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LINGO-1 antagonist promotes spinal cord remyelination
and axonal integrity in MOG-induced experimental
autoimmune encephalomyelitis
Sha Mi1,7, Bing Hu2,7,8, Kyungmin Hahm1, Yi Luo1, Edward Sai Kam Hui6, Qiuju Yuan2, Wai Man Wong2,
Li Wang 2, Huanxing Su2, Tak-Ho Chu2, Jiasong Guo2, Wenming Zhang2, Kwok-Fai So2–4, Blake Pepinsky1,
Zhaohui Shao1, Christilyn Graff1, Ellen Garber1, Vincent Jung1, Ed Xuekui Wu6 & Wutian Wu2,3,5,7
Demyelinating diseases, such as multiple sclerosis, are characterized by the loss of the myelin sheath around neurons, owing to
inflammation and gliosis in the central nervous system (CNS). Current treatments therefore target anti-inflammatory mechanisms
to impede or slow disease progression. The identification of a means to enhance axon myelination would present new therapeutic
approaches to inhibit and possibly reverse disease progression. Previously, LRR and Ig domain–containing, Nogo receptor–
interacting protein (LINGO-1) has been identified as an in vitro and in vivo negative regulator of oligodendrocyte differentiation and
myelination. Here we show that loss of LINGO-1 function by Lingo1 gene knockout or by treatment with an antibody antagonist of
LINGO-1 function leads to functional recovery from experimental autoimmune encephalomyelitis. This is reflected biologically by
improved axonal integrity, as confirmed by magnetic resonance diffusion tensor imaging, and by newly formed myelin sheaths, as
determined by electron microscopy. Antagonism of LINGO-1 or its pathway is therefore a promising approach for the treatment of
demyelinating diseases of the CNS.

In multiple sclerosis, the myelin and oligodendrocytes of brain and
spinal cord white matter are the targets of T cell–mediated immune
attacks1, resulting in demyelination and the consequent progressive
disabilities and paralysis. Immunomodulatory and immunosuppressive agents can slow, but not reverse, disease progression2–4,
pointing to the need to develop new treatment paradigms that involve
myelin repair.
Recently, we demonstrated that LINGO-1 is a key negative regulator
of oligodendrocyte differentiation and myelination5,6. In vitro, the
overexpression of LINGO-1 inhibits oligodendrocyte differentiation
and myelination, whereas attenuation of its function with a dominantnegative allele of Lingo1, Lingo1 RNA-mediated interference, soluble
LINGO-1, or LINGO-1 antagonist antibody (anti-LINGO-1) enhances
oligodendrocyte differentiation and myelination6. LINGO-1 has been
shown to have a role in oligodendrocyte differentiation and myelination in vivo through the analysis of Lingo1-knockout and transgenic
mice6,7. These studies suggest that inhibition of LINGO-1 function
could comprise a therapeutic approach for the treatment of demyelinating disease.
Myelin oligodendrocyte glycoprotein (MOG)-induced murine
experimental autoimmune encephalomyelitis (EAE) is a widely
accepted model for studying the clinical and pathological features of

multiple sclerosis. The model has previously been used to demonstrate that fostering remyelination can be effective in moderating
disease progression4. Approaches that enhance myelination include
the promotion of oligodendrocyte precursor cell (OPC) differentiation8–11 and the transplantation of OPCs, Schwann cells,
olfactory ensheathing cells and neural stem cells into primary demyelinated lesions12. Here, we demonstrate that blocking LINGO-1
function, either through Lingo1 knockout or through treatment
with anti-LINGO-1, promotes functional recovery in the EAE
model. Additionally, this functional recovery is correlated with
improved axonal integrity and axonal myelination, as visualized by
magnetic resonance diffusion tensor imaging (DTI) and electron
microscopy, respectively.
Lingo1-knockout mice show earlier onset of myelination of
CNS axons than the wild type, with no apparent developmental or
behavioral abnormalities6, suggesting that a LINGO-1 antagonist could
be developed into an effective and specific therapeutic approach for
treating demyelinating diseases. To test this hypothesis, we first
determined whether Lingo1-knockout mice show greater resistance to
the development of MOG-induced EAE than wild-type mice. An EAE
score, which quantifies disease progression by measuring motor
dysfunction, was used as a surrogate indicator of demyelination.
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Both wild-type (WT) and Lingo1-knockout mice developed more often in the demyelinated areas of WT than in those of knockout
EAE symptoms; however, EAE scores were significantly lower in EAE mice (arrows in Fig. 1e). In WT mice, damaged myelin sheaths
Lingo1-knockout mice throughout all stages of disease progression often had loose and separated layers or degraded sheath structures
(arrows in Fig. 1f, left panel) or were completely absent (Fig. 1g, left
(P o 0.02; Fig. 1a).
EAE is a complex model for demyelination, as it involves both panel). In contrast, Lingo1-knockout EAE animals showed an abunimmune and neurological components12. Although the evidence to dance of newly formed myelin sheaths that were notably thinner
date indicates a CNS-specific role for LINGO-1, the possibility (arrowheads in Fig. 1f,g). Quantitative analysis of myelinated axons
remains that loss of LINGO-1 moderates EAE by altering the genera- indicated that there were more myelinated fibers in Lingo1-knockout
tion and the infiltration into the CNS of encephalogenic T cells EAE mice than in the WT EAE controls (P ¼ 0.0002; Fig. 1h). The
involved in EAE pathology. These possibilities can be excluded by combined data show that LINGO-1 deficiency probably results in an
testing for functional differences between T cells from WT and altered CNS compartment in which remyelination is encouraged. The
knockout mice, followed by examination of the ability of encephalo- deficiency did not influence the ability of encephalogenic T cells and
genic T cells from WT and knockout mice to confer EAE through inflammatory immune effector cells to cause EAE.
The mitigation of EAE progression in Lingo1-knockout mice
adoptive transfer. We isolated T cells from both WT and Lingo1knockout mice after MOG immunization and measured their pro- suggests that exogenous means, such as the use of antibody antagoliferation and cytokine release after MOG stimulation. As expected, nists to block endogenous LINGO-1 function, could slow EAE
LINGO-1 deficiency did not alter Lingo1-knockout T-cell responses to progression. Anti-LINGO-1 is an IgG1-isotype antibody that binds
MOG in the proliferation assay as compared to the WT control specifically to LINGO-1 (Supplementary Fig. 1 online) to promote
(Fig. 1b). Also, there was no difference in the amounts of cytokines oligodendrocyte differentiation and myelination in vitro (S.M.,
(interleukin (IL)-2, IL-4, IL-5, IL-6, IL-10, IL13, IL-17, tumor necrosis factor (TNF)-a,
WT
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Figure 1 Lower EAE clinical scores and
increased remyelination in MOG-induced EAE
Lingo1-knockout mice. (a) Mean clinical
scores of MOG-induced EAE in WT and
LINGO-1–deficient mice. *P o 0.02. (b) T-cell
proliferation response in the presence of MOG
as determined by 3H-thymidine incorporation.
(c) Adoptive transfer of EAE into WT mice by
MOG-immunized encephalogenic T cells isolated
from Lingo1-knockout or WT mice. (d) Adoptive
transfer of EAE in Lingo1-knockout mice or WT
mice by encephalogenic T cells isolated from WT
mice. *P o 0.006. (e–g) EM images showing
remyelination in the lumbar spinal cords of
Lingo1-knockout mice (right) and demyelination
in WT control mice (left). (h) Quantification of
toluidine blue–stained sections, showing
significantly more myelinated axons in the
spinal cords of Lingo1-knockout EAE mice
(n ¼ 7) than in WT EAE mice (n ¼ 6).
*P ¼ 0.0002. KO, knockout.
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The decreased EAE severity after anti-LINGO-1 antagonist treatment indicates improved axonal function and integrity, which can be
visualized by DTI. We collected DTI images of the lumbar segments of
post-fixed spinal cords. Low fractional anisotropy values were
obtained from the dorsal area of the spinal cord in IgG control–
treated EAE rats (Fig. 2c, top center), which correlated with the
demyelination area seen in the toluidine blue–stained section (Fig. 2c,
bottom center). In contrast, substantially higher fractional anisotropy
values were obtained from anti-LINGO-1–treated (Fig. 2c, top right)
or normal control (Fig. 2c, upper left) rats, which correlated with the
relatively normal myelination seen in the histological sections (Fig. 2c,
bottom right or left, respectively). Fractional anisotropy values from
projection DTI images of the anti-LINGO-1–treated group (Fig. 2d,
right) were significantly higher than those of the IgG control–treated
group (Fig. 2d, left, and Fig. 2e; P ¼ 0.0034), indicating improved
axonal health and remyelination. Similarly, spinal cords obtained
from mice that had systemic intraperitoneal delivery of antiLINGO-1 had higher fractional anisotropy values than the isotype
antibody control group (P ¼ 0.0083; Fig. 2f). The health of remyelinated axons was also confirmed by immunostaining for amyloid-b
precursor protein (APP), a marker for axonal damage shown to be
increased in multiple sclerosis lesions15. Fewer
APP-positive elements were observed in the
white matter of the anti-LINGO-1–treated
IgG control n = 8
EAE spinal cords than in that of the IgG
Anti-Lingo-1 n = 9
control–treated
cords
(Supplementary
Fig. 2 online). This LINGO-1 functional
antagonist therefore has potential therapeutic
efficacy whether it is delivered locally or
systemically and is efficacious before or after
the manifestation of EAE symptoms.
We next determined whether the apparent
Time (d) after immunization
functional improvement after anti-LINGO-1
treatment (indicated by lowered EAE scores
Anti-LINGO-1
and increased DTI image densities) correlates

unpublished data). Here, we tested whether LINGO-1 antagonist
antibody can promote functional recovery and myelination in the
rat EAE model. We first determined whether the local delivery of antiLINGO-1 can be prophylactic for the onset or the progression of EAE.
Anti-LINGO-1 was introduced 3 d after MOG immunization by
intrathecal delivery by osmotic pump, and the experiment was
stopped after 36 d for tissue examination by histology and electron
microscopy. Similarly to the results in Lingo1-knockout mice, antiLINGO-1 did not alter EAE onset, but did significantly mitigate
disease severity across all stages of disease progression, in comparison
to an isotype antibody control or a no-treatment control, as indicated
by EAE scores (P o 0.05; Fig. 2a).
Bolstered by the prophylactic data, we undertook a more clinically
relevant assessment of the therapeutic potential of LINGO-1 antagonism in rats already exhibiting EAE symptoms. MOG-induced rats with
EAE scores of 1.0 were treated with either anti-LINGO-1 or an isotype
control antibody delivered systemically by intraperitoneal injection.
After a 2-week treatment, the anti-LINGO-1 group showed significantly lower EAE scores than the control group (P o 0.05; Fig. 2b).
Most notably, disease progression appeared stabilized, with a perceptible downtrend (Fig. 2b).
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Figure 2 Treatment with an antibody antagonist
to LINGO-1 function leads to functional recovery
and increased integrity of axons in MOG-induced
EAE rats. (a) Local delivery of anti-LINGO-1 or
IgG control antibody, or no treatment, before the
onset of clinical EAE symptoms. P o 0.05.
(b) Two-week systemic treatment with
anti-LINGO-1 or IgG control after the onset of
clinical EAE. P o 0.05. Arrows indicate dosing
regimen. (c) DTI images (top) from normal (left),
IgG control–treated (center) and anti-LINGO1–treated (right) rats matched with toluidine
blue–stained semi-thin spinal cord transverse
sections (bottom, from left to right, respectively).
(d) Projection DTI images of lower thoracic and
lumbar spinal cords, showing a weak DTI signal
in the dorsal column of the lumbar region from
IgG control–treated rats (arrows, left) and an
increased DTI signal in anti-LINGO-1–treated rats
(arrows, right). (e) Fractional anisotropy values
from the dorsal spinal cord areas of rats treated
by local delivery of antibody before the clinical
onset of EAE symptoms (n ¼ 7 in each group).
*P ¼ 0.0034. (f) Fractional anisotropy values
from the dorsal spinal cord areas of spinal cords
from rats treated by systemic delivery of antibody
after the clinical onset of EAE symptoms (n ¼ 7
in each group). *P ¼ 0.0083.
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Figure 3 Histochemical detection of
remyelination after LINGO-1 antibody treatment.
(a) Paraffin spinal cord sections from normal
(left), IgG control–treated (center) and
anti-LINGO-1–treated (right) animals were
stained with LFB. Blue areas indicate
myelination, whereas pale areas indicate
demyelination (arrows indicate the dorsal column
of spinal cord). (b,c) Toluidine blue staining of
1-mm semi-thin sections to visualize myelination
in normal (left), IgG control–treated EAE (center)
or anti-LINGO-1–treated EAE (right) animals.
(d,e) Anti-LINGO-1 treatment significantly
reduced the demyelinated areas (*P o 0.05)
and increased the amount of myelinated axons
(*P o 0.002) compared to the results of IgG
control treatment.

with real morphological changes in the myelination of the affected
lumbar spinal cord. Luxol fast blue (LFB) staining was used to
visualize myelinated regions (Fig. 3). In transverse paraffin spinal
cord sections from normal rats (Fig. 3a, left), blue areas indicate
intact myelin, whereas pale areas indicate demyelination. Poor LFB
staining, or extensive myelin loss, was clearly evident in the controltreated animals (Fig. 3a, center). In contrast, increased LFB staining
was seen with anti-LINGO-1 treatment (Fig. 3a, right). Demyelination in the lumbar spinal cord of the anti-LINGO-1–treated
EAE rat group was five times lower than in the control group
(P o 0.05, Fig. 3d).
Toluidine blue–stained sections were used to visualize myelinated
rat axons by light microscopy (Fig. 3b,c). Loss of myelin was apparent
in the control-treated axons (Fig. 3b,c, center), whereas more myelinated and/or remyelinated axons were found in anti-LINGO1–treated rats (Fig. 3c, right). These newly formed myelin sheaths
were thinner than those in the normal control (Fig. 3c, left).
Quantitative analysis of myelinated axons revealed significantly fewer
myelinated axons in the isotype antibody control–treated group than
in the anti-LINGO-1–treated group (P o 0.002, Fig. 3e).
Electron microscopy was used to demonstrate increased axon
remyelination in anti-LINGO-1–treated rats as compared to controltreated rats. After IgG control treatment, oligodendrocytes were
clearly in physical contact with naked axons but were unable to
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re-form myelin sheaths in demyelinated white
matter regions (Fig. 4a,b, left). In contrast,
after anti-LINGO-1 treatment, oligodendrocytes were in contact with surrounding axons
and were able to form myelin sheaths
(Fig. 4a,b, right). Notably, we observed
substantially more oligodentrocyte remyelination in the area closer to the site of antibody
delivery than in more distant regions, which
further suggests that this remyelination is
specifically induced by anti-LINGO-1 (data
not shown). The presence of thinly myelinated axons in demyelinated areas provides
strong evidence that anti-LINGO-1 treatment
promotes axon remyelination. Indeed, different remyelination phases were observed
in which axons were undergoing initial
wrapping, partial remyelination and almost
complete remyelination (Fig. 4c, top) in
anti-LINGO-1–treated animals. We observed
a morphological structure that is typical of newly formed myelination,
in which the outer (Co) and inner (Ci) ends of the spiraling
cytoplasmic processes of oligodendrocytes (Fig. 4c, bottom left) are
wrapped around axons (Fig. 4c, bottom left and right) in antiLINGO-1–treated animals. Similarly, intraperitoneal delivery of antiLINGO-1 also resulted in a considerable increase in the amount thinly
remyelinated axons (data not shown).
The clinical manifestations of MOG-induced EAE, which mirror
multiple sclerosis, result from an autoimmune inflammatory component and a neurological component that involves demyelination and
axon loss16. New approaches that focus on the neurological components of myelination and axon survival are beginning to be
explored12,17,18. In the present study, we demonstrate that diminished
LINGO-1 function in mice and rats (caused by Lingo1 knockout or
treatment with LINGO-1 antagonist antibody) alleviates the symptoms of clinical neuropathology associated with MOG-induced EAE.
Aside from the lower EAE scores observed in these mice and rats,
physiological improvements in axonal integrity were revealed by
DTI, and at the cellular level, enhanced and new myelination were
revealed by histological staining and electron microscopy, respectively.
The effect of LINGO-1 antagonism appears to be CNS specific, as
LINGO-1 deficiency did not affect the induction phase of EAE, as
shown by T-cell proliferation assays and by the release of T-cell
cytokines after MOG immunization. Also, EAE can be induced by
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Figure 4 Electron microscopic visualization of remyelination after
anti-LINGO-1 treatment. (a) Low-magnification electron micrographs
show borders between demyelinated and myelinated areas in controltreated (left) and anti-LINGO-1–treated (right) rats. (b) High-magnification
electron micrographs of demyelinated areas showing naked axons (asterisks)
from IgG control–treated rats (left) and remyelinated axons (asterisks) in
anti-LINGO-1–treated rats (right). (c) Top, electron micrograph of different
phases of remyelination after anti-LINGO-1 treatment, with axons
undergoing initial wrapping (AX1), partial remyelination (AX2) and
almost complete remyelination (AX3 and AX4). Bottom, typical
morphological structures of newly formed myelination are seen where the
outer (Co) and inner (Ci) ends of the spiraling cytoplasmic processes of
oligodendrocytes (bottom left) are wrapped around axons in anti-LINGO1–treated animals. AX, axon.

Supplementary Methods. Cell surface–binding ELISA and competitive
ELISA experiments demonstrated the specific binding to LINGO-1 (Supplementary Fig. 1).
Clinical evaluation of MOG-EAE and selection of animals. After
MOG induction of EAE, each animal was assessed by a behavioral test
based on motor functions, and an EAE score was obtained by methods
described previously3,19. Detailed steps for the evaluation are in the Supplementary Methods.
T-cell function and cytokine secretion assays. We isolated cells from the
draining lymph nodes of MOG-immunized mice. Five animals were used in
each group. Cells were cultured in triplicate in the presence of MOG for 3 d. To
measure T-cell proliferation responses, we added 1 mCi 3H-thymidine to each
well for the last 18 h. Cells were harvested onto filter mats using the Tomtec
Harvester 96, and 3H-thymidine incorporation was quantified using the Wallac
1450 Microbeta Jet counter. Duplicate cultures were set up to measure the level
of cytokine secretion in the presence of 50 mg MOG. Supernatants collected
72 h after the start of the cultures were assayed for IL-2, IL-4, IL-5, IL-6, IL-10,
IL-13, IL-17, TNFa, IFNg and GM-CSF abundance using the Pierce Search
Light multiplex ELISA system.

the adoptive transfer of encephalogenic T cells from MOG-immunized
Lingo1-knockout mice to WT mice, and EAE is mitigated when
encephalogenic T cells from MOG-immunized WT mice are transferred to Lingo1-knockout mice. LINGO-1 inhibition’s nonimmune
role in the attenuation of EAE is also supported by other studies, in
which it has been shown that LINGO-1 antagonist antibody promotes
remyelination in two noninflammatory models of demyelination, the
cuprizone and lysolecithin models (S.M., unpublished data). In
demyelinated CNS, diminished LINGO-1 function is therefore likely
to enhance remyelination by promoting differentiation of OPCs into
mature myelin-forming oligodendrocytes. Together, these data have
provided an in vivo proof-of-concept for the development of LINGO1 antagonists as a novel therapeutic approach for the treatment of
demyelinating diseases.
METHODS
Induction of MOG-EAE model. We induced EAE in adult rats by previously
described methods3. Detailed procedures are provided in the Supplementary
Methods online. All procedures were carried out according to the US National
Institutes of Health Guide for the Care and Use of Laboratory Animals and
were approved by the Committee on the Use of Live Animals in Teaching and
Research of the University of Hong Kong and by the Biogen Idec Institutional
Animal Care and Use Committee. The presence of immune cells and inflammatory infiltrates (T cells, macrophages, microglia and others) within the CNS
tissue of EAE rats was detected by immunocytochemistry (Supplementary
Fig. 3 online).
Generating LINGO-1 antibody. We generated anti-LINGO-1 in mice by
methods described previously19. Detailed procedures are provided in the
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LINGO-1 antibody treatment. For local delivery, 3 d after MOG-induction, we
introduced isotype control antibody or anti-LINGO-1 intrathecally into rats
with a minipump (Alzet mini–osmotic pump, Alza Corporation). Each
minipump held 2.6 mg anti-LINGO-1 and delivered 185 mg/d for 2 weeks,
and the minipump was replaced every 2 weeks. The isotype control antibody
was delivered at the same concentration and by the same method used for antiLINGO-1.
For systemic drug delivery, we intraperitoneally injected 8 mg/kg antibody
twice per week (either anti-LINGO-1 or isotype control antibody), commencing when an EAE score of 1.0 was reached. The rats were killed after 2 weeks
of treatment.
Tissue preparation for DTI, electron microscopy and histology. Animals
were perfused with a fixative 30 and 36 d after MOG-EAE induction for mice
and rats, respectively, by the method described previously20. Fixed tissues were
prepared for DTI (see below), immunocytochemistry and electron microscopy
by methods described previously16,20,21.
Quantification of demyelination area and axon preservation. Areas of
demyelination were estimated on complete transverse LFB–stained spinal cord
sections (lumbar 4 segments, L4). Blue areas indicate intact myelin, whereas
pale areas indicate demyelination (Supplementary Fig. 4a online). ImageJ
software (free software from the US National Institutes of Health) was used
to manually trace the total cross-sectional area (yellow trace, Supplementary
Fig. 4b) and the demyelination area (red trace, Supplementary Fig. 4b) of each
section. Demyelination was expressed as a percentage of the total demyelination
area over the total spinal cord area, using random sections from the fourth
lumbar segment of each animal.
To quantify axons, we adopted a line-sampling method similar to that
described previously16. Axons intercepted by nine fixed sampling lines (red
lines, Supplementary Fig. 5 online) were sampled from toluidine blue–stained
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1-mm-thick sections of the L4 spinal segment of each rat. Nine tissue strips
extending from the gray matter to the pial surface were selected under the 100
oil-immersion objective of a Zeiss microscope. All myelinated axons whose
axoplasms were intercepted by a sampling line were counted. Sampled axonal
profiles from the tissue strips of each rat were pooled. Because of the resolution
limits of light microscopy, unmyelinated and myelinated fibers of crosssectional areas smaller than 0.1 mm2 were not included in the counts.
Diffusion tensor magnetic resonance imaging. All magnetic resonance
imaging experiments were performed on a high-field small-bore 7 Tesla
rodent magnetic resonance imaging scanner (70/16 PharmaScan, Bruker
Biospin GmbH) at the University of Hong Kong. DTI was used for
semi-quantification of the demyelination area in the spinal cord of EAE
rats as described previously22–24. Detailed procedures are provided in the
Supplementary Methods.
Statistical analysis. GraphPad Prism (version 4.0, GraphPad) software was
used for statistical analysis. Data are shown as means ± s.e.m. Statistical
significance in comparing two means was tested with the unpaired Student’s
t-test (with Welch’s correction or Mann-Whitney modification). One-way
analysis of variance was applied to test multiple means. P o 0.05 was set as
the cutoff for statistical significance.
Note: Supplementary information is available on the Nature Medicine website.
Published online at http://www.nature.com/naturemedicine
Reprints and permissions information is available online at http://npg.nature.com/
reprintsandpermissions
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