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In inhibiting neurite outgrowth, several myelin components,
including the extracellular domain of Nogo-A (Nogo-66)1, oligo-
dendrocyte myelin glycoprotein (OMgp)2 and myelin-associated
glycoprotein (MAG)3,4, exert their effects through the same Nogo
receptor (NgR). The glycosyl phosphatidylinositol (GPI)-
anchored nature of NgR indicates the requirement for additional
transmembrane protein(s) to transduce the inhibitory signals
into the interior of responding neurons. Here, we demonstrate
that p75, a transmembrane protein known to be a receptor for the
neurotrophin family of growth factors5,6, specifically interacts
with NgR. p75 is required for NgR-mediated signalling, as
neurons from p75 knockout mice are no longer responsive to

myelin and to each of the known NgR ligands. Blocking the p75–
NgR interaction also reduces the activities of these inhibitors.
Moreover, a truncated p75 protein lacking the intracellular
domain, when overexpressed in primary neurons, attenuates
the same set of inhibitory activities, suggesting that p75 is a
signal transducer of the NgR–p75 receptor complex. Thus, inter-
fering with p75 and its downstream signalling pathways may
allow lesioned axons to overcome most of the inhibitory activities
associated with central nervous system myelin.

A recent study suggested that p75 does not interact directly with
MAG, but is required for its activity in inhibiting neurite out-
growth7. As NgR is a functional receptor of myelin-associated
inhibitors including MAG1–4, we examined the possibility that p75
and NgR formed a receptor complex in mediating these inhibitory
activities. We first overexpressed haemagglutinin (HA)-tagged rat
full-length p75 in both Chinese hamster ovary (CHO) cells (data
not shown) and CHO cells stably expressing Flag-tagged human
NgR, and found that p75 could be immunoprecipitated together
with NgR, but not with a control transmembrane protein plexin A3
(ref. 8; Fig. 1a). Similarly, endogenous p75 and NgR proteins in rat
postnatal cerebellar granule neurons (CGNs) could be immuno-

Figure 1 p75 and NgR form receptor complexes. a, Co-immunoprecipitation of

p75–NgR from Flag-tagged, NgR-expressing cells transfected with vector, HA-p75 or

HA-plexin A3, and mock-treated (Unstim.) or treated with MAG–Fc (Stim.).

b, Co-immunoprecipitation of p75–NgR from CGNs treated with or without Fc or MAG–Fc.

c, Visualization and quantification of p75–AP-binding to NgR-expressing cells. Asterisk,

P , 0.05 by Student’s t-test comparing bound p75–AP under various conditions with

control. Scale bar, 10 mm. d, Summary diagram of AP fusion proteins binding to cells

expressing different truncations of NgR. Signal, signal peptide; TM/GPI, transmembrane

domain/GPI anchor.
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precipitated together (Fig. 1b). Treatment of both the NgR-expres-
sing CHO cells (Fig. 1a) and CGNs (Fig. 1b) with a soluble MAG
protein (MAG–Fc) containing the extracellular domain of rat MAG
and the human immunoglobulin-g (IgG) Fc fragment3,4,8 enhanced
the formation of NgR–p75 complexes, suggesting that MAG is able
to induce the formation of this complex.

To confirm these initial observations, we used a cell-surface
binding assay to monitor directly the NgR–p75 interaction. As
shown in Fig. 1c, an alkaline phosphatase (AP) fusion protein
containing the extracellular domain of p75 (p75–AP), but not AP
protein alone (data not shown), was able to bind specifically to
CHO cells expressing NgR, but not to control CHO cells. Consistent
with the co-immunoprecipitation results in Fig. 1a and b, the
binding of p75–AP to NgR-expressing cells was enhanced by the
addition of MAG–Fc in a dose-dependent manner (Fig. 1c). COS
cells expressing full-length p75 did not bind MAG–Fc and other
known NgR ligands (data not shown). Moreover, although p75 has
been shown previously to affect the binding of neurotrophins to Trk
receptors9, we found that p75 overexpression did not enhance the
binding of MAG, Nogo-66 or OMgp to NgR-expressing cells (data
not shown). Thus, it is likely that p75 and NgR form a receptor
complex and that ligand treatment enhances the NgR–p75
interaction.

We next determined the structural basis of the interaction
between p75 and NgR. The p75–AP fusion protein lacking the
transmembrane and intracellular domains of p75 was able to bind
to full-length NgR (Fig. 1c), suggesting that the interaction of p75
with NgR is mediated through its extracellular domain. The amino-
terminal region of NgR covering eight leucine-rich repeats (LRR)
and the LRR carboxy-terminal domain (LRRCT) is sufficient to
interact with MAG, OMgp and Nogo-66 (refs 1–4). However, we
found that both the N-terminal LRR and LRRCT, and the C-
terminal (CT) domains were indispensable for interacting with

p75 (Fig. 1d). This provides a structural explanation for our
previous observations4 that a truncated NgR lacking the unique
C-terminal region neutralized the inhibitory activity of MAG,
presumably because it can bind ligands but not p75.

To examine whether all of the known NgR ligands require p75, we
used a neurite outgrowth assay to evaluate the outgrowth responses
to individual inhibitors in neurons from mice carrying a mutation
in the p75 gene10. Consistent with a previous report7, neurite
outgrowth of dorsal root ganglion (DRG) neurons from p752/2

mice was not inhibited by MAG–Fc (data not shown). Similarly,
although both a glutathione S-transferase (GST) fusion protein
containing the extracellular domain of Nogo-A (GST-66) and an
AP–OMgp fusion protein (OM-4) efficiently inhibited neurite
outgrowth from wild-type neurons, neither of these proteins
restricted neurite outgrowth from p752/2 mice (Fig. 2), suggesting
that p75 is required for the inhibitory activities of these NgR ligands.
Furthermore, we found that p752/2 neurons were insensitive to the
inhibition of central nervous system (CNS) myelin (Fig. 2), sup-
porting the idea that the three NgR–p75 ligands account for most of
the inhibitory activities associated with CNS myelin2. In our assays
no neurotrophins were added to the cultures. Moreover, addition of
nerve growth factor (NGF; 100 ng ml21) or brain-derived neuro-
trophic factor (BDNF; 50 ng ml21) did not significantly affect the
inhibition of neurite outgrowth by myelin or individual NgR
ligands (data not shown). Thus, the neurite outgrowth responses
we observed are probably independent of neurotrophin-related
effects.

If the NgR–p75 interaction is important in mediating the
inhibitory activities of the myelin inhibitors, reagents that interfere
with such an interaction should affect the neurite outgrowth
responses to these inhibitors. We first tested the ability of p75–Fc,
a Fc fusion protein harbouring the extracellular domain (amino
acids 1–250) of human p75, to serve as a competitor for NgR

Figure 2 p75 is required for the inhibitory activities of myelin inhibitors. a, b,

Quantification of neurite length from adult DRG neurons (a) or P7 CGNs (b) from wild-type

(control) and p75 2/2 (knockout, KO) mice on different immobilized substrates. The

mean ^ s.e.m. from a total of 1,211 (CGNs) or 923 (DRG) neurons from 3–4 experiments

are presented. Statistical analysis was by one-way analysis of variance (ANOVA)

(F ¼ 37.55, degrees of freedom, d.f. ¼ 1,210, P , 0.0001 for CGNs; F ¼ 41.64,

d.f. ¼ 922, P , 0.0001 for DRGs), using a post-hoc Fisher protected test. All of the

knockout groups on inhibitory substrates are significantly different from controls plated on

the same substrates.

letters to nature

NATURE | VOL 420 | 7 NOVEMBER 2002 | www.nature.com/nature 75© 2002        Nature  Publishing Group



binding, and found that p75–Fc blocked the inhibitory activities of
recombinant Nogo-66, OMgp and MAG, as well as CNS myelin
(Fig. 3a). In an independent assay, p75–Fc also efficiently abolished
the activities of soluble Nogo-66 and OMgp proteins in inducing
growth cone collapse of embryonic day 13 (E13) chick DRG
neurons in a dose-dependent manner (Fig. 3b). Similarly, we
found that p75–Fc attenuated the activity of soluble MAG–Fc in
inhibiting neurite outgrowth from dissociated E13 DRG neurons
(data not shown). To provide complementary evidence for the role
of the NgR–p75 interaction in mediating these inhibitory signals,
we took advantage of the fact that early postnatal CGNs are
susceptible to infection by recombinant retroviruses11, and infected
these neurons with retroviruses expressing a C-terminal-domain-
truncated version of NgR, which retains the ability to bind all of the
known inhibitory ligands but not p75 (ref. 4 and Fig. 1c). On
overexpression in rat CGNs (Fig. 3d), this truncated NgR, but not
full-length NgR, blocked the responses elicited by immobilized
myelin and individual inhibitors (Fig. 3d). Together, these results
indicate that the extracellular domain of p75 mediates the transduc-
tion of the inhibitory signals through its interaction with NgR.

If p75 functions as a transmembrane signal transducer for the
NgR–p75 complex, its cytoplasmic domain should be required for
its activity. To test this possibility, we used recombinant lentivirus-
mediated gene transfer to express full-length p75 or a truncated p75
lacking the intracellular domain in postnatal day (P)7–9 rat CGNs
(Fig. 4a). As shown in Fig. 4b, whereas full-length p75 did not

Figure 3 The p75–NgR interaction is required for the inhibitory responses to myelin

inhibitors. a, Neurite lengths (mean ^ s.e.m. from a total of 2,907 neurons from 3–4

experiments) of CGNs on immobilized substrates. Statistical analysis was by one-way

ANOVA (F ¼ 42.18, d.f. ¼ 2,906, P , 0.0001), using a post-hoc Fisher protected test.

All groups except for PDL þ p75–Fc are significantly different from the PDL control. For

groups cultured on inhibitory substrates, only those with the addition of p75–Fc are

significantly different from groups cultured alone or with the addition of control IgG

proteins. b, Growth cone collapse induced by AP-66 or OM-4. Statistical analysis was by

one-way ANOVA (F ¼ 47.61, d.f. ¼ 29, P , 0.0001), using a post-hoc Fisher protected

test. All groups except those with a higher concentration of p75–Fc are significantly

different from untreated controls. c, Expression of endogenous (Endo.) or overexpressed

(Overexp.) NgR in control CGNs and those infected with retroviruses expressing full-length

(FL) or truncated (dominant negative, DN) NgR. d, Neurite lengths (mean ^ s.e.m. from a

total of 2,184 neurons from 3–4 experiments) quantified from control or retrovirus-

infected neurons. Statistical analysis was by one-way ANOVA (F ¼ 57.25, d.f. ¼ 2,183,

P , 0.0001) using a post-hoc Fisher protected test. All groups except cells infected with

DN-NgR and on inhibitory substrates are significantly different from the PDL controls.

e, Affinity precipitation of GTP-RhoA from lysates of control or retrovirus-infected CGNs

treated with or without MAG–Fc.

Figure 4 The intracellular domain of p75 is required for p75–NgR signalling.

a, Expression of endogenous (Endo.) or overexpressed (Overexp.) p75 in control CGNs and

those transduced with lentiviruses expressing full-length (FL) or truncated (DN) p75.

b, Neurite lengths (mean ^ s.e.m. from a total of 2,136 neurons from 3–4 experiments)

quantified from control or lentivirus-transduced CGNs on immobilized substrates.

Statistical analysis was by one-way ANOVA (F ¼ 35.75, d.f. ¼ 2,135, P , 0.0001)

using a post-hoc Fisher protected test. All groups except cells transduced with DN-p75

and cultured on inhibitory substrates are significantly different from the PDL controls.
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significantly change the responsiveness of transduced neurons to
myelin and to the individual inhibitors, truncated p75 allowed
robust neurite outgrowth on each of these inhibitory substrates,
suggesting that the intracellular domain of p75 is required to
mediate these myelin-associated inhibitory activities. Furthermore,
MAG is known to activate the small GTPase RhoA in a p75-
dependent manner to exert its inhibitory activity7,12. Along the
same lines, we found that introduction of dominant negative, but
not wild-type, NgR into CGNs blocked the MAG–Fc-induced
activation of RhoA (Fig. 3e). Taken together, these results suggest
that NgR–p75 receptor complexes transduce the inhibitory signals
into the interior of responding neurons.

Although it remains to be determined whether other proteins are
present in the receptor complex that mediates the inhibitory
activities of myelin components, our data suggest that p75 is a
required component that participates in propagating the inhibitory
signals into responding neurons. Consistent with this hypothesis,
enhanced axon growth has been observed in the myelinated por-
tions of the CNS in p75 mutant mice13. Although p75 expression
declines to background levels in the adult CNS, an upregulation of
p75 expression in injured neurons occurs as a result of lesions (refs
14, 15, and data not shown). Thus, suppressing the injury-induced
p75 upregulation and intervening with p75 signalling after CNS
axonal injury may considerably alleviate myelin-dependent inhi-
bition of axonal regeneration. A

Methods
Binding experiments
Sequence encoding the extracellular domain (amino acids 30–251) of rat p75 was
subcloned into the expression vector AP-5 to express a p75–AP fusion protein tagged with
both a polyhistidine and an Myc epitope in COS cells. Cell-surface binding with p75–AP
and other AP proteins was performed as described previously16,17. For visualization of
bound proteins, nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate was used
as AP substrate. For quantification of bound AP fusion proteins, p-nitrophenyl phosphate
was used as an AP substrate, and total retained AP activity was measured at an absorbance
of 405 nm (A405) as described16,17, from three independent experiments.

Co-immunoprecipitation
Control CHO cells or those stably expressing Flag-tagged NgR2 were transfected with
control or expression constructs for HA-tagged p75 by the Lipofectamine method. After 2
days, cells were lysed with ice-cold immunoprecipitation buffer (20 mM Tris-HCl, pH 8.0,
1 mM EDTA, 200 mM NaCl, 1% NP-40) in the presence of protease inhibitors and
2 mg ml21 orthovanadate. Some cells were incubated with soluble MAG–Fc (2 mg ml21) for
15 min, before lysis, immunoprecipitation, and western blotting with the indicated
antibodies. To detect the NgR–p75 complexes in primary neurons, cultured P7 CGNs
were pretreated with or without Fc or MAG–Fc (both at 2 mg ml21). The lysates were
immunoprecipitated with control IgG or anti-p75 antibodies and western blotted
with anti-NgR antibodies (Santa Cruz Biotechnology) or anti-p75 antibodies
(Chemicon).

Generation of recombinant proteins and viruses
GST-66 was expressed in and purified from Escherichia coli as described previously18. As a
construct for polyhistidine-tagged OMgp–AP protein (amino acids 33–204, designated as
OM-4) resulted in higher levels of protein expression and OM-4 is functionally
comparable to OM-his2, we used OM-4 in this study. MAG–Fc, p75–Fc and human IgG
were purchased from R&D Systems. Myelin was prepared from the white matter of bovine
brain according to established protocols19.

To make recombinant retroviruses expressing full-length or truncated NgR, the
respective coding complementary DNAs were first subcloned into pBabe-puro. The
resultant constructs were co-transfected into 293T cells together with expression
constructs for vesicular stomatitis virus (VSV-G) and gag/pol (gifts of J. Walsh and
R. Mulligan). Collected conditioned medium was used to infect P5 rat CGNs for 24 h.
The CGNs were then replated onto culture surfaces coated with poly-D-lysine (PDL),
myelin, or the individual inhibitory proteins, and cultured for an extra 24 h before
fixation and immunostaining. Recombinant lentiviruses expressing the p75 proteins
were made by the ViraPower Lentiviral Expression System (Invitrogen) following the
manufacturer’s protocols. Viral stocks were used to transduce P6–7 rat CGNs, and the
neurons were replated 48 h later onto various substrates as described above. The
overexpression achieved through both retroviruses and lentiviruses resulted in more
than 95% infection efficiency.

Neurite outgrowth and growth cone collapse assays
Neurite outgrowth assays were performed as described previously2,20. Briefly, P7–9 rat or
mouse CGNs or adult mouse DRG neurons were dissected, dissociated, and plated at a
density of 106 cells per ml on immobilized substrates (PDL, GST-66 (150 ng cm22), OM-4

(100 ng cm22), MAG–Fc (100 ng cm22) and myelin (50 ng cm22)) in the absence or the
presence of control IgG or p75–Fc (5 mg ml21). Cells were cultured for 24 h before fixation
with 4% paraformaldehyde and staining with a neuronal-specific anti-b-tubulin antibody
(TuJ-1, Covance). Neurite lengths for both the CGNs and the DRG neurons were
quantified as described previously2. All neurites from individual DRGs were measured and
the numerical lengths averaged to obtain a single neurite length for individual neurons.
Neurite lengths were measured from at least 150 neurons per condition, from duplicate
wells per experiment, and from three independent experiments and quantified as
described previously21. As a positive control, a specific inhibitor of Rho-associated protein
kinase (ROCK), Y-27632 (ref. 22), neutralizes the inhibition of neurite outgrowth by
myelin and the individual myelin components (data not shown), as it has been shown that
RhoA–ROCK mediates the inhibitory activities of MAG and perhaps other myelin
inhibitors23,24.

Chick E13 DRG neurons were isolated and cultured as described previously1,2. DRG
explants cultured overnight were used for growth cone collapse assays. To assess the effects
of p75–Fc treatment, cultures were pre-incubated with indicated amounts of p75–Fc for
30 min before treatment with individual test proteins for an additional 1 h. The
means ^ s.e.m. from over 400 growth cones per condition in three separate experiments
are presented. p75 and NgR proteins were detected in both neurites and somas of cultured
DRG neurons by immunocytochemistry.

RhoA assay
CGNs were infected with retrovirus expressing full-length or dominant negative NgR, or
left uninfected; 42–48 h later these cells were stimulated in the presence of Fc or MAG–Fc
for 15 min. GTP-RhoA was precipitated by using beads with GST–Rho-binding domain
(RBD) of rhotekin, and detected with anti-RhoA antibodies following manufacturer’s
guidelines (ref. 25; Upstate Biotechnology).
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Statins, 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase inhibitors, which are approved for cholesterol
reduction, may also be beneficial in the treatment of inflamma-
tory diseases1–3. Atorvastatin (Lipitor) was tested in chronic and
relapsing experimental autoimmune encephalomyelitis, a CD41

Th1-mediated central nervous system (CNS) demyelinating dis-
ease model of multiple sclerosis4,5. Here we show that oral
atorvastatin prevented or reversed chronic and relapsing paraly-
sis. Atorvastatin induced STAT6 phosphorylation and secretion
of Th2 cytokines (interleukin (IL)-4, IL-5 and IL-10) and trans-
forming growth factor (TGF)-b. Conversely, STAT4 phosphoryl-
ation was inhibited and secretion of Th1 cytokines (IL-2, IL-12,
interferon (IFN)-g and tumour necrosis factor (TNF)-a) was
suppressed. Atorvastatin promoted differentiation of Th0 cells
into Th2 cells. In adoptive transfer, these Th2 cells protected
recipient mice from EAE induction. Atorvastatin reduced CNS
infiltration and major histocompatibility complex (MHC) class II
expression. Treatment of microglia inhibited IFN-g-inducible
transcription at multiple MHC class II transactivator (CIITA)
promoters and suppressed class II upregulation. Atorvastatin
suppressed IFN-g-inducible expression of CD40, CD80 and
CD86 co-stimulatory molecules. L-Mevalonate, the product of
HMG-CoA reductase, reversed atorvastatin’s effects on antigen-
presenting cells (APC) and T cells. Atorvastatin treatment of
either APC or T cells suppressed antigen-specific T-cell acti-
vation. Thus, atorvastatin has pleiotropic immunomodulatory
effects involving both APC and T-cell compartments. Statins may
be beneficial for multiple sclerosis and other Th1-mediated
autoimmune diseases.

In 1995, it was reported that pravastatin treatment of cardiac
transplant recipients was associated with a reduction in haemo-
dynamically significant rejection episodes and increased survival,
independent of its cholesterol-lowering effects1. Subsequent studies
demonstrated that certain statins could inhibit production of
specific pro-inflammatory molecules2,3,6. Lovastatin inhibited pro-
duction of TNF-a and inducible nitric oxide synthetase (iNOS) by
microglia and astrocytes2. MHC class II expression is central to
immune regulation in T-cell-mediated autoimmune disease5,7,8.
Statins prevented IFN-g-inducible MHC class II expression on
non-professional APC9, suggesting that statins might inhibit anti-
gen presentation to pro-inflammatory Th1 cells. In that study, it was
observed that statins inhibited IFN-g-inducible expression of the
MHC class II transactivator (CIITA), the master regulator for MHC
class II expression10. In endothelial cells, IFN-g-inducible CIITA
transcription was inhibited at CIITA promoter (p) IV11, which

Figure 1 Atorvastatin treatment inhibits or reverses chronic and relapsing EAE. a, Oral

atorvastatin ameliorated MOG p35–55-induced EAE in C57BL/6 mice when administered

at EAE onset (within one day of initial symptoms), or b, after acute EAE was established.

c, Oral atorvastatin prevented exacerbations of relapsing EAE induced by immunization of

SJL/J mice with PLP p139–151. d, Relapsing EAE in SJL/J mice was reversed when

atorvastatin treatment began at the onset of the first relapse. e, Limited EAE development

in MBP Ac1–11-specific TCR transgenic mice after atorvastatin treatment was

discontinued. f, PLP p139–151-induced EAE in SJL/J mice was significantly reduced by

0.1 mg kg21, but not 0.01 mg kg21 atorvastatin. Number of mice per group in each

experiment: a (7), b (14), c (10), d (10), e (7) and f (7). In a–d mice were scored and

randomized immediately before first treatment. Open circle, 1 mg kg21 atorvastatin; filled

circle, 10 mg kg21 atorvastatin; shaded circle, vehicle only (PBS). Solid bars beneath each

panel indicate atorvastatin treatment. *P value , 0.001, comparison of either

atorvastatin-treated group with vehicle-only (PBS)-treated group.
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