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Summary
Axons of the adult central nervous system are capable of only a limited amount of regrowth after injury, and that
an unfavorable environment plays major roles in the lack of regeneration. Some of the axon growth inhibitory
effects are associated with myelin. Three myelin-derived proteins have been identified to inhibit neurite outgrowth
in vitro. The p75 receptor, in complex with the Nogo receptor, transduces the signal from all of the myelin-derived
inhibitors found to date. The p75 receptor, in response to the myelin-derived proteins, induces activation of Rho,
which is one of the key regulators of cytoskeletal organization. Inhibition of Rho or Rho-kinase, downstream
effector of Rho, promotes axon regeneration in vivo. These findings establish Rho and Rho-kinase as key players in
inhibiting the regeneration of the central nervous system, and launched a new wave of studies that aim to promote
regeneration of injured axons by modulating this inhibitory pathway.
in the CNS would regenerate after chemical axotomy if
damage did not occur to nearby myelinated fibers, but not
after mechanical axotomy, which damages myelinated
fibers. As damage to the myelinated fibers leads to the
release of degeneration products of CNS myelin, it was
proposed that this damage would be inhibitory to axonal
growth. Subsequently, Schwab’s group tested this
hypothesis by exposing perinatal DRG or sympathetic
neurons to optic and sciatic nerve explants of adult rats in
the presence of NGF. However, they observed few or no
axons in the optic nerves during 2 weeks in culture,
whereas abundant nerve fibers invaded into the sciatic
nerves (Schwab and Thoenen, 1985). It was postulated
that myelin from the adult CNS is an inhibitory substrate
for neurite outgrowth.

I. Inability of the adult CNS to
regenerate
In 1911, F. Tello described the first successful
transplantation of a peripheral nerve into the adult
mammalian central nervous system (CNS) (Tello, 1911).
Denervated sciatic nerve pieces were implanted into the
cortex of rabbits, and he observed fascicles and individual
nerve fibers that invaded into these peripheral nerves 2 to
4 weeks after surgery. He and Ramon y Cajal concluded
that peripheral nerve Schwann cells reacted to the loss of
their axons by the synthesis of attractive and neuritepromoting cues (Ramon y Cajal, 1928). They suggested
further that CNS glia would be devoid of such a reaction.
Later, Aguayo’s group in the early 1980’s showed that
many neurons can regenerate over long distances if
offered a peripheral nerve as a substrate (David and
Aguayo, 1981; Richardson et al, 1984; Keirstead et al,
1989).
That CNS myelin is involved in the prevention of
axonal regeneration in adult mammals was first suggested
by Berry, 1982. He pointed out that non-myelinated axons

II. Myelin derived inhibitors of axon
regeneration and their receptors
So far, three major inhibitors expressed by
oligodendrocytes and myelinated fiber tracts, Nogo,
myelin-associated
glycoprotein
(MAG)
and
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oligodendrocyte-myelin glycoprotein (OMgp), have been
identified. Nogo was identified as an antigen for the CNS
myelin-neutralizing monoclonal antibody IN-1 (Caroni
and Schwab, 1988; Chen et al, 2000; GrandPré et al,
2000). MAG, which plays an important role in the
formation and maintenance of myelin sheaths (Carenini et
al, 1997; Fruttiger et al, 1995; Fujita et al, 1998; Marcus et
al, 2002), was found to inhibit neurite outgrowth from
some neurons (McKerracher et al, 1994; Mukhopadhyay
et al, 1994). OMgp, a major peanut agglutinin-binding
polypeptide in the white matter of adult human CNS
(Mikol and Stefansson, 1988), was reported to be a third
inhibitor of neurite outgrowth (Kottis et al, 2002; Wang et
al, 2002b).
A protein that binds Nogo-66, one of the inhibitory
domains of Nogo, was identified with high affinity
(Fournier et al, 2001). Transfection of the cDNA encoding
this putative receptor into retinal ganglion cells at a
developmental stage when they otherwise are
unresponsive to Nogo-66 promotes growth cone collapse
by GST-Nogo-66. Mutated forms of the receptor eliminate
growth inhibition by Nogo-66. Therefore, this protein is
suggested to be a receptor for Nogo-66 (NgR). NgR is a
glycosylphosphatidylinositol (GPI) anchor protein that
attaches to the outer leaflet of the plasma membrane, and
is expressed in the CNS neurons as well as their axons
(Josephson et al, 2002; Wang et al, 2002). As release of
GPI-anchored proteins by phosphatidylinositol-specific
phospholipase C from embryonic DRG results in the
abolishment of growth cone collapse in response to Nogo66, NgR mediates the signal from Nogo-66 in at least
these neurons. Interestingly, MAG and OMgp, also bind to
NgR. In an expression screening for NgR-interecting
proteins, MAG was isolated as a binding partner for NgR
(Liu et al, 2002). Another group identified it by direct
binding studies based on the similarity in molecular
weight to candidates revealed in a previous
characterization of MAG binding proteins (Domeniconi et
al, 2002). NgR was also obtained by screening for proteins
that bind to OMgp (Wang et al, 2002). Thus, it was
demonstrated that NgR is necessary for inhibition of axon
growth by MAG, Nogo-66 and OMgp in vitro. These
findings bring three molecules to an intersection at the
level of NgR.
From the perspective of trying to develop a
therapeutic approach, it is important to note that a
fragment of Nogo-66 binds to NgR as a high affinity
antagonist (GrandPre et al, 2002). The antagonist peptide,
NEP1-40, reduces endogenous inhibitory activity, to
promote sprouting of corticospinal tract axons, long
distance growth and functional recovery.

P75 transduces the signal from these proteins. In addition,
it was reported recently that Lingo-1 is involved in the
signal transduction of myelin-derived inhibitors (Mi et al,
2004), although the precise mechanism of the action
remains to be determined. The receptor complex of the
three myelin-derived inhibitors therefore consists of at
least three elements, Lingo-1, NgR and p75 (Figure 1).
One potential clue to understanding the signal
transduction mechanism downstream of p75 is found
through observations demonstrating that the small GTPase
RhoA is a key intracellular effector for growth inhibitory
signaling by myelin. In its active GTP-bound form, RhoA
rigidifies the actin cytoskeleton, thereby inhibiting axon
elongation and mediating growth cone collapse. RhoA is
activated by MAG, Nogo-66 and OMgp through a p75dependent mechanism, thus inhibiting neurite outgrowth
from postnatal sensory neurons and cerebellar neurons
(Yamashita et al, 2002; Wang et al, 2002; Wong et al,
2002). In neurons, myelin and MAG inhibit growth, that is
abolished by the botulinus toxin C3 which inactivates Rho
(Lehmann et al, 1999). More specifically, it is directly
shown by the affinity precipitation of GTP-bound form of
Rho that Rho is activated by MAG-Fc in the cerebellar
granule neurons (Yamashita et al, 2002).
The precise mechanism of action of p75NTR is
suggested by the finding that p75NTR releases Rho from
Rho guanine nucleotide dissociation inhibitor (Rho-GDI)
(Figure 1) (Yamashitra and Tohyama, 2003), thus
eliciting activation of Rho. Rho-GDI is an essential part of
the signaling mechanism that suppresses the activity of
Rho. Rho proteins are regulated either by enzymes that
enhance GTP binding and activity (guanine nucleotide
exchange factors) or by proteins that increase the
hydrolysis of GTP (GTPase activating proteins) and thus
decrease activity. Rho is kept in an inactive state in cells
by Rho-GDI (Sasaki et al, 1998). Rho-GDI inhibits the
activity of Rho by binding to and sequestering Rho in the
cytoplasm, by inhibiting the formation of active RhoGTP,
and by blocking the binding of Rho to its effectors.
These findings establish Rho as a key player in
inhibiting the regeneration of the CNS, and launched a
new wave of studies that aimed to promote regeneration of
injured axons by modulating this inhibitory pathway. For
example, an inhibitor of Rho kinase, a downstream
effector of Rho, called Y-27632 has been used to probe the
role of Rho in growth inhibiting signaling (Dergham et al,
2002; Fournier et al, 2003). Treating neurons with C3
transferase, a bacterial endotoxin that inactivates Rho, or
with Y-27632, promotes growth on inhibitory substrates.
Intriguingly, a peptide that blocks the pathway
elicited by MAG, Nogo and OMgp was found (Yamashita
and Tohyama, 2003). The binding region of Rho-GDI on
p75NTR was identified as the fifth alpha helix in the p75NTR.
intracellular domain. The short sequence of the fifth helix
is similar to mastoparan, a 14-residue peptide of wasp
venom that is known to be capable of activating Rho
(Koch et al, 1991). A peptide ligand to this region was
previously reported by Ilag’s group (Ilag et al, 1999) by
screening a combinatorial library using a variation of the
selectively-infective phage method. This peptide,

III. p75 transduces the signal from
MAG, Nogo and OMgp
Although NgR is a binding partner for MAG, Nogo66 and OMgp, the GPI-linked nature of NgR suggests that
there may be a second receptor subunit that spans the
plasma membrane and mediates signal transduction. This
second subunit was found to be a receptor called the p75
receptor (p75) (Yamashita et al, 2002; Wang et al, 2002).
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Figure 1. Mechanisms of axon growth inhibition by the Nogo receptor complex. In the absence of myelin-derived inhibitors, growth
occurs as a result of Rho-GDI-induced suppression of Rho activity. Rho-GDI maintains Rho in an inactive state by binding, and prevents
Rho from interacting with its effectors. Activation of p75 promotes dissociation of Rho-GDI from RhoA, allowing RhoA to become
activated through the exchange of GDP for GTP. The activated RhoA then interacts with its signaling molecules to elicit axon growth
inhibition in some neurons.

designated Pep5, inhibits the interaction of p75NTR with
Rho-GDI in vitro and in vivo. The inhibitory peptide
completely abolishes the effects mediated by MAG or
Nogo-66 in adult DRG neurons and postnatal cerebellar
granule neurons (Yamashita and Tohyama, 2003),
establishing the Rho-GDI- p75NTR association as an
important mecahnism of p75NTR -induced suppression of
axon growth by myelin proteins. An especially notable
aspect is that the peptide does not inhibit other functions
of p75NTR, such as axon elongation or cell death by
neurotrophins.

growth beyond the lesion site, but was also
neuroprotective and decreased tissue damage and cavity
formation. Altogether, Rho-kinase may be a good
molecular target against injuries in the CNS and the
therapeutic potential of blocking Rho/Rho-kinase
activation for the treatment of CNS injury, in fact, has
been studied.
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