
A R T I C L E S

The regenerative capacity in response to injury in the mammalian
CNS is very limited, with neuronal repair being curtailed by a wide
variety of endogenous inhibitory molecules. Recent studies have
revealed a new pathway regulating axon regeneration in which com-
ponents present in myelin (e.g., MAG, OMgp and Nogo) interact with
a specific receptor complex found on neurons to prevent neurite out-
growth1–9. The receptor complex is currently thought to comprise
two components, the Nogo-66 receptor (NgR1)8 and the p75 neu-
rotrophin receptor9. The inhibitory effects on neurons is mediated by
RhoA (an intracellular regulator of the cytoskeleton), with RhoA acti-
vation correlating with the inability of axons to elongate and RhoA
inactivation with neurite outgrowth10–18. Neurons missing the p75
gene, or expressing a p75 dominant-negative construct, no longer
show RhoA activation or inhibition of neurite outgrowth in the pres-
ence of myelin components5. We have verified key aspects of this
pathway and found that OMgp can activate RhoA in cerebellar granu-
lar (CG) neurons, resulting in shorter neurites as originally
described9. However, when p75 was coexpressed with NgR1 in non-
neuronal (COS-7) cells, OMgp was unable to activate RhoA, suggest-
ing that CG neurons may possess additional determinants required
for Nogo-66 receptor signaling. While surveying several uncharacter-
ized, CNS-specific proteins for their ability to bind NgR1, we discov-
ered LINGO-1 (LRR and Ig domain-containing, Nogo Receptor-
interacting protein), and found that it can function as an additional
component of the Nogo-66 receptor complex. We propose that a ter-
nary complex of NgR1, p75 and LINGO-1 constitutes the functional
Nogo-66 receptor.

RESULTS
LINGO-1 is a nervous system-specific LRR-Ig-containing protein
LINGO-1 was discovered in a sequence database search for human
SLIT homologs that were selectively expressed in brain. Human
LINGO-1 (Fig. 1a) is a 614 amino acid protein of previously
unknown function encoded by a gene located on chromosome 15
(15q24.3; see Methods for GenBank accession numbers). The mole-
cule is the prototype of a new protein family possessing three human
paralogs; LINGO-2 (61% protein identity), LINGO-3 (56% identity)
and LINGO-4 (44% identity). LINGO-1 contains 12 leucine-rich
repeat (LRR) motifs flanked by N- and C-terminal capping domains,
one immunoglobulin (Ig) domain, a transmembrane domain and a
short cytoplasmic tail. The cytoplasmic tail contains a canonical epi-
dermal growth factor receptor-like tyrosine phosphorylation site
(residue 591). LINGO-1 is highly conserved evolutionarily, with
human and mouse orthologs sharing 99.5% identity.

The expression of LINGO-1 in human tissues was evaluated by
northern blot analysis (Fig. 1b). The molecule was highly expressed in
brain, but was not detectable in non-neural tissues. LINGO-1 expres-
sion was seen in all regions of the rat brain examined (Fig. 1c). A 
rostral-to-caudal gradient of LINGO-1 expression was observed in
the CNS, with highest levels found in cortex, and lowest levels in the
spinal cord. Taqman RT-PCR quantitation of LINGO-1 expression
from embryonic and postnatal rat brains showed expression levels
peaking at postnatal day one (P1) and decreasing thereafter into
adulthood (Fig. 1d). The expression of LINGO-1 in brain was further
localized by in situ hybridization and immunohistochemistry studies.
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Axon regeneration in the adult CNS is prevented by inhibitors in myelin. These inhibitors seem to modulate RhoA activity by
binding to a receptor complex comprising a ligand-binding subunit (the Nogo-66 receptor NgR1) and a signal transducing
subunit (the neurotrophin receptor p75). However, in reconstituted non-neuronal systems, NgR1 and p75 together are unable to
activate RhoA, suggesting that additional components of the receptor may exist. Here we describe LINGO-1, a nervous system-
specific transmembrane protein that binds NgR1 and p75 and that is an additional functional component of the NgR1/p75
signaling complex. In non-neuronal cells, coexpression of human NgR1, p75 and LINGO-1 conferred responsiveness to
oligodendrocyte myelin glycoprotein, as measured by RhoA activation. A dominant-negative human LINGO-1 construct
attenuated myelin inhibition in transfected primary neuronal cultures. This effect on neurons was mimicked using an
exogenously added human LINGO-1-Fc fusion protein. Together these observations suggest that LINGO-1 has an important role
in CNS biology.
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A R T I C L E S

From the in situ hybridization study, we observed that LINGO-1
mRNA is expressed in neurons, as LINGO-1 and βIII tubulin staining
were colocalized (Fig. 2a). Similarly by immunohistochemistry, we
observed a staining pattern consistent with the expression of LINGO-
1 in neurons (Fig. 2b). No staining was detected when the antibody
specific to LINGO-1 (anti-LINGO-1) was pre-treated with LINGO-1
protein (data not shown). As independent confirmation of the
expression in neurons, RT-PCR was performed using mRNA
extracted from primary rat culture CG neurons (Fig. 2c). LINGO-1
mRNA was detected in P2, P4 and P8 cultured CG neurons, but not in
an astrocyte culture used as control. Because the functional studies
described below were performed using P7 CG neurons, we also meas-
ured LINGO-1 expression in brain tissue from P7 rats by immunohis-
tochemistry (Fig. 2d). CG neurons were more heavily stained with
anti-LINGO-1 in the P7 brain section than in the corresponding
adult tissue (white arrows). In contrast, in the adult brain section,
Purkinje neurons were heavily stained. Furthermore, LINGO-1
expression was detected in rat spinal cord axonal tracts following
injury (Fig. 2e, white arrows). Taqman RT-PCR quantitation revealed
an approximately five-fold increase in LINGO-1 mRNA levels on 

day 14 following injury (Fig. 2f). Taken together the observed patterns
of LINGO-1 expression, that is, high specificity to the CNS, develop-
mental regulation and induction following injury, suggest an impor-
tant biological role for the molecule in CNS neuronal function.

LINGO-1 interacts with NgR1 and p75
Because NgR1 is glycosyl phosphatidylinositol (GPI)-anchored and
lacks a signaling domain, many research groups have searched for core-
ceptor(s) that would be able to transduce the inhibitory signal delivered
by the binding of myelin components to NgR1. In surveying several
uncharacterized CNS-specific proteins for their ability to complex with
NgR1, we discovered that LINGO-1 and NgR1 were able to bind to each
other. Three approaches were used to demonstrate this interaction. In
the first approach, the binding of LINGO-1 to NgR1 was tested in a
direct binding assay in which an alkaline phosphatase (AP)-LINGO-1
fusion protein was incubated with NgR1-expressing cells. Binding was
assessed using a chromogenic AP detection reagent. AP-LINGO-1
bound strongly to COS-7 cells expressing human NgR1 when com-
pared either to untransfected COS-7 cells, or to control vector-trans-
fected cells (Fig. 3a). To better quantify binding, parallel
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Figure 1  LINGO-1, a novel nervous system-specific protein. (a) The human LINGO-1 sequence; signal sequence is shown in lower case letters, predicted
transmembrane region is underlined, and * indicates Tyr591 residue. The schematic summarizes key structural elements of the LINGO-1 extracellular
domain as identified by Pfam analysis. LRR-N cap, green (residues 34–64); 12 LRR motifs, red (residues 66–353); LRR-C cap, yellow (residues
363–415); basic region, aqua (residues 416–424); Ig domain, magenta (residues 435–493); stalk region, blue (residues 494–550). (b) Northern blots
showing LINGO-1 expression in major human tissues (Clontech) and (c) rat CNS tissues (Origen). Blots were hybridized overnight at 68 °C with a 32P-
labeled LINGO-1 probe corresponding to amino acid residues 450–601. The doublet of bands for LINGO-1 mRNA results from alternative splicing in its
3′-untranslated region. (d) Taqman RT-PCR quantitation of relative LINGO-1 mRNA levels in rat brain at different development stages (mRNA level in
sample E14 = 1).
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A R T I C L E S

NgR1-transfected COS-7 cell samples were treated with serial dilutions
of AP-LINGO-1, and the resulting levels of bound AP were measured.
The value for half-maximal binding of AP-LINGO-1 to human NgR1
was approximately 6 nM (Fig. 3b). In the second approach, the interac-
tion of LINGO-1 with NgR1 was evaluated by ELISA (Fig. 3c). Plates
were coated with a soluble form of NgR1 (sNgR1) and treated with AP-
LINGO-1. AP-LINGO-1 bound efficiently to the immobilized sNgR1.
Moreover, this binding could be inhibited by up to 80% if excess sNgR1
was first added as a soluble competitor. No inhibition of binding
occurred when excess control protein was added. In the third approach,
binding of LINGO-1 to NgR1 was evaluated by a coimmunoprecipita-
tion analysis. A complex containing LINGO-1-HA was captured by an
anti-Flag antibody from COS-7 cells coexpressing LINGO-1-HA and
Flag-NgR1 (Fig. 4c, lane 12). Taken together, these results support a
direct interaction of LINGO-1 with NgR1.

If LINGO-1 functions as a coreceptor with NgR1, then coexpression
of LINGO-1 and NgR1 in non-neuronal cells might be expected to
confer responsiveness to myelin components by increasing intracellu-
lar RhoA-GTP levels. However, COS-7 cells coexpressing NgR1 and
LINGO-1 showed no changes in RhoA-GTP levels in response to

added exogenous OMgp (Fig. 4a), suggesting that the LINGO-1/NgR1
binary complex by itself was unable to transduce a signal.

We next explored the possibility that a complex containing LINGO-1/
NgR1/p75 may exist, and would be competent for signaling. Two
approaches were used to evaluate physical interactions among LINGO-
1, NgR1 and p75. First, binding was examined in an ELISA format. AP-
LINGO-1 was seen to bind weakly to p75-expressing cells (Fig. 4b) and,
as previously reported9, AP-p75 was found to bind weakly to NgR1-
expressing cells (Fig. 4b). Second, binding of LINGO-1 to NgR1 and p75
was evaluated by coimmunoprecipitation analysis (Fig. 4c). p75 was
immunoprecipitated from COS-7 cells coexpressing either p75/Flag-
NgR1 or p75/HA-LINGO-1 with anti-Flag tag (lane 1) or anti-LINGO-
1 (lane 7), respectively, indicating that it can form bimolecular
complexes with both NgR1 and LINGO-1. Formation of the NgR1-p75
complex was not affected by the presence of LINGO-1 (lane 5); the
LINGO-1-p75 complex was not affected by NgR1 (lane 6), and the
LINGO-1-NgR1 complex was not affected by p75 (lane 13). The lack of
competition indicates that each protein can bind the other two simulta-
neously, and implies that they can form a ternary complex. If this com-
plex is physiologically relevant, LINGO-1, NgR1 and p75 ought to
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Figure 2 Expression of LINGO-1 in the rat nervous system. (a) In situ hybridization of LINGO-1 and βIII tubulin in adult rat brain, dorsal root ganglion (DRG)
and spinal cord sections. Blue, DAPI staining; red, probed with LINGO-1 antisense and sense mRNA; green, stained with anti-βIII tubulin antibody. Yellow
and orange colors reflect the merging of the LINGO-1 and βIII tubulin stains. (b) IHC staining of LINGO-1 and βIII tubulin in adult rat brain cerebellum. (c)
RT-PCR analysis (26 cycles) of LINGO-1 mRNA expression in primary rat P2, P4 and P8 CG neuron and control P4 astrocyte cultures. 
(d) Immunohistochemical staining of LINGO-1 in adult and P7 rat brain cerebellum sections (brown, stained with anti-LINGO-1; blue, stained with
hematoxylin). (e) Immunohistochemical staining of LINGO-1 in cross sections of the ventral horn in normal and injured spinal cord 10 mm rostral to the site
of injury (10 d after injury). (f) Taqman RT-PCR quantitation of LINGO-1 mRNA levels in injured spinal cord. Scale bars (a, b, d, e) = 100 µm.

©
20

04
 N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

up
  

ht
tp

://
w

w
w

.n
at

ur
e.

co
m

/n
at

ur
en

eu
ro

sc
ie

nc
e



A R T I C L E S

coexist in vivo within the same cell types. Previously, p75 and NgR1 were
colocalized in dorsal root ganglion neurons19. We extended this analysis
by using confocal microscopy of P7 rat CG neurons, probing with anti-
bodies to LINGO-1, p75 and NgR1 (Fig. 4d). We found that LINGO-1,
NgR1 and p75 were colocalized in the majority of neurons examined.

RhoA activation in LINGO-1/NgR1/p75-transfected COS cells
To evaluate whether LINGO-1/NgR1/p75 together can mediate the
inhibitory activities of myelin, we transfected COS-7 cells with various
combinations of LINGO-1, NgR1 and p75 and measured RhoA-GTP

levels in the presence or absence of OMgp. Only COS-7 cells coexpress-
ing LINGO-1, NgR1 and p75 showed increased RhoA-GTP levels in
response to AP-OMgp (Fig. 5a); other binary combinations of these
three components were ineffective (NgR1/p75, LINGO-1/NgR1 and
LINGO-1/p75, Fig. 4a). MAG-Fc and Nogo-66 GST treatment in place
of AP-OMgp produced similar results (data not shown). In these exper-
iments we confirmed expression of LINGO-1, NgR1 and p75 using
western blots of the COS-7 lysates (Fig. 5b).We next examined the bind-
ing of myelin-derived inhibitors to NgR1-transfected COS-7 cells alone,
in the presence of coexpressed p75, and in the presence of coexpressed
p75 and LINGO-1 (Fig. 5c). Inhibitor binding was equivalent in all
cases, suggesting that NgR1 is the major inhibitor-binding component
of the receptor complex. We also examined the binding of myelin-
derived inhibitors to LINGO-1-transfected COS-7 cells and COS-7 cell
transfected with LINGO-1 and p75. No inhibitor binding to LINGO-1
or LINGO-1/p75 expressing cells was observed (data not shown). The
combined results support a model whereby a complex containing NgR1,
LINGO-1 and p75 is required for RhoA regulation by NgR1 ligands.

LINGO-1 mediates the activity of myelin inhibitors
The cytoplasmic domain of LINGO-1 contains a canonical EGFR-
like tyrosine phosphorylation site and thus has the potential for
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Figure 4  LINGO-1 interacts with NgR1 and p75. (a) RhoA activation assay of CG neurons and of COS-7 cells transfected with p75/NgR1, LINGO-1/p75 or
LINGO-1/NgR1 in the presence or absence of AP-OMgp. (b) AP-LINGO-1 binding to COS-7 cells expressing rat p75 and human NgR1. 
(c) Coimmunopreciptaton of LINGO-1, p75 and NgR1 by anti-Flag tag or rabbit anti-LINGO-1 from COS-7 cells coexpressing combinations of Flag-NgR1,
p75, HA-LINGO-1 or Flag-BaffR. BaffR was used as a specificity control. Lane 9, total cell lysate, no IP. (d) Colocalization of p75, NgR1 and LINGO-1 in
P7 CG neurons by confocal microscopy (scale bar = 100 µm).

Figure 3 LINGO-1 binds NgR1. (a) AP-LINGO-1 binding to COS-7 cells
expressing human NgR1 compared to control cells. The non-homogenous
staining pattern reflects incomplete transfection (transfection efficiency
∼ 50%, scale bar = 100 µm). (b) The value for half-maximal binding of AP-
LINGO-1 to human NgR1 was approximately 6 nM. (c) ELISA of AP-LINGO-
1 binding to immobilized sNgR1. Binding to control-Fc (dashed line).
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direct or indirect involvement in signaling. To evaluate the impor-
tance of the cytoplasmic domain, we reasoned that a truncated form
of LINGO-1 deleted for this region might function as a dominant
negative by forming an unproductive complex with NgR1 and p75
which would be incapable of signaling. To test this possibility, we
transfected P7 rat CG neurons with either a construct directing the
expression of a dominant negative (DN)-LINGO-1, or with a vector
control, and looked for cellular responses to inhibitory myelin com-
ponents. DN-LINGO-1-transfected neurons showed diminished
responses to inhibitory substrates, as is evident by the presence of
longer neurites than those observed in control cells transfected with
vector alone (Fig. 6a,b). Neurite outgrowth was not effected in DN-
LINGO-1 transfected CG neurons in the absence of added myelin
inhibitor. Furthermore, when CG neurons were transfected with
full-length (FL)-LINGO-1 and analyzed for neurite outgrowth, the
neurons were more responsive to the myelin inhibitors as evident by
their shorter length (Fig. 6a,b). These observations are consistent
with DN-LINGO-1 disrupting the function of the LINGO-
1/NgR1/p75 complex, and thus attenuating the neurite outgrowth
inhibition caused by myelin components. We then anticipated that
exogenously added LINGO-1-Fc would interfere with the complex
formation and block the action of the inhibitory substrates.
LINGO-1-Fc reduced the neurite outgrowth inhibition caused by
OMgp, Nogo-66 and MAG (Fig. 6c,d). DN-LINGO-1 and LINGO-
1-Fc were also tested for their effects on OMgp-dependent RhoA
activation in CG neurons (Fig. 6e). Both treatments resulted in
lower RhoA-GTP levels than was observed in untreated control CG
neurons. p75-Fc also can block the effects of myelin-derived
inhibitors9. p75-Fc, like LINGO-1-Fc, presumably functions by
blocking the formation of the functional complex of LINGO-1, p75
and NgR1 that is required for signaling.

DISCUSSION
In the adult PNS, cut axons can reseal their ends, form growth cones,
extend, and reattach to their targets. In contrast, cut axons in the adult
CNS reform growth cones but fail to re-grow to any significant extent.
Since CNS axons are able to regenerate when exposed to the PNS
environment20–23, it is thought that axon regeneration in the CNS is
prevented by the presence of inhibitory molecules associated with
CNS myelin. Three inhibitory components of CNS myelin have been
identified: Nogo-66, MAG and OMgp. All seem to act through bind-
ing to a Nogo-66 receptor complex currently thought to comprise a
ligand-binding subunit (NgR1) and a signal transducing subunit that
was recently-identified as p75 (ref. 9). Whereas p75 contributes to
Nogo pathway signaling, NgR1 and p75 together are unable to form a
functional receptor in a reconstituted non-neuronal system, indicat-
ing that additional component(s) are required. In the present study
we identified a novel nervous system-specific transmembrane pro-
tein, LINGO-1, that binds both NgR1 and p75. This binding was
observed both in direct binding assays and also in immunoprecipita-
tion experiments. The functional significance of these interactions
was examined in a reconstituted non-neuronal system in which COS-
7 cells were transfected with combinations of NgR1, p75 and LINGO-

A R T I C L E S

1. Triply transfected cells responded to OMgp by activating RhoA, but
no activation occurred when binary pairs of NgR1/p75, LINGO-1/p75
or NgR1/LINGO-1 were tested (although we cannot conclude that
such binary complexes do not have roles in vivo). In experiments
using CG neurons in vitro, both a dominant-negative transmembrane
form of LINGO-1 and also a soluble LINGO-1-Fc construct were able
to reverse the inhibitory effects of OMgp on neurite outgrowth.

LINGO-1 is selectively expressed in brain. A rostral-to-caudal gra-
dient of expression was observed with highest levels in cortex and
lowest levels in spinal cord. These findings for LINGO-1 expression
are similar to expression profiles published previously for NgR1 
(ref. 24), supporting the idea that LINGO-1 and NgR1 may be func-
tionally coupled. In contrast, p75 is more widely expressed25–28. The
more diverse expression patterns for p75 suggests that its functions
are not limited to the NgR1 pathway. Indeed, it was previously
demonstrated that p75 can bind ganglioside 1Tb and that formation
of the ganglioside 1Tb/p75 complex confers responsiveness to myelin
inhibitors13. Furthermore, others have shown that p75 can form a
complex with Trk proteins and these complexes confer responsiveness
to neurotrophins25. The fact that different coreceptors bind and sig-
nal through p75 to activate RhoA may explain why p75 can have such
diverse functions.

In addition to NgR1 and LINGO-1, two other members of the NgR
family and three of the LINGO family have been identified. While the
expression profiles for NgRH1 and NgRH2 are similar to that of
NgR129,30, little is known about their function. They do not seem to
bind to Nogo 66, MAG or OMgp. Even less is known about LINGO-2,
-3 and -4. An examination of the tissue distribution of the four
LINGOs in EST databases revealed that LINGO-2, -3 and -4 mRNAs
were each much less abundant than LINGO-1 mRNA (relative abun-
dance of 1, 0.1, 0.05 and <0.01 for LINGO-1, -2, -3 and -4, respec-
tively). The other members of the LINGO family were expressed
throughout the body with low levels in the nervous system, as com-
pared to selective high-level nervous system expression of LINGO-1
(data not shown). We infer from an RNAi study that the contribu-
tions of LINGO-2, -3 and -4 to the NgR1/p75 pathway in neurons are
minimal, since ablation of LINGO-1 expression with RNAi produced
a significant increase in neurite outgrowth in the presence of myelin
inhibitors (data not shown). The biological roles of LINGO-2, -3 and
-4 thus remain to be established.

NATURE NEUROSCIENCE VOLUME 7 | NUMBER 3 | MARCH 2004 225

Figure 5  NgR1, p75 and LINGO-1 expression activates RhoA and
transduces an inhibitory signal for neurite outgrowth. (a) RhoA-GTP levels
in COS-7 cells coexpressing NgR1/p75 or NgR1/p75/LINGO-1, in the
presence or absence of AP-OMgp. (b) Western blot using antibodies against
NgR1, p75 and LINGO-1 in COS-7 cells coexpressing combinations of
NgR1, p75 and LINGO-1. (c) AP-OMgp, AP-Nogo-66 binding to COS-7
cells expressing NgR1, NgR1/p75 or NgR1/p75/LINGO-1.

©
20

04
 N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

up
  

ht
tp

://
w

w
w

.n
at

ur
e.

co
m

/n
at

ur
en

eu
ro

sc
ie

nc
e



A R T I C L E S

Since the discovery of the LRR motif in α2-glycoprotein almost 20
years ago31, there has been an explosion in the number of identified
LRR-containing proteins. This extended protein family is involved in
diverse biological processes, with some members functioning as
membrane-associated adhesion molecules, some as transmembrane
receptors, and still others as soluble binding proteins or ligands. For
the LRR-containing proteins preferentially expressed in the CNS
(e.g., OMgp5, NgR18, NgRH1 and NgRH229,30, SLIT32, AMIGO-133,
Alivin-134 and NGL-135), many participate in important neuronal
physiology; such as fasciculation (AMIGO-1), axon growth inhibi-
tion (NgR1, OMgp), neuronal survival (Alivin-1) and axon guidance
and repulsion (SLIT and NGL-1). LINGO-1 is the newest example of
a nervous system-specific LRR protein. Here we show that LINGO-1
interacts with both NgR1 and p75 to constitute a functional receptor
for myelin-derived inhibitors. The binding of LINGO-1 to NgR1,
p75 or to both together during CNS development or in response to
injury, may modulate RhoA activation status in neurons, and thus
control axon growth and extension. Together, the data accumulated
for LINGO-1 suggest that the molecule is an important component
of the NgR1/p75 receptor complex, and that LINGO-1-derived
products may have therapeutic applications for CNS injury.

METHODS
Purification of LINGO-1 reagents. LINGO-1-Fc (residues 1–532 of human
LINGO-1 fused to the hinge and Fc region of human IgG1) was expressed in
CHO cells and purified on Protein A Sepharose (Phamacia). The purified pro-
tein (>95% pure) ran on SDS-PAGE with Mr = 90 kDa under reducing condi-
tions and Mr = 180 kDa under non-reducing conditions. AP-LINGO-1
(human placental AP with an N-terminal six-histidine-tag, fused at its C ter-
minus to human LINGO-1 residues 34–532) was expressed in CHO cells. The
protein was purified to >95% homogeneity on TMAE-Fractogel (EM
Industries) and Ni-NTA Agarose (Qiagen). Similar strategies were used for the
construction, expression and purification of AP-OMgp, OMgp-Fc, AP-p75
and AP-control. For these reagents, the entire ectodomains of OMgp (residues
18–392) and p75 (residues 30–243) were used. Myelin was purified from
bovine brain as previously described5.

RhoA assay. LINGO-1-, p75- and NgR1-transfected COS-7 cells were treated
with ligands for 5 min, lysed in 50 mM Tris-HCl (pH 7.5), 1% Triton X-100,
0.5% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 10 mM MgCl2, plus
protease inhibitors, and processed as described36. GTP-bound and total RhoA
proteins were detected by western blotting using a monoclonal antibody spe-
cific to RhoA (Santa Cruz)36.

Immunohistochemistry. 4% paraformaldehyde-fixed rat brain sections or
CG neurons were incubated with the antibodies indicated, followed by treat-
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Figure 6 LINGO-1 is required for the inhibitory activities of myelin inhibitors. (a,b) Neurite outgrowth of DN-LINGO-1, FL-LINGO-1 and vector-control-
transfected CG neurons in the presence or absence of OMgp, myelin or Nogo-66. (c,d) Effects of LINGO-1-Fc on neurite outgrowth on myelin-derived
proteins. Neurite lengths were quantified in b and d from 1,000 neurons per treatment group from two independent experiments. (e) Effects of DN-LINGO-
1 and LINGO-1-Fc on RhoA activation in CG neurons cultured in the presence of OMgp. Scale bars (a, c) = 100 µm.
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A R T I C L E S

ment with Alexa-labeled (Molecular Probes) secondary antibodies. Sections
were mounted in Vectashield and visualized by fluorescence/light microscopy.
Anti-LINGO-1 antibody was generated from a human Fab phage display
library (Morphosys).

Taqman RT-PCR for LINGO-1. mRNA extracted (Ambion kit) from rat
brains or injured spinal cord were subjected to Taqman RT-PCR using for-
ward primer (CTTTCCCCTTCGACATCAAGAC), reverse primer
(CAGCAGCACCAGGCAGAA) and FAM-labeled probe (ATCGCCACCAC-
CATGGGCTTCAT). The primers and FAM-labeled probe were designed
using Primer Express v1.0 (Applied Biosystems).

Semi-quantitative PT-RCR. mRNA extracted (Ambion kit) from rat brains
was subjected to RT-PCR using forward primer (AGAGACATGCGATTG-
GTGA) and reverse primer (AGAGATGTAGACGAGGTCATT).

In situ hybridization. Rat brain, spinal cord and dorsal root ganglia frozen sec-
tions were prepared and processed as described37, and were probed with
digoxigenin-labeled LINGO-1 anti-sense and sense RNA. Sections were
stained using the TSA plus fluorescence anti-digoxigenin conjugated antibod-
ies kit (Perkin Elmer) following the manufacturer’s instructions.

AP-binding assay. 90% confluent COS-7 cells were transfected with NgR1
expression plasmid using Fugene 6 reagents (Roche). After 48 h, the transfected
cells were washed with HBH (Hank’s balanced salt buffer, 1 mg/ml BSA, 20 mM
HEPES, pH 7.0), incubated for 1.5 h at 23 °C with 4 µg/ml of AP-LINGO-1 or
other AP-fusions in HBH, and processed as described38. Bound AP-LINGO-1
was detected directly by incubation with NBT/BCIP (Roche) or following
extraction/lysis of the cells38. In selected studies, COS-7 cells were transfected
with NgR1 and p75, or with NgR1, p75 and LINGO-1 and analyzed for AP-
OMgp or AP-Nogo-66 binding by the method described for AP-LINGO-1.

ELISA. ELISA plates (Costar) coated with 10 µg/ml soluble NgR1 (rat NgR1
ectodomain fused to the hinge and Fc of rat IgG1) and blocked, were incubated
at 4 °C overnight with 4 µg/ml AP-LINGO-1 that was pre-treated for 2 h with
serial dilutions of competitor (sNgR1 or control Fc). The plates were washed
with PBS plus 0.05% Tween-20, and bound AP was detected with 4-nitrophenyl
phosphate32. Sonic hedgehog-Fc (rat-Ig1) was used as a specificity control.

Primary CG neuron cultures. Labtek culture slides (8 well) were coated with
0.1 mg/ml poly-D-lysine (Sigma) before spotting with OMgp-Fc (200 ng/well),
Nogo-66-GST (200 ng/well) or myelin alone (500 ng/well); or with LINGO-1-
Fc (2 µg/well) or control-Fc (human IgG1-hinge-CH2CH3 portion of fusion
protein) in the presence of AP-OMgp (100 ng/well), MAG-Fc (100 ng/well,
R&D Systems) or Nogo-66-GST (100 ng/well). The slides were dried overnight.
CG neurons (1 × 105 cells/well) from P7 rats were dissociated and seeded onto
the slides, and incubated at 37 °C in 5% CO2 for 24 h. The slides were fixed in
4% paraformaldehyde/20% sucrose and stained with anti-βIII-tubulin
(Covance TUJ1). CG neurons were transfected with DN-LINGO-1, and vector
control using the Nucleofector Kit from Amaxa Biosystems. The expression
vectors transfected also carried the gene for green fluorescent protein (GFP).
Transfection efficiencies (50–70%) were determined by monitoring GFP
expression. DN-LINGO-1 expression was verified by western blotting.

Confocal microscopy. 4% paraformaldehyde-fixed rat P7 CG neurons (48 h
cultures) were incubated with human anti-LINGO-1 Fab, goat anti-NgR1
(Santa Cruz) or rabbit anti-p75 (Chemicon), then with the appropriate Alexa-
labeled secondary antibodies (Molecular Probes), and visualized by confocal
fluorescence microscopy.

Immunoprecipitations and western blots. COS-7 cells (100 mm dishes)
were transfected with LINGO-1, NgR1 and p75. The cells were harvested
after 48 h and lysed in 1 ml lysis buffer (50 mM HEPES, pH 7.5, 150 mM
NaCl, 1.5 mM MgCl2, 1 mM EGTA, 1% Triton X-100 and 10% glycerol) for
30 min at 4 °C. After centrifugation at 14,000g for 15 min, the supernatants
were incubated with ProteinA/G-Sepharose beads (Santa Cruz) at 4 °C for 
1 h, and then incubated at 4 °C for 1 h with either anti-Flag M2 affinity gel
(Sigma), anti-HA affinity matrix (Roche) or affinity-purified rabbit anti-

LINGO-1 antibody (raised against LINGO-1-Fc and purified on AP-
LINGO-1 Sepharose) plus Protein A/G-Sepharose beads. The beads were
washed three times with lysis buffer, boiled in Laemmli sample buffer, sub-
jected to 4–20% SDS-PAGE, and analyzed by western blotting with the fol-
lowing antibodies: anti-Flag M2-HRP (Sigma), anti-HA-HRP (Roche),
anti-p75 (Promega) or anti-LINGO-1 (Biogen). The p75 and LINGO-1 anti-
bodies were visualized using anti-rabbit IgG-HRP.

Spinal cord injury. All animal procedures were approved by the Biogen Idec
Animal Care and Use Committee. Female Long-Evans rats (190–210 g, Charles
River, Wilmington, Massachusetts) were anesthetized using 2.5 mg/kg
Midazolam, i.p. and 2–3% fluothane in O2 and a dorsal laminectomy was per-
formed at spinal level T6 and T7. A dorsal hemisection was performed, com-
pletely interrupting the main dorsomedial and the minor dorsolateral
corticospinal tract (CST) components. Animals were killed and tissues
removed for LINGO-1 expression analysis.

GenBank accession numbers. LINGO-1, AAH11057; LINGO-2, CAC22713;
LINGO-3, CAD48672; LINGO-4, AL589765.
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