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Abstract

Several myelin-derived proteins have been identified as components of central nervous system
(CNS) myelin, which prevents axonal regeneration in the adult vertebrate CNS. The discovery of
the receptor for these proteins was a major step toward understanding the failure of axon regen-
eration. The receptor complex consists of at least three elements: the p75 receptor (p75NTR), the
Nogo receptor and LINGO-1. Downstream from the receptor complex, RhoA activation has been
shown to be a key element of the signaling mechanism of these proteins. Rho activation arrests
axon growth, and blocking Rho activation promotes axon regeneration in vivo. Recent studies
have identified conventional protein kinase C as an additional necessary component for axon
growth inhibition. Possible crosstalk downstream of these signals should be explored to clarify all
the inhibitory signals and may provide an efficient molecular target against injuries to the CNS.
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Regeneration Inability of the Adult
Central Nervous System

It is well-established that axons of the adult
central nervous system (CNS) are capable of
only limited regrowth following injury and
that an unfavorable growth environment sig-
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nificantly contributes to the lack of regenera-
tion. In the early 1980s, Aguayo’s group (1)
demonstrated that many neurons could regen-
erate over long distances if they were offered a
peripheral nerve as a substrate.

Berry (2) discovered that if damage did not
occur to nearby myelinated fibers, nonmyeli-
nated axons in the CNS regenerated following
chemical axotomy but not following mechani-
cal axotomy, which damaged myelinated
fibers. Because damage to myelinated fibers
leads to the release of degeneration products of
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CNS myelin, it was proposed that this damage
is inhibitory to axonal growth. Subsequently,
this hypothesis was tested by exposing perina-
tal dorsal root ganglion (DRG) or sympathetic
neurons to optic and sciatic nerve explants of
adult rats in the presence of nerve growth fac-
tor. Few or no axons in the optic nerves were
observed during 2 wk of culture, whereas
abundant nerve fibers invaded the sciatic
nerves (3). The absence of neurite outgrowth in
the adult optic nerve explants was considered
to result from an intrinsic property of adult
CNS tissue, rather than from reactions to the
lesion or the culture condition. It has been sug-
gested that myelin from the adult CNS is an
inhibitory substrate for neurite outgrowth.

Three Myelin-Derived Inhibitors
of Axon Regeneration

One monoclonal antibody, inhibitor-neutral-
izing antibody (mAB IN-1) was obtained and
used extensively for subsequent in vitro and in
vivo experiments. The inhibitory activity of a
crude myelin extract decreased by approx 50%
with this antibody, and the inhibitory activity
of purified bovine NI-220 (the homolog of rat
NI-250) decreased with the antibody (4).

Schwab et al. succeeded in purifying the
bovine homolog bNI-220 by using large
amounts of bovine spinal cord. The corre-
sponding cloned complementaty DNA is
derived from a gene, designated Nogo, which
gives rise to three messenger RNAs (5-7). The
three splice variants of Nogo are Nogo-A, Nogo-
B and Nogo-C, and the latter two are widely
expressed outside the CNS. Nogo-A possesses a
unique amino-terminal region not shared by
Nogo-B and Nogo-C. The two most strongly
predicted transmembrane domains are sepa-
rated by the 66-residue extracellular or lume-
nal loop, Nogo-66, which causes growth cone
collapse (8). The Nogo-A-specific amino-termi-
nal region is also inhibitory for neurite out-
growth and prevents the spreading of
fibroblasts. Nogo-A is most strongly expressed
in oligodendrocytes in the white matter,
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although it has also been detected in neuronal
perikarya, including those in the cerebral cor-
tex, spinal motor neurons, and DRG neurons
as well as in axons (9).

Several years before Nogo was discovered
to be an inhibitor of axon regeneration, two
groups identified myelin-associated glycopro-
tein (MAG) as the first myelin-derived growth
inhibitory protein. MAG is a transmembrane
protein of the immunoglobulin superfamily that
is found in both peripheral and CNS myelin.
McKerracher et al. (10) detected MAG inhibitory
activity in myelin after extraction with octylglu-
coside, fractionation by ion exchange chroma-
tography, and screening for inhibitory activity.
Filbin et al. (11) demonstrated that MAG, which
was ectopically expressed in Chinese hamster
ovary (CHO) cells, inhibited neurite outgrowth.
Interestingly, MAG is a bifunctional regulator of
axon growth, because it can stimulate the neu-
rite outgrowth of young neurons (12).

Oligodendrocyte-myelin glycoprotein (OMgp)
is the most recently identified protein to be an
inhibitory component of myelin. In the course
of isolating MAG as an inhibitory protein, Braun
et al. (13) observed two peaks of inhibitory
activity, and MAG was present in the first peak.
They separated the inhibitory protein in the sec-
ond peak and identified OMgp. He et al. (14)
found OMgp as an inhibitor using the hypoth-
esis that any glycosylphosphatidylinositol-
anchored myelin protein acts as a regeneration
inhibitor. OMgp, which is abundant in myelin,
has potent collapse of the growth cone as well
as neurite outgrowth inhibitory activity.

Nogo—Receptor Complex

A protein that binds Nogo-66 was identified
with high affinity using an alkalin-phos-
phatase fusion, protein-expression-screening
strategy (15). The receptor for Nogo-66 (NgR;
Fig. 1) is a glycosyl-phosphatidylinositol (GPI)
anchor protein that attaches to the outer leaflet
of the plasma membrane and is expressed in
CNS neurons as well as their axons (16,17).
Because the release of GPI-anchored proteins
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Fig. 1. Signal transduction by a complex of NgR,
p75NTR “and LINGO-1. MAG, Nogo-66, and OMgp
are ligands of NgR and are expressed by oligoden-
drocytes. These ligands do not share any recognized
protein domains. p75NTR interacts with NgR as well
as LINGO-1 and mediates the inhibitory signaling of
these myelin-derived proteins by activating RhoA.

by phosphatidylinositol-specific phospholipase
C from embryonic DRG results in the elimina-
tion of growth-cone collapse in response to
Nogo-66, NgR mediates the signal from Nogo-
66 in at least these neurons. This discovery was
a major step toward understanding the
inhibitory signal of CNS regeneration, because
two other inhibitory components (MAG [18,19]
and OMgp [14]) also bind to NgR. The ectopic
expression of NgR induces insensitive neurons
to become sensitive to these myelin-derived
proteins. These findings intersect these various
molecules at the level of NgR. From the per-
spective of developing a therapeutic approach,
it is important to note that a fragment of Nogo-
66 binds to NgR as a high-affinity antagonist
(20). The antagonist peptide NEP1-40 reduces
endogenous inhibitory activity to promote the
sprouting of corticospinal tract axons, long dis-
tance growth, and functional recovery.
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Although NgR is a binding partner for
MAG, Nogo-66, and OMgp, the GPI-linked
nature of NgR suggests that a second receptor
subunit spans the plasma membrane and
mediates signal transduction. To date, one
such signal transducer, the p75 receptor
(p75NTR; known as a receptor for neu-
rotrophins) has been identified (Fig. 1). MAG
activates RhoA in the cells only in the presence
of the receptor (21). Postnatal cerebellar gran-
ule neurons from mice carrying a mutation in
the p75NTR gene are not responsive to MAG,
whereas neurite growth from wild-type mice
was significantly inhibited by MAG.

Extrapolating the observations that MAG is a
ligand for NgR, we tested the possibility that
p75NTR associates with NgR to form a receptor
complex for MAG, Nogo, and OMgp (22,23). At
least a fraction of p75NTR binds with NgR using
co-immunoprecipitation (IP) experiments. Post-
natal cerebellar neurons from mice carrying a
mutation in the p75NTR gene are insensitive to
glutathione s-transferase-Nogo-66 and OMgp-
alkaline phosphatase (22). The inhibitory activ-
ity of these proteins in cerebellar granule neu-
rons is decreased by the ectopic expression of a
dominant-negative form of p75NTR that lacks a
cytoplasmic domain. Soluble p75NTR-Fc fusion
protein also attenuates these effects. These
observations suggest that not only is p75NTR
required for the inhibitory activity of these
myelin-derived proteins but that it also provides
a potent molecular target for developing thera-
peutic agents against injuries to the CNS.

Unexpectedly, mice carrying a mutation in
the p75NTR gene did not demonstrate better
functional recovery and axon regeneration fol-
lowing spinal cord injury (24). One possibility
is that other signal transducers are important
for the inhibitory effect in vivo. However, it
should be noted that p75NTR has diverse func-
tions, including bidirectional signals regulat-
ing axon growth, which suggests that blocking
the functions of p75NTR is a less attractive treat-
ment strategy (e.g., neurotrophin binding to
p75NTR promotes axon outgrowth; ref. 25).

It was recently demonstrated that the Nogo
receptor complex is comprised of at least three
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elements: p75NTR, NgR, and LINGO-1.
LINGO-1 is involved in the signal transduction
of the myelin-derived inhibitors (26), although
the precise mechanism of the action remains to
be determined (Fig. 1).

Rho: A Key Signal for Axon
Growth Inhibition

Downstream from the receptor complex of
p75NTR NgR, and LINGO-1, Rho appears to be
a key intracellular effector for growth inhibitory
signaling by myelin. In neurons, myelin and
MAG inhibit growth, and this is abolished by
the botulinus toxin C3, which inactivates Rho
(27). More specifically, RhoA is activated by
MAG-Fc in the cerebellar granule neurons (21).
The molecular action mechanism of p75NTR is
suggested by the finding that p75NTR releases
Rho from Rho guanine nucleotide-dissociation
inhibitor (Rho-GDI; Fig. 2; ref. 28), thereby
inducing the 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
guanine triphosphate (GIP) binding and activ-
ity (guanine nucleotide exchange factors) or by
proteins that increase the hydrolysis of GTP
(GTPase-activating proteins) and, therefore,
decrease activity. Rho is maintained in an inac-
tive state in cells by Rho-GDI (29), which
inhibits the activity of Rho by binding to and
sequestering Rho in the cytoplasm, by inhibit-
ing the formation of active RhoGTP, and by
blocking the binding of Rho to its effectors.

These findings have established Rho as a key
player in inhibiting CNS regeneration and
have launched a new wave of studies aiming
to promote the regeneration of injured axons
by modulating this inhibitory pathway. For
example, Y-27632 (an inhibitor of Rho kinase
and a downstream effector of Rho) has been
used to probe the role of Rho in growth-
inhibiting signaling (30,31). Treating neurons
with C3 transferase (a bacterial endotoxin that
inactivates Rho) or with Y-27632 promotes
growth on inhibitory substrates.
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Fig. 2. Mechanisms of axon growth inhibition by
p75NTR In the absence of MAG or Nogo-66, growth
and regeneration occur as a result of the Rho gua-
nine nucleotide-dissociation inhibitor (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.
p75NTR activation promotes the dissociation of Rho-
GDI from RhoA, allowing RhoA to activate through
the exchange of guanine diphosphate for guanine
triphosphate. Activated RhoA then interacts with its
signaling molecules to elicit axon growth inhibition
in some neurons.

Intriguingly, a peptide has been identified
that blocks the pathway elicited by MAG,
Nogo-66, and OMgp (28). The binding region of
Rho-GDI on p75NIR was identified as the fifth
o-helix in the p75NTR intracellular domain. The
short sequence of the fifth helix is similar to
mastoparan, a 14-residue peptide of wasp
venom known to be capable of activating Rho
(32). A peptide ligand to this region was previ-
ously reported (33) by screening a combinator-
ial library using a variation of the selectively
infective phage method. This peptide, desig-
nated Pep5, inhibits the interaction of p75NIR
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with Rho-GDI in vitro and in vivo. The
inhibitory peptide completely eliminates the
effects mediated by MAG or Nogo-66 in adult
DRG neurons and postnatal cerebellar granule
neurons (28), establishing the Rho-GDI-p75NTR
association as an important mechanism of the
p75NTR-induced suppression of axon growth by
myelin proteins. A particularly notable aspect is
that the peptide does not inhibit other functions
of p75NTR such as axon elongation or cell death
by neurotrophins.

Conventional Protein Kinase Cs
Are Involved in Inhibition
of Axon Growth

Another important signal, protein kinase C
(PKC), was identified in the effects mediated by
myelin-derived inhibitors. PKC is a ubiqui-
tously expressed family of kinases that have
key roles in regulating multiple cellular activi-
ties. The PKC family consists of several groups:
conventional, novel, and atypical PKCs.

Conventional PKC, including PKCa, 8 and v,
was activated by myelin-derived proteins, and
the inhibitors of conventional PKC eliminated
the protein effect on neurite outgrowth (34).
Because RhoA activation by myelin-derived
proteins was abolished by blocking PKC activa-
tion, PKC is considered to be upstream of
RhoA. A later study by Hasegawa et al. (35)
largely confirmed these findings but disagreed
with the suggestion that PKC inhibition did not
modify RhoA activation, indicating that these
signals are independent. Although the precise
up- and downstream signals of PKC remain
unknown, PKC was found to be another key
molecule regulating axon regeneration.

A previous study suggested that Gj, a G pro-
tein, is activated by MAG (36). The elevation of
intracellular Ca?! concentration induced by
MAG (23) may result from G; activation.
Because the elevation of intracellular Ca?! con-
centration is abolished when treated with the
antibody against p75NTR, = p75NTR may be
required for signal transduction (35). Some G
protein-coupled receptors may be functionally
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associated with p75NTR to transduce the con-
ventional PKC/IP3 signals.

p75NTR |s a Bilateral Regulator
of Axon Growth

It has long been known that p75NTR is a
receptor for neurotrophins that promote sur-
vival and differentiation. Consistent with its
function in controlling the survival and neurite
formation of neurons, p75NTR is expressed dur-
ing the developmental stages of the nervous
system. In contrast, p75 NTR is re-expressed in
various pathological conditions in adults and
even acts as an inhibitor of axon regeneration.
Diverse effects mediated by p75 NTR are partly
the consequence of the interaction of p75 NTR
with other membrane-associated proteins,
such as Trk tyrosine kinases, NgR, and sortilin,
as well as multiple intracellular signaling mol-
ecules (37).

The signals of the myelin-derived inhibitors
of axon regeneration are considered to con-
tribute to the lack of regeneration of the
injured CNS. Many of the proposed strategies
to treat patients with CNS injuries either block
inhibitory proteins or block signaling by
inhibitory proteins. However, it should be
noted that many of the neurons used in in vitro
studies are not relevant for spinal cord injury.
Because different neurons have different
responses to the inhibitors, it is important to
focus on a relevant target population to permit
the identification of relevant pathways in
future studies. If we can further understand
the mechanisms of axon regeneration at the
molecular level, it would open the door for the
development of new biotechnological strate-
gies to promote CNS regeneration.
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