticulon family, which comprises 
proteins that usually associate with the endoplasmic
reticulum (FIG. 1). Indeed, Nogo-A, the isoform that is
enriched in oligodendrocytes, mostly associates with the
endoplasmic reticulum. However, it has also been seen on
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Figure 1 | Structures of three inhibitors of axonal

regeneration identified in myelin. Nogo exists in three

isoforms — A, B and C — and their hypothesized topologies

are shown here. Sequences that are common to all three

isoforms are shown in blue and green. Only Nogo-A is

enriched in oligodendrocytes, and it carries two inhibitory

domains, one in Nogo-66 that is common to all three isoforms

and one in the amino terminus — amino-Nogo — that is

unique to Nogo-A. Nogo-A has been proposed to adopt two

topologies, depending on whether Nogo-66 or amino-Nogo is

extracellular. Myelin-associated glycoprotein (Mag) exists in

large (L) and small (S) isoforms, which differ only in their

cytoplasmic sequences. Mag carries five immunoglobin (Ig)-like

domains in its extracellular sequences and the first Ig-domain

adopts an unusual conformation by folding over the second Ig-

domain. The sialic acid-binding site on Mag is Arg118 in the

first Ig-domain. Oligodendrocyte myelin glycoprotein (Omgp) is

a glycosyl phosphatidylinositol (GPI)-linked protein that carries

a leucine-rich repeat (LRR) region and a serine/threonine

(Ser/Thr) rich region. 

Box 1 | Regeneration in the PNS versus the CNS 

Unlike the central nervous system (CNS), the adult mammalian peripheral nervous

system (PNS) readily regenerates after injury. This is not because peripheral myelin is

‘permissive’ for re-growth, as myelin-associated glycoprotein (Mag) and

oligodendrocyte myelin glycoprotein (Omg), as well as Nogo receptor (Ngr) and p75

neurotrophin receptor (p75NTR), are present in the PNS. Rather, macrophages and

Schwann cells rapidly clear myelin after injury. Also, the Schwann cells go on to de-

differentiate, and they downregulate all myelin proteins so that they become permissive

for regeneration101. This rapid change in the PNS environment is clearly responsible for

the difference between the PNS and the CNS in regenerative capacity.

It has long been assumed that a stronger immune response is triggered in the PNS

than in the CNS after injury. That is to say, fewer macrophages are recruited to the CNS

than the PNS injury site, and this might account for the slow removal of myelin in the

CNS. Indeed, one strategy to encourage regeneration in the CNS has been to introduce

macrophages that have been activated with either PNS myelin or optic nerve fragments

into the injury site102. The prediction was that these ‘pre-activated’ macrophages would

phagocytose myelin and other debris as rapidly as in the PNS, thereby creating a

permissive environment for regeneration. Surprisingly however, a recent study, in which

the number and activation state of macrophages recruited to the PNS and the CNS after

injury were compared, showed that if anything, more macrophages in a more activated

state were present in the CNS than in the PNS103.

So, why is myelin not rapidly removed from the CNS? The answer might lie in the

difference in behaviour between Schwann cells and oligodendrocytes. Unlike Schwann

cells, oligodendrocytes continue to express myelin proteins — including inhibitors —

after injury and they do not engulf myelin debris. If this reasoning is correct, and the

activation of the immune system is comparable after CNS and PNS injury, it is doubtful

that introduction of exogenous activated macrophages into the injured CNS could

compensate for the inability of oligodendrocytes to remove myelin.
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regions of uncompacted myelin, such as the PARANODAL

LOOPS and the SCHMIDT-LANTERMAN INCISURES. In addition, in
the PNS, Mag is found in the outermost myelin loop26,27.

Oligodendrocyte myelin glycoprotein. Recently, a third
myelin-associated inhibitor was identified, which,
like Mag, was recognized long before it was shown 
to be an inhibitor of axonal regeneration28. Oligo-
dendrocyte myelin glycoprotein (Omgp) is a GLYCOSYL

PHOSPHATIDYLINOSITOL (GPI)-linked protein and, contrary
to the implication of the name, is expressed not only 
by oligodendrocytes, but also at high levels in various
neurons29. It is also found in the PNS30 (FIG.1). Omgp is a
relatively minor component of myelin, and it is believed
to be localized largely to the paranodal loops, next to the
NODE OF RANVIER. Omgp contains a leucine-rich repeat
(LRR) domain, followed by a C-terminal domain with
serine/threonine repeats. In addition, Omgp is the 
protein that is responsible for the inhibition by the myelin
fraction originally termed ‘arretin’31. Like Mag and Nogo,
Omgp induces growth cone collapse and inhibits neurite
outgrowth.

Receptors for inhibitors of axonal growth

After the identification of these inhibitors, the next step
was to uncover the receptors that transduce their
inhibitory signals across the membrane to the neuron.
In 2001, using a soluble form of Nogo-66 to screen an
expression library, Strittmatter and colleagues cloned a
binding partner for Nogo-66, which they termed Nogo
receptor (Ngr)32 (FIG. 2). Ngr is expressed, albeit at differ-
ent levels, on the surface of various neurons33. It is an 85
kDa GPI-linked protein that contains a series of LRRs
clustered in two groups — a series of eight, and 
a second series closer to the membrane-associated 
GPI-linked terminus of the protein (LRRCT, leucine
rich repeats C-terminal). These repeats are followed by a
unique C-terminal sequence. Strittmatter et al. showed
that direct interaction of Nogo-66 with Ngr was
required to induce growth cone collapse, and that 
neurons that were unresponsive to Nogo-66 became
responsive when they were transfected with an 
Ngr-expressing vector. Interestingly, Ngr is not the
receptor for amino-Nogo — amino-Nogo does 
not bind Ngr, and blocking Ngr has no effect on 
amino-Nogo’s ability to induce growth cone collapse.

Curiously, the Nogo-A sequence that is more
restricted to the nervous system (amino-Nogo) interacts
with non-neural cells, whereas the sequence that is
widely expressed outside the nervous system (Nogo-66)
does not. For example, amino-Nogo can block fibroblast
spreading, whereas Nogo-66 cannot32,34, indicating that
the amino-Nogo receptor is likely to be more widely
expressed than Ngr. Whether this has any physiological
relevance has yet to be determined, and the amino-Nogo
receptor remains to be identified.

In an experiment that was originally designed to
identify signal-transducing partner molecules for Ngr
(see later in text), Strittmatter’s group discovered a second
ligand for this receptor. They used a soluble form of Ngr,
consisting of the entire protein, to screen an expression

Mag is a member of the immunoglobulin (Ig) super
family, and it contains five extracellular Ig-like
domains22,23 (FIG. 1). There are two isoforms of Mag that
differ only in their cytoplasmic domains. It is also a sialic
acid-binding protein, and its first four Ig-like domains are
homologous to those of other sialic acid binding, Ig-like
LECTINS (Siglecs), so it is also a member of the Siglec family
(Siglec4a)24. The sialic acid binding capabilities of Mag are
not essential for it to exert inhibition25, but they are likely
to potentiate the effect (see later in text and BOX 2). Mag is
found in both the CNS and the PNS, where it is located in
the periaxonal membrane, and is therefore ideally placed
to interact with an axonal receptor. Mag is also found in

IGM ANTIBODY

An immunoglobulin molecule

that consists of five

immunoglobulin G-type

monomers, joined together by 

J chains to form a cyclic

pentamer. During an immune

response, IgM is usually

produced before IgG, and forms

the first line of defence.

Box 2 | Sialic acid binding and inhibition by Mag

Myelin-associated glycoprotein (Mag) is a sialic acid-binding protein that specifically binds

sialo-glycoproteins and sialo-glycolipids (gangliosides), preferably when the sialic acid

residue is attached in a 2,3-O linkage, such as in Gt1b24,104,105 (panel a). The sialic acid-

binding site on Mag maps to arginine 118 (Arg118) in its first immunoglobulin (Ig)-like

domain25. This arginine is conserved in other members of the Siglec family of molecules.

When Arg118 of Mag is mutated, its sialic acid binding capabilities are lost, as is its ability to

inhibit neurite outgrowth when in a soluble form. By contrast, when Arg118-mutated Mag

is presented to neurons through expression by live cells, it inhibits neurite outgrowth as

effectively as wild-type Mag, indicating that the sialic acid-binding site on Mag is distinct

from its inhibition site. This is consistent with the recent finding that the binding of Mag to

its receptor, Ngr, is sialic acid-independent35,36.

In apparent contradiction, other studies have reported that neurons from a mutant

mouse that lacks complex gangliosides, and so Gt1b, are not inhibited by Mag106. How can

this be the case when sialic acid-dependent binding seems to be essential for Mag to bring

about inhibition? The answer might lie in how the assays were performed.When Mag is

presented to the neurons as either a soluble molecule or an immobilized substrate, to exert

inhibition it might require ganglioside binding to increase the avidity of the interactions.

By contrast, when Mag is expressed by a live cell, strong interactions are not dependent on

ganglioside binding. This suggestion is supported by two observations. First, if Gt1b is

clustered using an anti-Gt1b IGM antibody (panel b), neurite outgrowth is inhibited

without Mag’s involvement, probably through a direct interaction of Gt1b with p75

neurotrophin receptor (p75NTR) (REFS 37,64,106). Second, in the absence of the glycosyl

phosphatidylinositol (GPI)-linked Nogo receptor (Ngr), pre-clustered soluble

Mag–immunoglobulin fusion protein (Mag-F
c
), which in turn could cluster Gt1b (panel

c), can still activate Rho, which implies inhibition63. These results show that clustering

specific gangliosides in the absence of Mag and/or Ngr is sufficient to effect inhibition.

Undoubtedly, Mag can and does bind gangliosides in a highly specific manner107. Indeed,

binding to gangliosides is likely to potentiate and augment Mag’s effect by inducing

clustering of the signalling molecules. On the other hand, it seems that ganglioside

involvement is only necessary for inhibition under certain conditions. The role of

gangliosides in augmenting inhibition of axonal regeneration in vivo is still uncertain.
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p75NTR
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Mag-Fc

a b c



4 | SEPTEMBER 2003 | VOLUME 4  www.nature.com/reviews/neuro

R E V I EW S

the signal across the membrane, because it is a GPI-linked
protein and therefore has no transmembrane or 
cytoplasmic domains. Consequently, a transmembrane
‘transducing’ partner was predicted to exist that would
interact with Ngr. Even before the discovery that Ngr was
a common receptor for all three myelin inhibitors, it 
was reported that the p75 neurotrophin receptor
(p75NTR) was the transducer for Mag37. It was convinc-
ingly shown that Mag did not inhibit neurite outgrowth
from neurons from the p75NTR-knockout mouse.A direct
interaction between Mag and p75NTR could not be
shown, but they were co-precipitated from neurons,
implying that an additional component (now believed to
be Ngr) created a bridge to allow them to interact. At the
time, however, it was concluded that the GANGLIOSIDE Gt1b
was responsible for this link, as it was found to be associ-
ated with p75NTR and was known to bind to Mag. It is
likely that gangliosides potentiate the inhibitory effects of
Mag, but are not necessary for inhibition to occur (see
BOX 2). It has now been shown that the p75NTR can be
precipitated by Mag, Nogo-66 or Omgp and that Ngr is
present in the precipitate of each38,39 (FIG. 2). Furthermore,
as well as being refractory to Mag’s inhibitory effect on
neurite outgrowth, neurons from p75NTR–/– mice are not
inhibited by either of the other two inhibitors, nor by
myelin in general. Also, a dominant-negative form of
p75NTR blocks the inhibitory effects of the three individual
inhibitors, and also of myelin.

With this explosion of knowledge about the molecular
aspects of the inhibitory effects of myelin, an elaborate
picture emerges, with the three main inhibitors that have
been identified to date — Nogo-66, Mag and Omgp —
interacting with the same receptor complex, Ngr–p75NTR

(FIG. 2). This implies that there is functional redundancy
between these inhibitors; the presence of any one
inhibitor is sufficient to prevent regeneration by activating
an inhibitory signal through a single receptor complex.
The redundancy is likely to be even greater if the three
inhibitors have the same or overlapping binding sites on
Ngr. From the recently-described crystal structure, several
degenerate ligand-binding sites with the potential for
high crossreactivity were identified on the Ngr
molecule40. These putative degenerate binding domains
present the possibility of interaction with such struc-
turally diverse molecules as Nogo-66, Mag and Omgp.

The idea of redundancy can explain many of the pre-
vious results of in vivo experiments in which either Mag
or Nogo was blocked or absent. In the Mag-knockout
mouse, only a small amount of spontaneous axonal
regeneration was recorded in one study, and none at all
in another41,42. Likewise, an antibody to Nogo (IN-1)
allowed only a small percentage of axons to regenerate,
albeit over quite a distance10,43,44. Presumably, in all of
these situations, the other ligands for Ngr are present
and/or unblocked and can still prevent most axons from
regenerating. By contrast, a peptide corresponding to a
40-amino-acid sequence in Nogo-66, which was pre-
dicted to block its interaction with Ngr, allowed the
majority of axons to regenerate over long distances45.
However, this peptide could also be interfering with the
ability of Mag and Omgp to bind to Ngr.

library, and they found a new ligand that was shown to be
Mag35. At the same time, our group had co-precipitated
the two proteins and had also identified Ngr as a receptor
for Mag36. Together, these two studies provided com-
pelling evidence that Ngr is required for Mag to exert its
inhibition. It was shown that a soluble form of Mag pre-
cipitates Ngr from primary neurons, that both a soluble
form of Ngr and an Ngr antibody block Mag’s inhibition
of neurite outgrowth, and that a DOMINANT-NEGATIVE form
of Ngr blocks Mag’s inhibitory effects. Importantly, both
studies also reported that the interaction of Mag with Ngr
is independent of sialic acid binding, implying that 
this characteristic is not required for Mag to exert its
inhibitory effects (BOX 2).

Around the time that Ngr was revealed to be a Mag
receptor, He’s group not only identified Omgp as a third
myelin-associated inhibitor of axonal regeneration, but
also showed that Omgp was yet another ligand for Ngr28.
They showed that Omgp and Ngr co-precipitated, that a
soluble form of Ngr blocked growth cone collapse by
Omgp, and that a dominant-negative Ngr mutant
blocked the inhibition of neurite outgrowth by Omgp.
As there is no obvious sequence or domain similarity
between Nogo-66, Mag and Omgp, it came as a surprise
to find that they use the same receptor complex to signal
inhibition.

Although Ngr is essential for Nogo-66, Mag and
Omgp to exert their inhibitory effects, it cannot transduce
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Figure 2 | Nogo-66, Mag and Omgp interact with the same

receptor complex. Nogo-66, Myelin-associated glycoprotein

(Mag) and oligodendrocyte myelin glycoprotein (Omgp) all

interact with the glycosyl phosphatidylinositol-linked Nogo

receptor (Ngr) to bring about inhibition of neurite outgrowth. Ngr

contains two regions of LRRs — a cluster of eight together, and

a series closer to the carboxyl terminus. Interaction of Mag with

Ngr is independent of sialic acid binding. Ngr interacts with

p75NTR to transduce the inhibitory signal across the membrane.

The receptor for amino-Nogo is not known. However, amino-

Nogo, Nogo-66, Mag and Omgp all activate Rho to bring about

inhibition. Mag has been shown to inactivate Rac, but it is not

known whether this effect is required for inhibition.
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minor component of CNS and PNS myelin, with a rela-
tive abundance much lower than that of Mag. It has been
reported that Omgp is concentrated to paranodal
regions50. Of these three inhibitors, only Mag seems 
to be myelin-specific — Nogo-A, -B and Omgp are 
also expressed by neurons11,29,51. It is not known if
neuronal/axonal expression of Nogo and Omgp inhibit
other axons that are attempting to regenerate. Although
a large amount of information has accumulated recently,
we cannot definitively claim that one inhibitor is more
important in preventing regeneration than another.

The additional inhibitory activity of amino-Nogo
(which does not act through Ngr–p75NTR), and perhaps
other as yet unidentified myelin inhibitors, must also be
considered. The fact that blocking Ngr or p75NTR can
substantially block the inhibitory effects of total myelin
implies that, at least for the neurons tested so far, this
receptor is the most important signalling component
for inhibition. However, there might be other receptors
on different neurons that interact with the known
inhibitors. Indeed, although every older neuron tested
to date is inhibited by Mag and myelin18,19, some 
neurons are reported to express little or no p75NTR

in situ52,53. This situation might change after injury, as
upregulation of p75NTR has been shown in many axonal
tracts54,55. The same might hold true for neurons in 
culture, as their removal and dissociation mimics many
aspects of injury. A more thorough characterization of
the response of various neuronal subpopulations to
myelin inhibitors, and how this correlates with the
expression of p75NTR (and Ngr), will be required to
answer this question.

In one region of the brain, abnormal growth of
axons was reported in mice that overexpressed nerve
growth factor (Ngf) and were deficient in p75NTR

(Ngf/p75NTR–/–)56. Overexpression of Ngf alone causes
abnormal sprouting of axons into myelinated tracts in
one region of the brain, and this abnormal growth
increases markedly in the Ngf/p75NTR–/– mice. At present,
it is not known if this effect is due to an inability of
myelin-associated inhibitors to transduce their signal,
or to an enhancement of growth-promoting effects
through tyrosine kinase A (TrkA) (the effects in p75NTR-
deficient mice with normal levels of Ngf were not
reported). It is of note that the abnormal growth in
Ngf/p75NTR–/– mice was along intact myelin. It is possible
that intact myelin, in which few of the known inhibitors
are on the surface, is permissive for regeneration, and
only when it is disrupted by injury is an abundance of
inhibitors exposed to the growth cone. This would 
seem to be the case when DORSAL ROOT GANGLION (DRG) 
neurons are transplanted into the mature spinal cord
with great care, so that no glial scar forms and myelin is
not disrupted57,58. In this situation, long processes course
through intact white matter. This question could be
resolved if it could be shown that spontaneous regener-
ation occurs after CNS injury in a p75NTR- and/or 
Ngr-knockout mouse. This would provide unequivocal
evidence that the three inhibitory ligands and a single
receptor complex are the main players in myelin’s ability
to prevent axonal regeneration.

A blow was dealt to this satisfying redundancy model
when the Nogo isoforms were knocked out in different
combinations46–48. When expression of Nogo-A and
Nogo-B was lost, Strittmatter and colleagues observed
limited regeneration in around half of the resulting 
animals46 (TABLE 1). The ability to regenerate sponta-
neously was only apparent in young mice, and was lost
with age. In this study, a GENE TRAP insertion was targeted
to an exon in Nogo-A, which had been targeted by
Schwab using a more conventional strategy. Schwab had
reported that when only Nogo-A is knocked out, there is
compensatory upregulation of Nogo-B and only limited
sprouting after injury47. The lack of extensive regenera-
tion might have been due not only to the increased
Nogo-B expression, but also to the presence of Mag 
and Omgp, and this is consistent with redundancy. By
contrast, in Strittmatter’s gene trap strategy, expression of
the Nogo-B isoform was also lost.Also, the regeneration
that they observed could have been the result of the gene
trap’s influence on another gene locus, close to but 
distinct from the Nogo locus. If so, it might represent 
a gain-of-function rather than a loss-of-function 
phenotype. In support of the redundancy hypothesis,
Tessier-Lavigne reported that when either Nogo-A 
and -B, or Nogo-A, -B and -C, were knocked out,
there was no spontaneous regeneration after injury48.
Clearly, a more detailed examination of the different
Nogo-knockout mice will be required before any 
definitive conclusion can be drawn.

Notwithstanding these conflicting results, if there is
redundancy, what are the relative contributions of these
three inhibitors to the inhibition of regeneration after
injury? Given that Nogo-66, Mag and Omgp all interact
with Ngr with about the same relatively high affin-
ity28,32,35,36, and assuming that they are the only
inhibitors (but see later discussion on amino-Nogo) and
that there is only one receptor complex, the contribu-
tion that each makes depends on two factors — their
relative abundance in myelin, and the likelihood of a
growth cone encountering each inhibitor as it attempts
to regenerate. Mag represents 1 % and 0.1 % of the total
myelin protein in the CNS and PNS, respectively, and it
is found mostly in the inner myelin loop in the CNS23,49.
Nogo-A has been localized to both the outer and inner
myelin membrane in the CNS, although the majority is
found in the endoplasmic reticulum, even in the mature
nervous system14,28. Both Nogo-A and Nogo-B are
found in the sciatic nerve, but it is unclear which cells
express them14. Nogo-A has been reported in one
study15, but not in another14, to be upregulated in the
CNS after injury. Omgp is believed to be a relatively

GENE TRAPPING
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neurons are collected together in

paired ganglia that lie alongside

the spinal cord. These cell bodies

are surrounded by satellite glial

cells, which have much in

common with the Schwann cells

that ensheath peripheral axons.

Very few synapses have been

observed in these ganglia.

Table 1 | Summary of Nogo knockouts

Targeted Nogo Nogo isoforms Observed Reference
genes expressed regeneration

Nogo-A, -B and -C 0 0 48

Nogo-A and –B Nogo-C 0 48

Nogo-A Nogo-B, Nogo-C Limited sprouting 47

Nogo-A Nogo-C Limited regeneration 46
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In cultured neurons, inactivation of Rho has been
shown by several groups to overcome inhibition by indi-
vidual inhibitors and by myelin in general59,61–64. Rho has
also been reported to be constitutively associated with
p75NTR, and this direct interaction causes Rho to remain
active. Binding of Ngf to p75NTR induces dissociation
and consequently inactivation of Rho. By contrast, it has
also been reported that Rho only associates with p75NTR

and becomes active on binding of Mag to the receptor
complex37. More recently, it was reported that p75NTR

interacts only indirectly with Rho by binding to and dis-
placing Rho-GDP dissociation inhibitor (Rho-GDI),
thereby activating Rho65.

Regardless of the mechanism of activation, Rho
undoubtedly has a key role in signalling by myelin
inhibitors in vivo. Inactivation of Rho by application of
the toxin C3 to the site of spinal cord injury results 
in extensive regeneration and functional recovery in
mice66. In these C3-treated mice, however, there was a
marked improvement in function two days post-injury,
too soon to be accounted for by axonal regeneration.
Instead, it is proposed that these early effects could be a
consequence of an early effect of C3 on neuron survival,
a suggestion that remains to be confirmed. Of the six
downstream effectors of Rho that have been identified
to date, only Rho kinase (ROCK) has been implicated in
regeneration; inhibition of ROCK overcomes inhibition
by Mag, Nogo and myelin in general62,66.

Another member of the Rho family of kinases, Rac,
has been implicated in myelin-inhibitor signalling 
pathways63. As well as activating Rho, inhibitors in
myelin inactivate Rac. It remains to be shown whether
inactivation of Rac is required for inhibition to occur
and, conversely, whether activation of Rac is sufficient to
block inhibition.

Several years ago, one report indicated that the 
heterotrimeric G-proteins have a role in inhibition. It
was shown that inhibition of G

i
/G

o
with PERTUSSIS TOXIN

blocked myelin-induced growth cone collapse67. We, on
the other hand, reported that pertussis toxin had no
effect on inhibition by Mag and myelin68. This discrep-
ancy in results can perhaps be explained by differences
in the acute dynamics of growth cone collapse and the
chronic dynamics of the cessation of growth that are
required for inhibition (BOX 3).

As with most signalling cascades that ultimately
influence the behaviour of the cytoskeleton, calcium is
probably involved. Myelin has been shown to induce
calcium influx into neurons, and growth cone collapse
by Mag, Nogo and oligodendrocytes in culture is 
calcium-dependent42,69. Where calcium acts in the sig-
nalling pathway, and whether it is released from internal
stores or from the exterior, has yet to be determined.

To date, the strongest evidence for an involvement in
signalling by myelin inhibitors rests with the studies on
Rho62,63,66. As stated above, Rho has been suggested to
interact directly with p75NTR (REF 37). As activation of
p75NTR has also been reported to initiate several signalling
cascades70, it is possible that some of these same pathways
are activated when myelin inhibitors bind to the
Ngr–p75NTR receptor complex. These signalling cascades

Signalling by inhibitors of regeneration

The identification of a receptor complex that interacts
with myelin inhibitors confirmed that a specific
inhibitory signal is initiated when myelin interacts with
neurons/growth cones, rather than following from a
general myelin-derived non-permissiveness. Even before
the receptor complex was known, members of the Rho
family of SMALL GTPASE PROTEINS had been implicated in
myelin’s inhibitory effects59 (FIG. 3). This is not surpris-
ing, as these proteins had been established as key regula-
tors of the actin cytoskeleton in fibroblasts60, and any
signalling cascade that has an effect on growth cone, and
so axonal, dynamics must ultimately effect changes in
the cytoskeleton.

SMALL GTPASE PROTEINS

A family of proteins that can

hydrolyse GTP, which includes

Rac, Rab, Ran, Rad, Rho and

others. They subserve multiple

cellular functions; for example,

Rho and Rac are involved in the

control of the cytoskeleton.

PERTUSSIS TOXIN

The causative agent of whooping

cough, pertussis toxin causes the

persistent inactivation of G
i

proteins by catalysing the ADP-

ribosylation of the α-subunit.

db-cAMP

cAMP

PKA

p75NTR

Gi C3 Rho

ROCK

MLCK

MLC

Cytoskeletal
rearrangement

Inhibition

Transcription

PolyaminesArgI

Trk

NT

Nogo-66 Mag
Omgp

Nucleus

Ngr

Figure 3 | Model of signalling inhibition through the

Ngr–p75NTR receptor complex. Activation of Nogo receptor

(Ngr)–p75 neurotrophin receptor (p75NTR) activates Rho, which

activates Rho kinase (ROCK), myosin light chain kinase (MLCK)

and myosin light chain (MLC)  in sequence, resulting in

rearrangement of the cytoskeleton and inhibition of axonal

growth. Interaction of myelin-associated glycoprotein (Mag) or

myelin with the neuron is also believed to activate a G
i
protein,

which is not in the direct signalling pathway for inhibition but

inhibits adenylate cyclase, thereby preventing an increase in

cyclic AMP (cAMP) when neurons are exposed to

neurotrophins and inhibitor at the same time. cAMP can be

elevated by either priming with neurotrophins, signalling

through tyrosine kinase  receptors (Trk), or with non-

hydrolysable analogues such as dibutryl cAMP (db-cAMP).

cAMP activates protein kinase A (PKA), which can affect

inhibition directly, probably by inactivating Rho, but also by

triggering transcription of genes such as that for Arginase I

(ArgI), resulting in an increase in synthesis of polyamines that

blocks inhibition. C3, Clostridium botulinum C3 exoenzyme;

NT, neurotrophin; Omgp, oligodendrocyte myelin glycoprotein. 
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Nogo-66 sequence was shown to bind to the LRR ligand
binding site on Ngr without exerting inhibition45. This
peptide blocked inhibition by myelin in culture, and
when it was applied in vivo it resulted in improved
regeneration and an improvement of functional recov-
ery in a model of spinal cord injury. The authors argue
that this peptide is specific for Nogo-66 interaction with
Ngr and does not affect Mag or Omgp binding. They
conclude, therefore, that Nogo-66 is the main inhibitor,
because when only Nogo-66 is blocked does consider-
able regeneration occur. By contrast, we showed that
Mag could compete with Nogo-66 for binding to Ngr36.

Attempts to prevent receptor-mediated signal trans-
duction by blocking the interaction between Ngr and
p75NTR have not yet been reported. The C-terminal
LRRCT of Ngr is responsible for interaction with p75NTR

(REF 45), a view that is supported by the characteristics of
the receptor that were obtained from the crystal
structure40. These sequences would be the obvious 
place to start in the development of agents to block the
transduction step and encourage regeneration in vivo.

Changing the intrinsic state of the neuron. A second
approach to overcoming inhibition is to change the neu-
ron intrinsically so that it does not respond to inhibitors.
Several different groups have risen to this challenge, and
inactivation of Rho has resulted in the greatest success in
terms of regeneration in vivo. The targeted use of the
Rho inhibitor C3 allows the effects to be confined largely
to the lesioned spinal cord, thereby avoiding possible
deleterious effects of widespread inactivation.

C3 is largely membrane impermeable, and once
applied locally to the lesioned CNS, it cannot readily
diffuse to other tissues66. Indeed, when C3 is delivered
intrathecally, it has no effect on regeneration in vivo,
whereas delivery of Y27632, an inhibitor of ROCK,

could then run in parallel with the Rho pathway to
bring about inhibition. This needs to be investigated
further, as the more information we have on inhibitory
molecule signalling, the more potential therapeutic 
targets are revealed.

Overcoming inhibitors of regeneration in myelin

There are two general approaches that could be used to
overcome inhibitors and encourage regeneration — to
block the inhibitors and/or their receptor(s) with anti-
bodies and/or peptides, or to change the intrinsic state of
the neuron such that it no longer recognizes the environ-
ment as inhibitory.

Blocking the inhibitors and receptors. The IN-1 anti-
body has been used in different models of regeneration,
with varying degrees of success, for more than a
decade10,43,44. However, the recent explosion in our
knowledge of other components of the receptor–ligand
complex that causes inhibition has greatly increased the
number of possible targets for therapeutic intervention
using peptides or antibodies.

The common receptor complex for the three known
myelin inhibitors immediately emerges as an attractive
target. Inhibiting the function of this complex would
presumably block the three inhibitors simultaneously.
Two approaches are possible: to block the interaction of
the inhibitors with Ngr or to block the interaction 
of Ngr with p75NTR. The success of the former approach
will depend on whether the binding sites for the three
inhibitors on Ngr are distinct or overlapping. The ligand
binding region for all three inhibitors has already been
shown to require the first eight LRRs of Ngr, but not the
LLRCT region45,71, whereas both of these regions are
needed for interaction with p75NTR and inhibition38.
Recently, a 40-amino-acid peptide corresponding to a

Box 3 | Mechanisms involved in inhibition of axonal growth versus growth cone collapse/turning

Growth cone collapse is probably the first event in inhibition, and many of the treatments that overcome inhibition of

axonal growth also block growth cone collapse/repulsion68,74. Mechanistically, collapse and turning are the same, all that

differs is the amount of growth cone that is exposed to inhibitors. For growth cone collapse, exposure is uniform, so the

entire growth cone responds. For repulsion, only one side of the growth cone encounters the inhibitor, so there is an

asymmetric response, leading to a turn. However, there are differences in the dynamics of collapse/repulsion and the

slowing or complete cessation of growth that is required for inhibition. The former is acute (occurring within minutes)

and highly dynamic, whereas the latter is chronic (occurring over hours or days).

Although there are many similarities in the molecular events that bring about collapse and inhibition, and so

similarities in treatments that block them, the differences in their dynamics imply that there are important differences

between them. This has been supported by the fact that growth cones of young neurons that are not inhibited by myelin-

associated glycoprotein (Mag) and myelin collapse when they encounter oligodendrocytes. Unlike their older

counterparts, which are inhibited by Mag and myelin, these young growth cones recover rapidly and go on to grow108.

These differences are also likely to characterize how cyclic AMP (cAMP) overcomes collapse/repulsion and inhibition.

Elevated cAMP in neurons overcomes inhibition in two phases. The first phase is rapid, directly dependent on protein

kinase A (PKA) activation and transcription-independent. The mechanism involved in this phase is probably the same

mechanism that overcomes collapse/repulsion. In the second phase, the ability to overcome inhibition becomes PKA-

independent but transcription-dependent76,77. It is likely that cAMP initiates two events. First, it activates PKA, which

might have a direct effect on the dynamics of the cytoskeleton without involving new transcription. Through the

simultaneously activated but slower pathway, it also eventually leads to transcription and synthesis of proteins, which in

turn allows the axon to grow through inhibitors. Once transcription has been initiated, the programme is independent

of cAMP/PKA. This apparent difference in mechanism is important when considering potential therapies to overcome

inhibition in vivo. The demonstration that an agent reverses collapse or repulsion might not be sufficient to ensure that

it overcomes the more chronic state of inhibition.
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What are the downstream consequences of cAMP
signalling that overcome inhibition? There seem to be
two phases to the cAMP effect76. In the first phase, pro-
tein kinase A (PKA) is activated, and this could have a
direct effect on the cytoskeleton, possibly by inactivating
Rho. This phase of the cAMP effect is acute and 
transcription-independent, so it probably accounts for
the immediate effects on growth cone turning or 
collapse (BOX 3). In the second phase, both the effect 
of cAMP analogues, such as dibutryl cAMP (db-cAMP),
and the effects of brain-derived neurotrophic factor
(BDNF) become transcription-dependent77. This tran-
scription is initiated by a transient increase in cAMP and
PKA activation, but it then switches to a PKA-indepen-
dent mechanism76. One gene that has been shown to be
upregulated in response to elevation of cAMP is the
gene that codes for Arginase I (ArgI), a key enzyme in
the synthesis of POLYAMINES

77. Many older studies had
implicated polyamines in regeneration, but none
showed a definitive effect on overcoming myelin
inhibitors78–80. We have shown that either overexpression
of ArgI or exogenous addition of polyamines, is suffi-
cient to overcome inhibition by Mag and myelin.
Conversely, blocking either ArgI or the next enzyme in
polyamine synthesis — ornithine decarboxylase (Odc)
— can abrogate the ability of db-cAMP or BDNF to
overcome inhibition.

A plethora of effects of polyamines on numerous
aspects of cell behaviour have been described. Polyamines
have been shown to influence the cytoskeleton
directly81–83, block INWARDLY RECTIFYING POTASSIUM CHANNELS

84,
block calcium-permeable glutamate receptor chan-
nels85–87, and to influence chromatin structure and,
consequently, transcription88. Polyamines might exert
their effects on inhibition through one or a combination
of these functions. Regulation of polyamine synthesis by
neuronal activity has recently been described as a new
form of modulation of synaptic transmission, which in
turn has been implicated in several neuronal processes
that require process/sprout formation, such as circuit
formation during development, memory and learning89.
Interestingly, electrical activity has been shown to
reverse the effect of Mag and myelin on growth 
cone turning from repulsion to attraction, in a cAMP-
dependent manner90. The question of whether these two
events are triggered by the same molecular interactions
remains unanswered. Although not straightforward and
unlikely to be completely dependent on any one effect of
polyamines, it is important to characterize these effects
with the goal of identifying more specific therapeutic
targets for intervention after injury, rather than relying
on the global effects of elevating cAMP.

Insight from systems that regenerate in vivo

One starting point for identifying genes/proteins that are
required for regeneration is to look for genes that are
upregulated or expressed at high levels in systems that
regenerate spontaneously after injury. Most studies have
focused on two situations in which this occurs — neona-
tal spinal neurons, which often regenerate to produce
complete functional recovery91,92, and regeneration of the

results in regeneration62. It remains to be seen whether the
effects of the new generation of C3 molecules, which are
more membrane-permeable, can be similarly confined
and effective72.

The success with Rho was initially explained by the
belief that its signalling represented a convergence in sig-
nalling by all myelin inhibitors interacting with different
receptors. However, it is now clear that the common
convergence point for the inhibitors is actually the Ngr,
which in turn activates Rho (the exception is amino-
Nogo, which also activates Rho, but not through
Ngr–p75NTR REF. 73).

Instead of manipulating the direct inhibitory 
signalling pathway, it is possible to activate parallel sig-
nalling pathways to overcome inhibition by myelin. For
example, elevation of cyclic AMP (cAMP) overcomes
inhibition by Mag and myelin68,73. Similarly, when either
soluble Mag or myelin is presented to the growth cone
in an asymmetric gradient, elevation of cAMP changes
repulsion to attraction74 (BOX 3). cAMP can be elevated
in several different ways — artificially with membrane-
permeable analogues, with forskolin (which activates
adenylyl cyclase), with phosphodiesterase inhibitors
(which block cAMP degradation) or, surprisingly, with
various neurotrophins68 (FIG. 3).

Neurotrophins only elevate cAMP if they are pre-
sented to the neuron in the absence of myelin inhibitors.
Therefore, for neurotrophins to overcome inhibition by
myelin, neurons must be ‘primed’ with the neurotrophin
of choice before being exposed to the inhibitor. However,
if neurotrophins are added directly to the neurons but in
the presence of the G

i
/G

o
inhibitor pertussis toxin, inhi-

bition is blocked without priming. The working model is
that although blocking G

i
/G

o
has no direct effect on inhi-

bition by Mag or myelin, Mag and myelin activate G
i
/G

o
,

which then blocks the adenylyl cyclase-dependent,
neurotrophin-induced increase in cAMP. Indeed, all the
mechanisms of elevating cAMP (apart from the 
analogues, which are completely independent of adenylyl
cyclase activity) are more effective if neurons are primed
with the reagent before they encounter the inhibitor.
In vivo, DRG axons that had been crushed between the
cell body and the dorsal root entry zone (DREZ) grew
into the spinal cord when they were treated with neuro-
trophins75. Usually, these axons stop abruptly when they
encounter CNS tissue at the DREZ, but here they are
exposed to neurotrophin while they are growing towards
the spinal cord, so they are effectively being primed with
neurotrophin before they reach the DREZ. What is par-
ticularly interesting is that these regenerating axons first
grow through reactive astrocytes that migrate into the
nerve root. Once past the DREZ, the axons encounter
white and grey matter. Priming with neurotrophins
might not only overcome inhibitors in myelin, but also
inhibitors in the glial scar. It is notable that the ability 
to overcome inhibition by priming with neurotrophins 
is effected through Trk receptors (Y. Gao and M.F.,
unpublished observations), and inhibition of growth by
myelin-associated inhibitors is exerted through p75NTR

(REFS 38,39), even though there seems to be no crosstalk
between these two events.

POLYAMINES

Organic compounds that

contain two or more amino

groups. Putrescine, spermine

and spermidine are prime

examples.

INWARDLY RECTIFYING K+

CHANNELS

Potassium channels that allow

long depolarizing responses, as

they close during depolarizing

pulses and open with steep

voltage dependence on

hyperpolarization. They are

called inward rectifiers because

current flows through them

more easily into than out of

the cell.
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seem to have a role. The environment certainly changes
with development, as more myelin is laid down.
However, the response of these young neurons to that
environment also changes. Young neurons are not
inhibited by Mag or myelin18, and will spontaneously
regenerate, whereas older neurons are inhibited by Mag
and myelin, and will not regenerate after injury17,91,92.
On the other hand, the effects of a conditioning lesion
are probably due entirely to changes in the intrinsic state
of the neuron, such that it no longer recognizes myelin
as inhibitory.

In various young neurons, at an age when they are not
inhibited by Mag or myelin in general and can sponta-
neously regenerate, cAMP levels are high18. cAMP levels
drop spontaneously and precipitously with development
at a time that correlates with their loss of regenerative
ability and the appearance of an inhibitory response to
Mag and myelin. Furthermore, in at least one population
of young neurons, the level of expression of ArgI parallels
that of cAMP, with a decline in ArgI expression occurring
sharply when these neurons lose their ability to grow on
Mag and myelin. Importantly, preventing polyamine 
synthesis by blocking either ArgI or Odc in these young
neurons blocks their ability to grow on Mag and myelin.
It is of note that these young neurons express both Ngr
and p75NTR, so they should be able to respond to myelin
inhibitors (M. Domeniconi and M.F., unpublished obser-
vations). This indicates that the signalling that is exerted
by this receptor complex might be different for old and
young neurons. Moreover, most young neurons are not
merely unresponsive to Mag; rather, neurite outgrowth 
is actually promoted17,21,95. It remains to be shown
whether the Ngr–p75NTR receptor complex is used for 
this promoting effect. If so, the cAMP/ArgI levels could
determine their response (TABLE 2).

The ability of a conditioning peripheral lesion to elicit
regeneration of central dorsal column axons has long
been recognized. The first studies described improved
growth after a conditioning lesion of dorsal column
axons into a peripheral nerve graft94. However, it was only
recently that a conditioning lesion was shown to induce
regeneration of dorsal column axons in the absence of a
peripheral nerve graft93. cAMP also seems to have an
important role in this phenomenon76,96. Twenty-four
hours after a peripheral conditioning lesion, cAMP levels
in DRGs have more than doubled, but by one week after
the lesion, they are back to uninjured control levels.
Consistent with this, if DRGs are removed one day post-
lesion and cultured on myelin, they are not inhibited,
and their improved growth can be blocked by an
inhibitor of PKA. By one week post-lesion, the 
DRGs grow even better on myelin, but this growth 
is now PKA-independent (FIG. 4). Furthermore, the
improved growth that is produced by a peripheral 
lesion switches from being transcription-dependent to
transcription-independent, mimicking the response of
neurons treated with db-cAMP in culture, although on a
different timescale.

Of particular importance is the fact that injection of
db-cAMP directly into the DRG cell body 1, 2 or 7 days
before the DRGs are removed, or before the dorsal

CNS branch of DRG neurons (dorsal column axons)
after the peripheral branch of the same neuron has previ-
ously been lesioned93,94. In the latter case, if only the dorsal
column is lesioned, there is no spontaneous re-growth, as
with all other mature CNS axons.

In both situations, spontaneous regeneration could
be due to the creation of a more favourable environment
for regeneration and/or changes in the intrinsic state of
the neuron. In the case of young neurons, both factors

Table 2 | Comparison of treatments that overcome inhibition

Condition/Treatment cAMP ArgI Polyamines Regeneration in vivo

BDNF ++ ++ ++ +

Young neurons ++ ++ ND ++++

db-cAMP NA ++ ++ +++

Conditioning lesion (1 day) +++ – – +

Conditioning lesion (7 days) – +++ +++ +++

ArgI, Arginase I; BDNF, brain derived neurotrophic factor; cAMP, cyclic AMP, NA, not apllicable; ND,
no data. + indicates expression or regeneration relative to untreated/unlesioned.

Conditioning lesion

db-cAMP injection

1 Day post-lesion
cAMP ++
ArgI = control
Polyamines = control
Growth on Mag/myelin = PKA dependent
Dorsal column regeneration +

7 Days post-lesion

cAMP = control
ArgI ++
Polyamines ++
Growth on Mag/myelin = PKA independent
Dorsal column regeneration  +++

1–2 Days post-injection

Growth on Mag/myelin = PKA dependent
Dorsal column regeneration ++

7 Days post-injection

Growth on Mag/myelin = PKA independent
Dorsal column regeneration +++

CNS

CNS

PNS

PNS

Figure 4 | Elevation of cyclic AMP mimics the effects of a

peripheral conditioning lesion on dorsal column

regeneration. For the conditioning lesion, the peripheral

branch of the dorsal root ganglion is lesioned 1, 2 or 7 days

before carrying out the assays/measurements as described. To

elevate cAMP, dibutryl cAMP (db-cAMP) was injected directly

into the dorsal root ganglion cell bodies in the absence of a

peripheral lesion, and the animals were left for 1, 2 or 7 days

before carrying out the assays/measurements as described in

the text. ArgI, Arginase I; CNS, central nervous system; Mag,

myelin-associated glycoprotein; PKA, protein kinase A; PNS,

peripheral nervous system. + indicates expression or

regeneration relative to untreated/unlesioned.
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these neurons to grow on an inhibitory substrate was not
addressed. Both of these studies illustrate the fact that it is
not sufficient to merely promote growth on a permissive
substrate — for successful regeneration to occur, any
treatment must render the neuron/axon capable of over-
coming inhibitors.

Future perspectives

Although significant advances have been made recently
in identifying the molecular players that are involved in
myelin inhibition of axonal regeneration, the story is 
far from complete. The observation that the main
inhibitors function through the same receptor and sig-
nalling cascade is encouraging, because it indicates that
it should be relatively easy to block all three inhibitors
simultaneously. However, in addition to amino-Nogo, it
is likely that other inhibitors, receptors and signalling
pathways are activated when myelin interacts with an
axon that is attempting regeneration.

In terms of functional recovery, overcoming
inhibitors of regeneration in myelin is only one aspect of
a complex problem. Even if axons can be induced to
grow across the lesion site before the glial scar forms,
they still need to be directed back to their correct desti-
nation, and make functional synapses once they have
arrived. The first step, of course, is to get the axons to
grow, and in the last few years, enormous advances have
been made in this respect.

columns are lesioned, mimics the effects of a conditioning
lesion on both neurons grown in culture and on dorsal
column axons in vivo76,96 (FIG. 4). This observation is
important for two reasons; first, it shows that treatment of
the cell body can affect the growth of axons some distance
away, and second, it indicates that elevation of cAMP is
sufficient to reproduce the effects of a conditioning lesion.
Furthermore, after a conditioning lesion, there is also an
increase in expression of ArgI, beginning at about 30
hours post-lesion, peaking at 40 hours and remaining
high for at least 8 days (J. Qiu and M.F., unpublished
observations) (TABLE 2).

Another protein that has been shown to be upregu-
lated after a conditioning lesion is a small proline-rich
repeat protein called Sprrp1a, which associates with 
F-actin in the growth cone97. This protein is not
expressed during development; its expression is only
associated with axons that regenerate. When it is over-
expressed, Sprrp1a can promote general neurite out-
growth, but it does not overcome inhibitors in myelin.
Similarly, growth-associated protein 43 (Gap43), which
has long been associated with regenerating axons, can
also promote neurite outgrowth, but not through an
inhibitory environment98,99. In transgenic mice that over-
express Gap43, together with a similar protein Cap23,
lesioned dorsal column axons will spontaneously regen-
erate into a peripheral nerve graft in the absence of a
peripheral conditioning lesion100. However, the ability of
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