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PURPOSE. This study investigated the role of limitrin in the pathogenesis of demyelinating
optic neuritis using an experimental autoimmune optic neuritis (EAON) model.

METHODS. EAON was induced in mice via subcutaneous injection with myelin oligoden-
drocyte glycoprotein peptide. Limitrin protein and mRNA expression were examined
in the optic nerve before and after EAON induction. Proinflammatory cytokine expres-
sion profiles and degree of glial activation were compared between wild-type (WT) and
limitrin knockout mice by real-time PCR and histologic analysis, respectively, after EAON
induction. Plasma limitrin levels in patients with optic neuritis and healthy controls were
measured by ELISA.

RESULTS. Limitrin expression, observed in astrocytes in the optic nerve of WT mice, was
lower in EAON-induced than in naïve WT mice. A comparative analysis of WT and limitrin
knockout mice revealed that limitrin deficiency induced more severe neuroinflammation
and glial hyperactivation in the optic nerve after EAON induction. Limitrin-deficient astro-
cytes were more chemotactically responsive to neuroinflammatory stimulation than WT
astrocytes. Patients with optic neuritis demonstrated higher plasma limitrin levels than
healthy controls (P = 0.0001), which was negatively correlated with visual acuity at the
nadir of the optic neuritis attack (r = 0.46, P = 0.036).

CONCLUSIONS. Limitrin deficiency induced severe neuroinflammation and reactive gliosis
in the optic nerve after EAON induction. Our results imply that astrocyte-derived limitrin
may protect against neuroinflammation by decreasing immune cell infiltration into the
optic nerve. The plasma limitrin level may reflect the extent of blood–brain barrier disrup-
tion and provide a valuable biomarker reflecting the severity of optic neuritis.

Keywords: astrocytes, blood–brain barrier, demyelinating optic neuritis, limitrin, neuroin-
flammation

Optic neuritis presents as an acute optic nerve inflamma-
tion with decreased visual acuity and dyschromatop-

sia.1 Approximately, 20% of patients with multiple sclero-
sis (MS) experience optic neuritis as the initial manifesta-
tion of disease, and up to 50% of patients with MS develop
optic neuritis at some point.1 Visual acuity improves over
several weeks in the majority of patients with optic neuritis;
however, some level of permanent vision loss was reported
in 40% of patients in the Optic Neuritis Treatment Trial.1–3

Understanding the histopathology of optic neuritis is crucial
for developing future neuroprotective treatments to prevent
irreversible vision loss.4

The pathogenesis of optic neuritis is reportedly demyeli-
nation and chronic inflammation of the optic nerve axons
with a relapsing and remitting course, eventually caus-
ing retinal ganglion cell damage.4–7 Studies using experi-
mental autoimmune optic neuritis (EAON) animal models
have reported that early infiltration of activated microglia

causes initial damage to axons, followed by infiltration of T
cells, which induces demyelination of the optic nerve.4–6,8,9

Inflammatory demyelination leads to significant axonal loss
and retinal ganglion cell death by apoptosis in experimental
optic neuritis.4,5

Disruption of the blood–brain barrier (BBB) and
immune cell infiltration are considered the initial steps
in demyelinating neuroinflammatory diseases, including
MS and neuromyelitis optica.10–13 The optic nerve is a
part of the central nervous system (CNS) and shares
many histologic characteristics with the brain; that is, it
is myelinated by oligodendrocytes and protected by three
meningeal layers and the BBB.14 Contrast enhancement of
the optic nerve by MRI, indicating BBB disruption, has
been well-documented during an optic neuritis attack.14,15

However, little is known of the pathophysiology of the
BBB in the optic nerve during the acute stage of optic
neuritis.
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BBB disruption leading to immune cell infiltration is
remarkably important to the pathogenesis of demyelinat-
ing neuroinflammatory diseases of the CNS.10–13 The BBB
is indispensable for maintaining CNS homeostasis by regu-
lating the passage of soluble compounds and peripheral
immune cells, and protecting against toxic elements and
pathogens.10–14,16 BBB permeability is highly selective, phys-
ically established by tight junctions between endothelial
cells.10–14,16 Highly specialized brain endothelial cells are
one of the main components of the BBB, of which the
inner barrier is composed of the glia limitans and its base-
ment membrane.16–18 The cerebrovasculature is invested by
a basement membrane surrounded by astrocytic endfeet,
which also contact the basement membrane under the pia
mater to form the superficial glia limitans.16–18 Therefore,
perivascular astrocytes are a key component of the BBB
and regulate its function by coupling neuronal activity to
local blood flow, thus mediating homeostatic regulation of
neuronal metabolism, and altering BBB permeability by
regulating junctional protein expression.17–20

Previously, Yonezawa et al.16 introduced limitrin, a novel
protein of the immunoglobulin superfamily formed by astro-
cytic endfeet in the mouse brain. Limitrin, a dual Ig domain-
containing cell adhesion molecule, interacts with αvβ3 inte-
grin and stabilizes the integrity of the junctional complex
in the intestinal mucosal barrier under inflammatory condi-
tions.21,22 Limitrin expression is highly localized to the glia
limitans, which defines the morphologic border of the brain
parenchyma.16 Suggested to be physically and functionally
associated with the BBB, limitrin may regulate BBB func-
tion.16 However, to our knowledge, limitrin expression and
its behavior have not been reported in demyelinating optic
neuritis. The purpose of this study was to investigate limitrin
expression in the optic nerve and to evaluate the pathophys-
iological role of limitrin in optic neuritis using the EAON
model based on limitrin knockout (KO) mice.

METHODS

Animals

Female wild-type (WT) C57BL/6 mice (7–8 weeks of age,
n = 24) were obtained from Samtaco (Osan, Korea).
Female limitrin KO mice (7–8 weeks of age, n = 26) were
kindly provided by Tomoko Yonezawa (Graduate School
of Medicine and Dentistry, Okayama University, Japan).
Limitrin KO mice were backcrossed for 8 to 10 generations
on the C57BL/6 background to generate homozygous and
heterozygous animals. All mice were housed in groups of
three to five per cage under specific pathogen-free condi-
tions and a 12-hour light/dark cycle. Animals used in the
present study were acquired and cared for in accordance
with the procedures approved by the Institutional Animal
Care Committee of Kyungpook National University and the
animal care guidelines of the National Institutes of Health,
and in accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research.

EAON Model

EAON was induced in an experimental autoimmune
encephalomyelitis (EAE) mouse model (WT, n = 12; limitrin
KO, n = 18), as previously described.4,5,23,24 Areas drain-
ing into axillary and inguinal lymph nodes of 7- to 8-
week-old mice were subcutaneously injected with 200

μg myelin oligodendrocyte glycoprotein (MOG35–55 peptide
fragment MEVGWYRSPFSRVVHLYRNGK; GL Biochem Ltd.,
Shanghai, China) emulsified in 100 μL solution containing
50% complete Freund’s adjuvant and 10 mg/mL heat-killed
H37Ra strain of Mycobacterium tuberculosis (Difco Labora-
tories, Detroit, MI). Pertussis toxin (List Biological Labora-
tories, Campbell, CA) dissolved in PBS (200 ng/mouse) was
administered intraperitoneally on days of immunization and
again 48 hours later. Animals were weighed and examined
for disease symptoms daily. Evaluation of disease severity
and other experiments were carried out in a blinded fash-
ion. EAE severity was scored using a 0 to 5 grade scale as
follows: grade 0 = no symptoms; grade 1 = limp tail; grade
2 = weakness and incomplete paralysis of one or two hind
limbs; grade 3 = complete hind limb paralysis; grade 4 =
forelimb weakness or paralysis; and grade 5 = moribund
state or death. Comparison of EAON severity between WT
and limitrin KO mice has performed on mice with grade 1
EAE symptoms.

Optic Nerve Histology

Mice (WT, n = 16; limitrin KO, n = 20) were euthanized with
diethyl ether, transcardially perfused with cold saline, and
then perfused with 4% paraformaldehyde diluted in 0.1 M
PBS. Optic nerves were isolated and fixed for 1 day using 4%
paraformaldehyde, and then cryoprotected with 30% sucrose
solution for 3 days. Tissues were embedded in Tissue-Tek
OCT compound (Sakura Finetek Inc., Tokyo, Japan), frozen,
and then cut into 16-μm thick longitudinal sections.

To assess demyelination and inflammatory cell infiltra-
tion, sections were stained with hematoxylin and eosin25

and FluoroMyelin (1:300 dilution; Invitrogen, Carlsbad,
CA) for 20 minutes and counterstained using DAPI. To
detect limitrin expression and glial activation, sections
were incubated with polyclonal rabbit anti-limitrin anti-
body (1:200; Novus Biologicals, Milan, Italy) overnight at
4 °C. To define the limitrin-expressing cell type, sections
were co-immunostained by incubating with monoclonal goat
antiglial fibrillary acidic protein (GFAP) antibody (1:200;
Novus Biologicals) or monoclonal goat anti-ionized calcium-
binding adapter molecule-1 (Iba-1) antibody (1:200; Novus
Biologicals) overnight at 4 °C, followed by visualization
with Cy5-conjugated anti-rabbit IgG and FITC-conjugated
anti-goat or mouse IgG antibody (Jackson Laboratory, Bar
Harbor, ME) by incubating at room temperature for 2 hours.

To compare glia morphologic activation, sections were
incubated with polyclonal rabbit anti-GFAP antibody (Dako,
Glostrup, Denmark) or polyclonal rabbit anti–Iba-1 anti-
body (WAKO Pure Chemical Industries Ltd., Osaka, Japan)
and visualized with Cy3-conjugated anti-rabbit IgG (Jack-
son Laboratory). Images of the sections were captured using
a D70 CCD color video camera (Olympus, Tokyo, Japan)
attached to a BX51 microscope (Olympus). Image analysis
was conducted using Fiji software (https://imagej.net/Fiji).26

Briefly, five areas (300 × 300 pixels each) were randomly
selected within the image obtained from the optic nerve of
each mouse. A binary composite image was obtained from
each animal via thresholding at 50% of the background level,
and particles were converted to a subthreshold image (area
≤1000 and ≥5 pixels for total cells, area ≤1000 and ≥200
pixels for amoeboid-shaped cells), which were identified as
Iba-1–positive cells. Binary images among the groups were
adjusted using the same threshold, and cells were recog-
nized and quantified by counting pixels. The number of

https://imagej.net/Fiji
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TABLE 1. DNA Sequences of the Primers Used for Real-Time PCR

Gene Primer Sequences GenBank Accession No.

Mouse limitrin F: 5′-GCGCCGACTTGTGGATATGTA-3′ NM_024263
R: 5′-GCCGTCGTGGAAAGCAGAA-3′

Mouse tnf-α F: 5′-TCACACTCAGATCATCTTCTC-3′ NM_013693
R: 5′-ATGAGATAGCAAATCGGCTG-3′

Mouse il-1β F: 5′-CTTTGAAGAAGAGCCCATCC-3′ NM_008361
R: 5′-TTTGTCGTTGCTTGGTTCTC-3′

Mouse ifn-γ F: 5′-TCTCCAGAAACCCTCACTGGT-3′ NM_008330
R: 5′-GAGGCTCTCTGCTGTCCATC-3′

Mouse Cd68 F: 5′-TGTCTGATCTTGCTAGGACCG-3′ NM_009853
R: 5′-GAGGCTCTCTGCTGTCCATC-3′

Mouse Ccl3 F: 5′-TTCTCTGTACCATGACACTCTGC-3′ NM_011337
R: 5′-CGTGGAATCTTCCGGCTGTAG-3′

Mouse Ccl5 F: 5′-GCTGCTTTGCCTACCTCTCC-3′ NM_013653
R: 5′-TCGAGTGACAAACACGACTGC-3′

Mouse Cxcl10 F: 5′-CCAAGTGCTGCCGTCATTTTC-3′ NM_021274
R: 5′-GGCTCGCAGGGATGATTTCAA-3′

Mouse Cxcl5 F: 5′-GTTCCATCTCGCCATTCATGC-3′ NM_009141
R: 5′-GCGGCTATGACTGAGGAAGG-3′

Mouse Gfap F: 5′-TCCTGGAACAGCAAAACAAG-3′ NM_001131020.1
R: 5′-CAGCCTCAGGTTGGTTTCAT-3′

Mouse gapdh F: 5′-TGGGCTACACTGAGCACCAG-3′ NM_008084
R: 5′-GGGTGTCGCTGTTGAAGTCA-3′

cells was calculated and presented as an area (in millime-
ters squared). For GFAP-positive cells, the intensity was
measured using Fiji software and presented as fold change.

Real-Time PCR

Total RNA was extracted from the optic nerve tissue using
TRIzol reagent (Invitrogen), according to the manufacturer’s
instructions. Total RNA (0.5 μg) was reverse-transcribed
into cDNA using Superscript II (Invitrogen) and oligo (dT)
primers. Real-Time PCR was performed using the One Step
SYBR PrimeScript RT-PCR Kit (Takara Bio Inc., Tokyo,
Japan) with the ABI Prism 7500 Sequence Detection System
(Applied Biosystems, Foster City, CA). Nucleotide sequences
of the primers were based on published cDNA sequences
(Table 1). Gapdh was used as a reference control.

Cell Culture

Whole brains from 3-day-old C57BL/6 mice (WT or limitrin
KO) were chopped and mechanically disrupted using a
nylon mesh. The mixed glial cells obtained were seeded
in culture flasks and grown at 37 °C under a 5% CO2

atmosphere in Dulbecco’s modified Eagle’s medium supple-
mented with 10% heat-inactivated fetal bovine serum, 100
U/mL penicillin, and 100 μg/mL streptomycin. The culture
medium was changed initially after 5 days and then every
3 days. Cells were used after 14 to 21 days of culture. Pure
astrocyte cultures were prepared by shaking mixed glial cells
overnight at 240 rpm under normal cell culture conditions
to detach oligodendrocyte precursor cells and microglia,
as previously described.27 The remaining astrocytes were
trypsinized and seeded on 100-mm2 plates at a density of
1 × 106 cells per plate. The purity of the astrocyte culture
was determined by immunocytochemical examination using
antibody against GFAP protein (Supplementary Fig. S1).

Nitric Oxide and Cell Viability Assay

NO2 concentrations in the culture media were measured
to assess nitric oxide (NO) production in astrocytes using
Griess reagent. For each sample, a 50-μL aliquot was mixed
with 50 μL of Griess reagent (1% sulfanilamide/0.1% naph-
thylethylene diamine dihydrochloride/2% phosphoric acid)
in a 96-well plate. NaNO2 was used as the standard to
calculate NO2 concentrations. The absorbance at 540 nm
was then measured using a SpectraMax M5 microplate
reader (Molecular Devices, San Jose, CA). Cell viability was
measured by MTT assay. Astrocytes were incubated with 50
μL water soluble MTT [3–(4, 5-dimethylthiazol-2-yl)−2, 5-
diphenyltetrazolium bromide, 2.5 mg/mL] for 4 hours. Insol-
uble MTT formazan was dissolved in dimethyl sulfoxide.
The absorbance at 570 nm was then measured using the
microplate reader.

Limitrin Measurement in Human Plasma by ELISA

This study was conducted between September 2016 and
August 2019 at the Department of Ophthalmology of the
Kyungpook National University Hospital. The study was
approved by the Institutional Review Board and followed
the tenets of the Declaration of Helsinki. Informed consent
was obtained from all participants. A total of 32 consec-
utive patients diagnosed with demyelinating optic neuritis
were identified, among whom 21 patients were included in
this study. Eleven patients with MS, neuromyelitis optica,
acute disseminated encephalomyelitis, and symptomatic
CNS lesions other than on the optic nerve were excluded
from this study. Optic neuritis was diagnosed based on the
presence of acute visual symptoms, such as acute vision
loss or visual field defect consistent with optic neuropa-
thy with a relative afferent pupillary defect in the affected
eye.3 A Snellen chart was used to measure visual acuity
and converted into LogMAR acuity for statistical analy-
sis. Blood samples from 21 patients were obtained on the
day of diagnosis. Blood samples were also obtained from
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30 healthy controls with Snellen visual acuities of 20/20.
Plasma limitrin levels were measured using a commercial
Human Matrix-Remodeling-Associated Protein 8 (Limitrin)
ELISA kit (Cusabio [CSB-EL015257HU], Wuhan, China) using
100 μL plasma (1:400 dilution) per the manufacturer’s
instructions. All measurements were obtained from dupli-
cate assays.

Statistical Analysis

Statistical analyses were performed using Prism software
version 8.0 software (GraphPad Software, La Jolla, CA)
and MedCalc version 19.0.7 software (MedCalc Software
Ltd., Flanders, Belgium). All values are expressed as
mean ± SEM. The Mann–Whitney U test was used to

FIGURE 1. Expression and localization of limitrin in EAON-induced mice. (A) Immunohistochemistry of GFAP as an astrocytes-specific
marker showing astrocytes (green) and limitrin (red) in the optic nerve at 17 days after immunization. (B) Immunohistochemical staining of
Iba-1 as a microglia-specific marker showing microglia and limitrin. DAPI was used for counterstaining. Scale bar = 100 μm (50 μm inset).
(C) Expression of limitrin mRNA in naïve (n = 5) and EAON-induced (n = 5) WT mice. Data are expressed as mean ± SEM. Mann-Whitney
U test. **P < 0.01.
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FIGURE 2. Limitrin deficiency accelerates EAON pathology. (A) Myelin of the optic nerve was visualized by FluoroMyelin staining in naïve
(WT, n = 7; LMTN-KO, n = 12) and EAON-induced (WT, n = 8; LMTN-KO, n = 10) mice at 17 days after immunization. Scale bar = 200 μm.
(Right panel) Quantified data of demyelination in naïve or EAON-induced WT and LMTN-KO mice. Quantification of myelin was performed
by measuring the fluorescence intensity using the Fiji software. The value represents the fold-change compared with naïve WT control mice.
(B) Expression of cytokines and chemokines in the optic nerves of naïve (WT, n = 5; LMTN-KO, n = 5) and EAON-induced (WT, n = 5;
LMTN-KO, n = 5) mice at 17 days after immunization. Data are expressed as mean ± SEM. Mann–Whitney U test. *P < 0.05 versus WT mice;
#P < 0.05 versus EAON-induced mice. LMTN, limitrin.

determine the statistical significance of gene expression
and fluorescence intensity. Clinical scores and categorical
variables were analyzed using the Mann–Whitney nonpara-
metric test. All other datasets were analyzed by one-
way or two-way ANOVA with Bonferroni’s post hoc tests.
A P value of less than 0.05 was considered statistically
significant.

RESULTS

Limitrin Expression Is Observed in Astrocytes in
the Optic Nerve of WT Mice

To investigate a correlation between EAON and limitrin
expression in the optic nerve, immunohistochemical
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FIGURE 3. Limitrin deficiency promotes gliosis in EAON mice. (A) Immunofluorescence staining of Iba-1 as a microglia marker in naïve (WT,
n = 9; LMTN-KO, n = 7) and EAON-induced (WT, n = 7; LMTN-KO, n = 13) mice at 17 days after immunization. (Right and upper panel)
Total number of Iba-1–positive cells. (Right and lower panel) Number of amoeboid-shaped Iba-1–positive cells. (B) Immunofluorescence
staining of GFAP as an astrocyte marker. Scale bar = 200 μm. (Right and upper panel) Fluorescence intensity of GFAP in the optic nerve
of naïve (WT, n = 9; LMTN-KO, n = 7) and EAON-induced (WT, n = 7; LMTN-KO, n = 13) mice at 17 days after immunization. Data are
expressed as mean ± SEM. (C) Level of GFAP mRNA expression compared between the two genotypes. Data are expressed as mean ± SEM
(n = 5 per each group). Mann–Whitney U test. *P < 0.05, naïve mice versus EAON-induced mice; #P < 0.05, EAON-induced WT mice versus
EAON-induced LMTN-KO mice. LMTN, limitrin.
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FIGURE 4. Limitrin-deficient astrocytes display greater chemotactic response to neuroinflammatory stimulation. (A) Results of NO assay
indicating chemotactic response of astrocytes to stimulation with LPS and IFN-γ . (B) Expression of proinflammatory cytokines IL-1β and
TNF-α in WT or LMTN-KO astrocytes. (C) Expression of chemokines CCL3, CXCL10, and CXCL5, in WT or LMTN-KO astrocytes. Data
are expressed as mean ± SEM (n = 3 per each group). Mann–Whitney U test. *P < 0.05, versus control (PBS) WT astrocytes; #P <

0.05, versus control (PBS) LMTN-KO mice. All experiments were performed in triplicate and repeated three times. LMTN, limitrin; LPS,
lipopolysaccharide.

analysis of optic nerve tissue sections was performed at
day 17 after immunization with MOG, when mice showed
typical grade 1 EAE symptoms. Limitrin expression was co-
localized with cells stained positive for GFAP, an astrocyte-
specific marker (Fig. 1A), but not with cells stained posi-
tive for Iba-1, a microglia-specific marker (Fig. 1B), indicat-
ing that limitrin was mainly expressed by astrocytes. Next,
limitrin mRNA expression was compared in the optic nerves
of naïve and EAON-inducedWTmice (Fig. 1C), revealing that
limitrin expression in EAON-induced WT mice was signifi-
cantly lower than that in naïve WT mice (P < 0.01).

Limitrin-Deficient Mice Are More Susceptible to
EAON Induction Than WT Mice

To determine the role of limitrin in EAON, optic nerve
tissue sections were examined for demyelination, visual-
ized by FluoroMyelin and hematoxylin and eosin staining.
Compact myelin was observed in naïve WT and limitrin
KO mice (Fig. 2A and Supplementary Fig. S2). In EAON-
induced WT mice, demyelination of the optic nerve was
demonstrated by partial irregularity of the linear neurofil-
ament structure, expansion of irregularly stained axons, and
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TABLE 2. Demographics and Clinical Characteristics of Patients With Optic Neuritis and Healthy Controls

Patients With Optic Neuritis Healthy Controls

No. 21 30
Sex (male: female) 8:13 12:18
Age (years, mean ± SD) 38.6 ± 15.7 36.3 ± 12.8
Mean visual acuity at nadir (LogMAR, range) 1.1 (0.2–2.0) NA
Mean final visual acuity (LogMAR, range) 0.1 (0–0.5) NA
Recurrence (number, %) 9 (42.9%) NA

NA, not applicable.

infiltrated inflammatory cells throughout the optic nerve
(Fig. 2A and Supplementary Fig. S2). In the EAON-induced
limitrin KO mice, demyelination of the optic nerve was
significantly increased compared with that in EAON-induced
WT mice (P < 0.05). Moreover, the expression levels of
neuroinflammatory markers TNF-α, IL-1β, IFN-γ , and CD68,
and chemokines CCL3 and CCL5 were significantly increased
in the optic nerves of EAON-induced limitrin KO mice
compared with that in EAON-induced WT mice (P < 0.05)
(Fig. 2B). These results indicated that limitrin KO mice
experienced more severe neuroinflammation than WT mice
under EAON conditions.

Limitrin Deficiency Accelerates Activation of
Astrocytes and Microglia in the Optic Nerve of
EAON-Induced Mice

Hyperactivation of glial cells is a hallmark of EAON.4,5,23,24

Immunofluorescence analysis of glia-specific markers
revealed that hyperactivated astrocytes and microglia were
significantly more abundant in the optic nerve after MOG
immunization (P < 0.05) (Figs. 3A, 3B). Hyperactivation of
both microglia and astrocytes was significantly greater in the
optic nerves of EAON-induced limitrin KO mice than that in
EAON-induced WT mice (P < 0.05) (Figs. 3A–C).

Limitrin-Deficient Astrocytes Display Greater
Chemotactic Responsiveness Under
Neuroinflammatory Stimulation

Limitrin was previously localized to astrocytic endfeet in the
BBB.16 Therefore, we hypothesized that limitrin deficiency

could affect astrocytic susceptibility to neuroinflammatory
stimulation, assessed by the concentration of NO released
from astrocytes 48 hours after stimulation with lipopolysac-
charide and IFN-γ . The NO concentration released from
limitrin KO astrocytes was significantly greater than that
from WT astrocytes (P < 0.05) (Fig. 4A). Moreover, relative
mRNA expression levels of proinflammatory cytokines IL-1β
and TNF-α were significantly elevated in limitrin KO astro-
cytes compared with that in WT astrocytes after neuroinflam-
matory stimulation (P < 0.05) (Fig. 4B). In addition, relative
mRNA expression levels of chemokines CCL3, CXCL10, and
CXCL5 were significantly higher in limitrin KO astrocytes
than in WT astrocytes after neuroinflammatory stimulation
(P < 0.05) (Fig. 4C).

Increased Plasma Limitrin Levels in Patients With
Optic Neuritis

Table 2 lists the demographics and clinical characteristics of
patients with optic neuritis and healthy controls. Quantifi-
cation of plasma limitrin levels by ELISA was performed in
healthy controls (n = 30) and patients with optic neuritis
(n = 21) to determine whether optic neuritis can be diag-
nosed by plasma limitrin levels. The mean plasma limitrin
values differed significantly between the two groups (0.742
vs 2.031 ng/mL; P = 0.0001) and were positively correlated
with LogMAR visual acuity at the nadir of the optic neuri-
tis attack, that is, negatively correlated with visual acuity at
the nadir of the optic neuritis attack (r = 0.46, P = 0.036)
(Fig. 5).

FIGURE 5. Increased plasma limitrin levels in patients with optic neuritis. Left panel, quantification of plasma limitrin levels by ELISA in
healthy controls (n = 30) and patients with optic neuritis (n = 21). Mann–Whitney U test. P = 0.0001. Right panel, correlation between
mean plasma limitrin level and LogMAR visual acuity at the nadir of the optic neuritis attack. (r = 0.46, P = 0.036).
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DISCUSSION

The current study localized limitrin expression in astro-
cytes in the optic nerve of WT mice and revealed that
limitrin expression was downregulated in EAON-induced
WT mice. Further, limitrin KO mice were more susceptible
to EAON induction than WT mice, as indicated by signif-
icantly increased demyelination, enhanced expression of
proinflammatory cytokines TNF-α, IL-1β, IFN-γ , and CD68,
and chemokines CCL3 and CCL5, and greater reactive glio-
sis in the optic nerves after EAON induction. All of these
factors have the capacity to contribute to BBB disruption
and immune cell infiltration, suggesting that limitrin may
play a protective role against neuroinflammation and reac-
tive gliosis by decreasing immune cell infiltration into the
CNS. These results are consistent with those of Yonezawa
et al.,16 who reported that limitrin expression was downreg-
ulated when the BBB was destroyed owing to cold injury
correlating with BBB disruption, and restored to control
levels after injury repair. These results strongly suggest that
limitrin is a component of the BBB that may be required
for its maturation and maintenance. Therefore, decreased
limitrin expression in the optic nerve owing to EAON induc-
tion may reflect BBB disruption by neuroinflammation.

Limitrin-deficient astrocytes displayed significantly
increased expression levels of proinflammatory cytokines
TNF-α, and IL-1β, and chemokines CCL3, CXCL10, and
CXCL5 after neuroinflammatory stimulation than WT astro-
cytes. These results concur with those of previous studies
in which IL-1β modulated BBB permeability in mice/rats
and activated human endothelial cells.28,29 IL-1β is a
cytokine produced by T helper 17 cells that can enhance
BBB disruption and recruit neutrophils into the CNS.30,31

Studies reported that IL-1β activates microglia and astro-
cytes, further stimulating demyelination.32,33 CXCL10 is a
chemokine that attracts activated T cells and is present at
higher concentration in the cerebrospinal fluid of patients
with active MS.14,34 Cramer et al14 reported that BBB perme-
ability was correlated with CXCL10 concentrations in the
cerebrospinal fluid of patients with optic neuritis. Therefore,
the loss of BBB integrity induced by limitrin deficiency may
accelerate the influx of peripheral immune cells into the
optic nerve, resulting in proinflammatory conditions.

One of the notable findings of this study is that patients
with optic neuritis demonstrated higher plasma limitrin
levels than healthy controls, which was correlated with
worse visual loss at the nadir of the optic neuritis attack.
These results suggest that the secretion of limitrin into the
plasma from its origin may reflect a loss of its normal phys-
ical and functional barrier function to the BBB, induced
by optic neuritis. Moreover, limitrin may be cleaved by
proteases during BBB disruption, such as matric metallo-
protease 9. Recent studies demonstrated that the extent of
BBB disruption was correlated with the severity of CNS
neuroinflammatory diseases such as MS and neuromyelitis
optica.14,20 The onset of optic neuritis results from the entry
of T cells into the optic nerve through the disrupted BBB,
allowing proinflammatory factors and leukocytes to invade
the retina or optic nerve, which results in neuroinflammation
that leads to decreased vision.14,18,20 Therefore, we suggest
that plasma limitrin levels in patients with optic neuritis may
reflect the extent of BBB disruption owing to optic neuritis.

Our future work will focus on the correlation between
the extent of BBB disruption observed via MRI and plasma
limitrin levels. In addition, we will investigate the molecular

mechanism of limitrin proteolysis and possible correlations
between plasma limitrin levels and the final visual outcomes
or recurrence rates in patients with optic neuritis.

In conclusion, the results of the current study demon-
strate that limitrin deficiency induces severe neuroinflamma-
tion and reactive gliosis in the optic nerve after EAON induc-
tion. Our results imply that astrocyte-derived limitrin may
play a protective role against neuroinflammation by reduc-
ing infiltration of peripheral immune cells into the CNS.
Considering that patients with higher plasma limitrin levels
demonstrated worse visual loss at the nadir of the optic
neuritis attack, plasma limitrin level may provide a poten-
tially valuable biomarker of disease severity in patients with
optic neuritis.
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