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Objectives — A myelin-associated neurite outgrowth inhibitor Nogo-A
plays a key role in inhibition of axonal regeneration. Axonal damage
beginning at the early stage of multiple sclerosis (MS) is responsible for
permanent neurological deficits, although its molecular mechanism
remains unknown. The aim was to study the prevalence of
autoantibodies against Nogo-A and Nogo receptor (NgR) in the serum
of MS. Methods — The antibodies were identified in the serum of 30
MS patients, 22 patients with non-MS other neurological diseases
(OND), and 22 healthy control (HC) subjects by Western blot using
recombinant human Nogo-A-specific segment (NAS), the shared
segment of Nogo-A and -B (NAB), Nogo-66 (N66), the non-
glycosylated form of NgR, the glycosylated NgR (NgR-Fc), and
myelin oligodendrocyte glycoprotein (MOG). Results — None showed
immunoglobulin G (IgG) antibodies against NAS or NAB. In contrast,
30% of MS, 23% of OND and 32% of HC subjects exhibited anti-N66
IgG, while 27% of MS, 27% of OND and 18% of HC showed anti-
MOG IgG. None of HC but 33% of MS and 14% of OND showed
anti-non-glycosylated NgR IgG. Furthermore, 60% of MS, 18% of
OND and 14% of HC showed anti-NgR-Fc IgG. Conclusions —
Because IgG autoantibodies against N66, NgR and MOG are often
detected in the serum of MS and controls, they do not serve as an
MS-specific marker.
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Introduction

Axonal damage beginning at the early stage of
multiple sclerosis (MS) is responsible for perma-
nent neurological deficits and progression of clin-
ical disability (1, 2). Although the underlying
molecular mechanism remains unknown, the
degree of inflammatory dempyelination correlates
with the extent of axonal damage, suggesting an
involvement of proinflammatory mediators in
development of axonal degeneration in MS (3).
The alternative possibility could be proposed that
axonal regeneration is severely impaired in MS
lesions, because an extensive accumulation of
neurite outgrowth inhibitors and glial scar provides
a non-permissive environment for axonal regrowth

(4).

Nogo constitutes a family of myelin-associated
inhibitors of axonal regeneration (5, 6). The Nogo
gene encodes three distinct isoforms named A, B
and C, derived by alternative splicing and promo-
ter usage, all of which share a C-terminal 66 amino
acid segment named Nogo-66 located between the
two transmembrane domains. Nogo-A, the longest
isoform, is the major neurite outgrowth inhibitor
expressed on oligodendrocytes and myelin sheath
and a subpopulation of neurons in the central
nervous system (CNS) (7, 8). Nogo-A has at least
two discrete regions with neuronal growth-inhibi-
tory activities. One is located in the Nogo-A-
specific region that restricts neurite outgrowth,
while another is Nogo-66 that induces growth cone
collapse, both of which assume different membrane
topologies depending on cell types (9). Nogo-66
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binds to the Nogo receptor (Nogo-66 receptor-1;
NgR), a glycosylphosphatidylinositol-anchored
membrane protein (10). In contrast to Nogo-A,
NgR is not identified on oligodendrocytes but
expressed in a subpopulation of neurons and their
axons, including cerebral cortical pyramidal neu-
rons and cerebellar Purkinje cells (10, 11). Signal
transduction mediated by NgR depends on its
association with a coreceptor p75N X or TROY in
combination with an adaptor molecule LINGO-1
(12-14). Not only Nogo-66 but also myelin-asso-
ciated glycoprotein and oligodendrocyte-myelin
glycoprotein bind to NgR and transduce neurite
growth-inhibitory signals via p75™ ' ® by activating
RhoA and inhibiting Racl (15). In vivo blockade of
interaction between NgR and its ligands, by
neutralizing anti-Nogo-A antibodies, NgR antag-
onistic peptides, or soluble truncated NgR, induces
extensive axonal regeneration and enhances func-
tional recovery after injury in the CNS (16-18).
Furthermore, NgR-deficient mice exhibit an
enhanced axonal plasticity after ischemic stroke,
accompanied by improved functional recovery
(19).

Increasing evidence indicates that autoantibod-
ies against CNS antigens play a key role in the
immunopathogenesis of MS. The detection of
anti-myelin oligodendrocyte glycoprotein (MOG)
antibody in the patients with clinically isolated
syndrome (CIS) predicts the early conversion of
CIS to clinically definite MS (20). The detection of
immunoglobulin G (IgG) autoantibody against
aquaporin-4 discriminates the patients with neuro-
myelitis optica from those with the conventional
MS (21). Recently, autoantibodies against the
Nogo-A segment spanning amino acid residues
1-979 are identified in the serum of relapsing-
remitting MS (RRMS) patients, although they
show no significant correlation to disease course,
duration, relapse rate and disability of the patients
(22). More recently, we found that Nogo-A
expression is enbanced in surviving oligodendro-
cytes, while NgR is upregulated in reactive astro-
cytes at the edge of chronic demyelinating lesions
of MS, suggesting that Nogo-A/NgR mediates
glial-glial interaction under demyelinating envi-
ronments (23). Inflammatory demyelination and
axonal damage are less severe in Nogo-A-deficient
mice affected with experimental autoimmune
encephalomyelitis, an animal model of MS (24).
These observations propose a possible scenario
that the Nogo-A/NgR interaction restricts axonal
regeneration in MS brain.

The present study is designed to investigate the
prevalence of autoantibodies against a panel of
Nogo and NgR fragments in the serum of MS and
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controls by Western blot analysis, and to deter-
mine the possible association of these antibodies to
clinical profiles of MS.

Patients and methods
Study population

The serum samples were obtained from randomly
selected 30 MS patients, 22 patients with other
neurological diseases (OND) who visited the
National Center Hospital for Mental, Nervous
and Muscular Disorders, National Center of
Neurology and Psychiatry (NCNP), Tokyo,
Japan in 2004, and 22 healthy control (HC)
subjects. Written informed consent was obtained
from all the subjects. MS was diagnosed following
the established criteria (25) by qualified neurolo-
gists of the hospital. The MS population was
composed of 10 men and 20 women showing the
mean age of 41.5 & 12.2 years, the mean disease
duration of 7.1 &£ 6.3 years, and the mean Expan-
ded Disability Status Scale (EDSS) score of
3.6 £ 2.0. The MS group included 17 patients
with RRMS during remission, nine with RRMS in
acute relapse, three with secondary progressive MS
(SPMS) and one with primary progressive MS
(PPMS). Among all MS patients, nine were under
IFNB treatment, 11 were treated with corticoster-
oids, and two with azathioprine at the time of
blood sampling. The patients received no other
immunosuppressive or immunomodulatory drugs.
The OND population included 13 men and nine
women with the mean age of 57.7 & 13.8 years,
composed of six patients with spinocerebellar
degeneration, five with Parkinson’s disease, three
with myopathy, two with neuropathy, one with
myasthenia gravis, Fisher syndrome, adrenoleuko-
dystrophy, spastic paraplegia, epilepsy, or cerebral
infarction. The HC population was composed of
nine men and 13 women presenting with the mean
age of 41.7 £ 12.4 years. After sampling, the
serum samples were stored immediately at —30°C
before use.

Recombinant human Nogo and NgR fragments

The human Nogo-A gene encoding the Nogo-A-
specific segment (NAS; amino acids 186-1004), the
segment shared between Nogo-A and Nogo-B
(NAB; amino acids 1-185), and the Nogo-66
segment (N66; amino acids 1053-1118), the
human NgR gene encoding the full-length NgR
following a cleavage of the N-terminal signal
peptide (amino acids 27-473), and the human
MOG gene encoding the full-length MOG



Table 1 Primers utilized for PCR-based cloning

Anti-Nogo receptor autoantibody in multiple sclerosis

Sense primers Antisense primers

Genes Proteins (symbol, amino acid residues) GenBank accession no.

RTN4 Nogo-A-specific segment (NAS, 1861044} NM_020532

RTN4 Nogo-A/B-shared segment (NAB, 1-185} NM_020532

RTN4 Nogo-66 segment (N66, 1053-1118) NM_020532

RTN4R Nogo receptor without an N-terminal NM_023004
signal peptide (NgR, 27-473)

MOG Myelin oligodendrocyte glycoprotein without NM_206809

an N-terminal signal peptide (MOG, 30-247)

5’-gatgagaccctitttgctcticet-3-
5%-atggaagaactggaccagtctect-3°
b%-agctttaggatatacaagggigtg-3
5"-tgeecaggtgectgegtatgetacaat-3”

5’-tcatgaagttttacicagetetgetga-3”
§-tcacactgagecegaggageecct-3”
5’-fcaagaatcaactaaatcatcaactaa-3°
5-tcagcagggeecaageactgtecacag-3”

5%-gggcagttcagagtgataggaccaaga-3- 5-tcagaagggatttcgtagetettcaagg-3”

The PCR product was cloned into a prokaryotic expression vector pTrcHis-TOPO to produce a fusion protein with an N-terminal Xpress tag in £ cofi

following a cleavage of the N-terminal signal
peptide (amino acids 30-247) were amplified by
PCR using PfuTurbo DNA polymerase (Strata-
gene, La Jolla, CA, USA) from cDNA of NTera2-
derived human neurons (26) or human brain using
a panel of sense and antisense primer sets listed
in Table 1. The PCR product was cloned into a
prokaryotic expression vector pTrcHis-TOPO
(Invitrogen, Carlsbad, CA, USA). After transfor-
mation of the vector into Escherichia coli, the
expression of recombinant proteins was induced
by exposing the culture of E. coli to isopropyl
B-thiogalactoside. All recombinant proteins having
an N-terminal Xpress tag for detection were
purified from the E. coli lysate by isolating the
specific bands immunoreactive with monoclonal
anti-Xpress antibody (Invitrogen) separated on an
8%, 12% or 15% SDS-PAGE gel. The recombin-
ant proteins were eluted from the gels, precipitated
by cold acetone, and dissolved in distilled water
containing 0.1% SDS. The protein concentration
was determined by a Bradford assay kit (BioRad,
Hercules, CA, USA). For control, the pTrcHis-
TOPO vector containing a lacZ gene fragment
(Invitrogen) was transformed into E. coli in paral-
lel. Recombinant human NgR (Met1-Serd47)-1gG
Fc (Prol00-Lys330) fusion protein (95 kDa), a
glycosylated form expressed in a mouse myeloma
cell line, was obtained from R&D Systems
(Minneapolis, MN, USA).

Western blot analysis

Six different recombinant proteins, including
NAS, NgR, LacZ, NAB, MOG and N66, were
separated on a single 12% SDS-PAGE gel. After
gel electrophoresis, they were transferred onto a
nitrocellulose membrane. This membrane is des-
ignated the miniarray. Then, the array was incu-
bated at room temperature (RT) overnight with
the serum diluted at a concentration of 1:1000 in
phosphate-buffered saline containing 5% skim
milk. It was followed by incubation at RT for

60 min with horseradish peroxidase (HRP)-conju-
gated anti-human IgG (160 ng/ml; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) or with an
HRP-conjugated antibody specific for human
IgM Fcs, fragment (8 ng/ml; Jackson Immuno-
Research, West Grove, PA, USA). To identify
autoantibodies against NgR-Fc, the serum was
diluted at a concentration of 1:15,000, and either
an HRP-conjugated antibody specific for human
IgG F(ab’), fragment (20 ng/ml; Jackson Immu-
noResearch) or a HRP-conjugated antibody
against human IgM Fcs, fragment (120 ng/ml;
Jackson ImmunoResearch) was utilized as a
secondary antibody. The specific reaction was
visualized at 15 min after incubating the array for
5 min with a chemiluminescent substrate (Pierce,
Rockford, IL, USA). The optimal concentration
of the serum, secondary antibodies, and incuba-
tion time prior to development was determined to
obtain the maximum signal/background intensity
by preliminary experiments that include varying
combinations of serially diluted sera and secon-
dary antibodies, and incubation periods. The
signal intensity was graded as (=) nomne, (+)
weak, (+ +) strong, and (+ + +) extremely
strong.

Statistical analysis

The statistical difference in clinical profiles between
the serum autoantibody-positive and negative
groups of MS patients was evaluated by Mann~
Whitney U-test. A P value of <0.05 was consid-
ered statistically significant.

Results
Miniarray of Nogo and NgR fragments

A panel of recombinant proteins, such as NAS,
NgR, LacZ, NAB, MOG and N66, all of which
have an N-terminal Xpress tag, were separated on
a single 12% SDS-PAGE gel and transblotted onto
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Figure 1. Miniarray of Nogo and NgR fragments. A panel of
six different recombinant proteins, all of which have an
N-terminal Xpress tag, were purified from E. coli transformed
by PCR-based cloning strategy using primer sets listed in
Table 1. The recombinant proteins, whose amounts range from
60 ng to 11.6 pgper lane, were separated on a single 12% SDS-
PAGE gel and transblotted onto the identical nitrocellulose
membrane, designated the miniarray. (A) The miniarray
immunolabeled with anti-Xpress antibody. The lanes (1-6)
represent (1) NAS (187 kDa), (2) NgR (50 kDa), (3) LacZ
(40 kDa), (4) NAB (36 kDa), (5) MOG (29 kDa), and (6) N66
(11 kDa). The panels of the miniarray (B-D) represent the
serum of (B) SPMS exhibiting both anti-non-glycosylated NgR
IgG (lane 2, extremely strong; + + +) and anti-MOG IgG
(lane 5, weak; +), (C) RRMS in remission exhibiting anti-
MOG IgG (lane 5, extremely strong; + + +), and (D) HC
subject presenting with anti-N66 IgG (lane 6, extremely strong;
+ + +). The specific bands are indicated by arrows, while non-
specific reactions, possibly derived from the cross-reaction with
contaminating E. coli proteins, are indicated by asterisks.

the identical nitrocellulose membrane, designated
the miniarray. Then, the array was immunolabeled
with anti-Xpress antibody (Fig. 1A). To verify
whether the same amount of recombinant proteins
was blotted on each array, the signal intensity of
Xpress-immunoreactive bands was normalized
between individual arrays onto which different
serum samples were exposed. The profile of serum
IgG autoantibodies varied from case to case,
eliminating the possible cross-reactivity of secon-
dary antibodies with recombinant proteins
(Fig. 1B-D). This is further confirmed by the
observation that negative controls including all
the steps except for incubation with the serum
detected no immunoreactive bands (data not
shown).
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Detection of autoantibodies against MOG, N66, and NgR in the
serum of MS and controls

None of the subjects examined showed IgG auto-
antibodies against NAS or NAB (Table 2). In
contrast, 30% of MS patients, 23% of OND
patients, and 32% of HC subjects exhibited anti-
N66 IgG expressing a specific band with varying
intensities (Table 2 and Fig. 2A, lanes 1-7). Fur-
thermore, 27% of MS patients, 27% of OND
patients, and 18% of HC subjects showed anti-
MOG IgG (Table 2 and Fig. 2B, lanes 1-7). IgG
antibody against non-glycosylated NgR was iden-
tified in 33% of MS patients and 14% of OND
patients, whereas it was undetected in any HC
subject (Table 2 and Fig. 3A, lanes 1-7). In several
cases, minor bands with lower molecular weights
were detected in the blots, which possibly represent
Immunoreactivity against a small amount of
degraded NgR proteins (Fig. 3A). No subjects
showed IgG antibody against LacZ fragment
tagged with Xpress (Table 2), excluding the possi-
bility that the serum IgG autoantibodies against
N66, MOG, and NgR were directed to a poten-
tially immunogenic epitope of the tag. In contrast
to the frequent detection of anti-NgR IgG, only
two OND patients showed IgM antibody against
non-glycosylated NgR (Table 2 and Fig. 3B, lanes
1, 2).

A larger proportion (60%) of MS patients, 18%
of OND patients, and 14% of HC subjects showed
IgG antibody against glycosylated NgR-Fc
(Table 2 and Fig. 3C, lanes 1-7). All progressive
MS patients (n = 4, Table 2) expressed anti-NgR-
FcIgG. In contrast, no subjects showed anti-INgR -
FcIgM (Table 2). Among RRMS patients positive
for anti-NgR-Fc IgG, the patients in remission (12/
17) greatly outnumbered those in acute relapse (2/
9), while among RRMS patients with anti-MOG
IgG, the patients in acute relapse (4/9) outnum-
bered those during remission (3/17) (Table 2),
raising the possibility that anti-NgR-Fc IgG is
overexpressed in RRMS patients in remission.
However, no significant differences were found
between MS patients positive or negative for anti-
NgR-Fc IgG in age, sex, disease duration, EDSS
score, the number of recent relapses, the number of
patients with spinal cord involvement, and the
treatment given at blood sampling (Table 3).

Discussion

The present study using recombinant human pro-
teins as target antigens on Western blot showed
that a substantial proportion of MS patients, OND
patients, and HC subjects exhibited the serum IgG
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Table 2 Detection of autoantibodies against Nogo and NgR fragments in the serum of MS and controls

MS subtypes
M$S RRMS {total} RRMS (in remission) RRMS (in relapse} SP/PPMS OND HC
{n = 30} {n = 26) {n=17 {n=9) (n=4) in=722) (n=122)

NAS Ig6 00} 0 {0} 00 0{0) 0 {0} 00 0 {0}
NAB IgG 00} 0{0) 0 {0} 0{0} 0 {0} 00 0 (0}
N66 IgG 9 (30} 727 4 {24} 3(33) 2 {50} 5{23) 7{32)
NgR lgG 10 (33} 8(31) 7 {41) 11} 2 {50} 3(14) 0{0)
NgR IgM 0(0) 00} 0{0) 0{0) 0{0} 219 0{0)
NgR-Fc IgG 18 {60} 14 (54) 12 (1) 2(22) 4 {100} 4{18) 3(14)
NgR-Fc IgM 00 ¢ {0) 0(0) 00} 01{0) 0 {0} 0(0)
MOG IgG 8 {27} 7{27) 3(18) 4 (44) 1 (25) 6 {27) 4{18)
lacZ IgG 0 {0} 0 {0) 0{0) 00 0(0) 00 0 (0

The number of subjects with immunoreactive bands is shown with the percentage in parenthesis. RRMS, relapsing—remitting MS; SPMS, secondary progressive MS; PPMS,
primary progressive MS; OND, non-MS other neurological diseases; HC, healthy controls; NAS, Noge-A-specific fragment; NAB, Nogo-A and Nogo-B-shared fragment; N66,
Nogo-86 fragment; NgR, non-glycosylated Nogo receptor fragment; NgR-Fc, glycosylated Nogo receptor-lgG Fe fusion protein; MOG, myelin-oligodendrocyte glycoprotein.

1 2 3 4 5 6 7

Figure 2. Detection of IgG autoantibodies against N66 and
MOG in the serum of MS and controls. The miniarray was
incubated with the serum of MS patients, the patients with
non-MS neurological diseases (OND) or healthy control (HC)
subjects. It was followed by incubation with HRP-conjugated
anti-human IgG. (Panel A) Anti-N66 IgG. The lanes (1-7)
represent the serum of (1) RRMS in acute relapse, (2) SPMS,
(3) Parkinson’s disease, (4) adrenoleukodystrophy, (5) HC, (6)
HC, and (7) HC. (Panel B) Anti-MOG IgG. The lanes (1-7)
represent the serum of (I) RRMS in remission, (2) RRMS in
remission, (3) Parkinson’s disease, (4) spinocerebellar degen-
eration, (5} spinocerebellar degeneration, (6) HC, and (7) HC.

autoantibodies against N66, MOG, and NgR.
These results agree with a previous study reporting
the substantial prevalence of the serum anti-MOG
IgG in MS (20). In contrast, no subjects showed

IgG antibodies against NAS or NAB, excluding
the possibility that the detection of anti-N66, anti-
MOG, and anti-NgR antibodies in our study is
simply attributable to non-specific binding. How-
ever, our observations do not support a recent
study showing that both IgG and IgM autoanti-
bodies against the Nogo-A 1-979 fragment, cor-
responding to a segment overlapping NAS and
NAB in the present study, is often found in the
serum of RRMS and OND patients (22). This
discrepancy might be derived from following dif-
ferences between the previous study and our own.
First, the study populations were different between
both of them. The previous study enrolled 55
patients with RRMS and 38 patients with chronic
progressive (CP) MS (22). Ten of them were under
treatment with intravenous immunoglobulins
(IVIG), which potentially affects the autoantibody
profile. In contrast, our study included 26 patients
with RRMS, three with SPMS and one with
PPMS. None of them received IVIG treatment.
Second, the previous study focused on the ELISA-
based immunoassay (22), which has more chance
of detecting non-specific binding as positive. In
contrast, we utilized Western blot throughout the
study. Third, the previous study did not include in
their assay irrelevant recombinant proteins having
the same epitope tag that target fusion proteins
have (22), whereas our miniarray included Xpress-
tagged LacZ as a negative control.

The present study for the first time showed that
60% of MS patients, 18% of OND patients, and
14% of HC subjects have IgG antibody against
glycosylated NgR-Fc. The DNAQLR motif
located in the third leucine-rich repeat domain of
NgR is the principal epitope recognized by a
monoclonal anti-NgR antibody with a capacity
to block binding of all NgR ligands (27). The
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Figure 3. Detection of IgG and IgM autoantibodies against NgR and NgR-Fc in the serum of MS and controls. The miniarray and
the NgR-Fc blot were incubated with the serum of MS patients, OND patients or HC subjects. It was followed by incubation with
HRP-conjugated anti-human IgG (panel A), IgM Fcs,, (panel B), or IgG F(ab’), (panel C). (Panel A) IgG antibody against non-
glycosylated NgR. The lanes (1-7) represent the serum of (1) RRMS in remission, (2) RRMS in remission, (3) RRMS in remission,
(4) SPMS, (5) Parkinson’s disease, (6) spinocerebellar degeneration, and (7) Charcot—-Marie-Tooth disease CMT1A. (Panel B) IgM
antibody against non-glycosylated NgR. The lanes (1,2) represent the serum of (1) spastic paraplegia of unknown etiology and (2)
Fisher syndrome. (Panel C) IgG antibody against glycosylated NgR-Fc. The lanes (1-7) represent the serum of (1) RRMS in
remission, (2) RRMS in remission, (3) RRMS in remission, (4) spastic paraplegia of unknown etiology, (5) mitochondrial en-

cephalomyopathy, (6) HC, and (7) HC.

Table 3 Clinical characteristics of MS patients positive or negative for IgG antibodies against NgR-Fc in the serum

NgR-Fc IgG-positive NgR-Fc IgG-negative

Clinical characteristics MS (n = 18) MS (n = 12)
Age (years)? 42.2 + 106 404 + 1438
Male vs female (number) 8vs 10 2vs 10
Disease duration (years}® 66 + 5.7 18 £ 72
EDSS score® 3722 35+18
Relapses during the recent one year (number)® 07+09 1.0+10
Patients with spinal cord involvement (number and %) 8 (44%) 5 (42%)
Patients in remission, in relapse, and in progression (number) 12vs 2vs 4 5vs7vs0
Patients receiving IFNP, corticosteroids, and azathioprine at blood sampling (number) 5vs7vs2 4vs4vs 0

*No significant differences are found by Mann-Whitney's U-test between the two groups of MS in age, disease duration, EDSS score, and relapses during the recent one year.
NgR-Fc, glycosylated Nogo receptor-IgG Fc fusion protein; EDSS, Expanded Disability Status Scale.

Nogo-66 region contains several immunogenic
epitopes for mouse T and B cells (28). Although
immunogenic epitopes of NgR and Nogo-A in the
human immune system remain to be clarified, our
observations suggest that both NgR and Nogo-66
are more immunogenic than NAS and NAB for
activation of human B cells. Among RRMS
patients with anti-NgR-Fc IgG, the patients in
remission (n = 12) outnumbered those in acute
relapse (n = 2). Therefore, the possibility exists
that this antibody might play a role in the
maintenance of remission or the protection against
relapse in RRMS, by blocking the interaction
between Nogo-66 on oligodendrocytes/myelin and
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NgR on neurons/axons. This hypothesis should be
evaluated by future studies including the larger
cohort of MS patients and controls.
Stress-inducing stimuli greatly affect the levels
of Nogo-A expression in distinct cell types. Global
ischemia enhances Nogo-A expression on the
myelin sheath in the adult rat brain (29). Nogo-
A expression is enhanced around the lesion site,
whereas NgR is maintained at constant levels in
the adult mouse and rat spinal cord following
injury (7, 11, 30, 31). Kainate-induced seizure
elevates Nogo-A mRNA levels in the adult rat
hippocampal neurons (32). Nogo-A is induced
in hippocampal neurons of the patients with



temporal lobe epilepsy (33). Unexpectedly, we
identified the serum IgG autoantibodies against
N66, MOG, and NgR-Fc not only in MS but also
in non-MS and HC subjects. Our observations
indicate that both Nogo-66 and NgR in addition
to MOG serve as an autoantigen in the human
immune system. Supporting this, a recent study
identified anti-MOG IgG in the serum of both
RRMS patients and HC subjects at the similar
frequency (34). Increasing evidence indicates that
Nogo-A, Nogo-B, Nogo-C and NgR are widely
distributed in the cells and tissues outside the
CNS (35-37). Nogo-A expression is elevated in
postmortem and biopsied muscles of amyotrophic
lateral sclerosis patients (38, 39). These observa-
tions suggest that the Nogo-66/NgR interaction
plays an as yet undefined extraneural role, asso-
ciated with an increased probability of antibody
production under pathological conditions, when
they are exposed and recognized by the human
immune system.

In conclusion, IgG antibodies against NG66,
NgR, and MOG are frequently detected in the
serum of both MS patients and controls. Although
the study population is small and heterogeneous,
we could definitely conclude that these autoanti-
bodies do not serve as a disease-specific marker for
MS.
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TROY and LINGO-1 expression in astrocytes and macrophages/microglia in multiple sclerosis lesions

Nogo constitutes a family of neurite outgrowth inhibitors
contributing to a failure of axonal regeneration in the
adult central nervous system (CNS). Nogo-A is expressed
exclusively on oligodendrocytes where Nogo-66 segment
binds to Nogo receptor (NgR) expressed on neuronal
axons. NgR signalling requires a coreceptor p75"™® or
TROY in combination with an adaptor LINGO-1. To char-
acterize the cell types expressing the NgR complex in the
human CNS, we studied demyelinating lesions of multiple
sclerosis (MS) brains by immunohistochemistry. TROY

and LINGO-1 were identified in subpopulations of reactive
astrocytes, macrophages/microglia and neurones but
not in oligodendrocytes. TROY was up-regulated, whereas
LINGO-1 was reduced in MS brains by Western blot. These
results suggest that the ternary complex of NgR/TROY/
LINGO-1 expressed on astrocytes, macrophages/microglia
and neurones, by interacting with Nogo-A on oligoden-
drocytes, might modulate glial-neuronal interactions in
demyelinating lesions of MS.

Keywords: LINGO-1, macrophages/ microglia, multiple sclerosis, reactive astrocytes, TROY

Introduction

Axonal damage beginning at the early stage of multiple
sclerosis (MS) is responsible for permanent neurological
deficits and progression of clinical disability [1]. Although
the underlying molecular mechanism remains unknown,
the degree of inflammatory demyelination correlates with
the extent of axonal damage, suggesting an involvement of
proinflammatory mediators in inducing axonal degenera-
tion [2]. However, the alternative possibility could be pro-
posed that axonal regeneration is severely impaired in MS
lesions, because an accumulation of glial scar and neurite
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growth inhibitors provide a non-permissive environment
for regrowth of damaged axons [3].

Nogo constitutes a family of myelin-associated inhibi-
tors of axonal regeneration, composed of three isoforms
named A, B and C, all of which share a C-terminal 66-
amino-acid segment named Nogo-66 [4]. Nogo-A, the
longest isoform, is expressed exclusively on oligodendro-
cytes and myelin sheath and a subpopulation of neurones
[5]. Nogo-66 as well as oligodendrocyte-myelin glycopro-
tein (OMgp) and myelin-associated glycoprotein (MAG)
binds to the Nogo receptor (NgR), a glycosylphosphatidyli-
nositol (GPI)-anchored membrane protein expressed
chiefly on a subpopulation of neurones and their axons,
including cerebral cortical pyramidal neurones and cere-
bellar Purkinje cells [6]. NgR transduces inhibitory sig-
nals via a coreceptor p75™® that acts as a displacement
factor releasing a small GTP-binding protein RhoA, an
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intracellular regulator of the cytoskeleton, from the Rho
GDP dissociation inhibitor [6,7]. Neurones lacking p75™™®
neither show RhoA activation nor exhibit neurite growth
inhibition in the presence of myelin components, suggest-
ing a key role of p75™™ in the NgR signal transduction in
vitro [6]. However, the role of p75¥® remains unclear in
the adult central nervous system (CNS) in vivo where NgR
is identified in many neurones that exhibit little or no
p75™™R expression [8].

Recently, two novel components of the NgR signalling
complex, named TROY and LINGO-1, have been identified.
TROY is a type I membrane protein belonging to the
tumour necrosis factor receptor superfamily that substi-
tutes for p75"™ in the NgR signalling complex to activate
RhoA following exposure to myelin-associated neurite
growth inhibitors [9,10]. TROY is strongly expressed dur-
ing development in neural stem cells located in the ven-
tricular and subventricular zones, and is more broadly
expressed in various neurones in the adult rodent CNS
than p757"™ [9-12]. Overexpression of a truncated form of
TROY lacking its intracellular domain blocks neuronal
response to myelin-associated inhibitors in a dominant-
negative manner [9]. Neurones from TROY-deficient
mice are resistant to the suppressive activity of myelin-
associated inhibitors [10]. LINGO-1, also a type I mem-
brane protein, consisting of 12 leucine-rich repeats, an
immunoglobulin (Ig)-like domain, a transmembrane
domain, and a short cytoplasmic tail containing a canon-
ical epidermal growth factor receptor-like tyrosine phos-
phorylation site, acts as an adaptor that connects NgR
(the ligand-binding component) with p75™*® or TROY (the
signal transducing component) by forming the trimo-
lecular complex [13,14]. The expression of LINGO-1 is
enriched in the limbic system and the neocortex, identified
exclusively in subpopulations of neurones in the rodent
CNS [13,15]. Coexpression of NgR, TROY and LINGO-1
confers responsiveness to myelin-associated inhibitors in
transfected COS-7 cells [13]. Exposure of cultured rat cer-
ebellar granular (CG) neurones to LINGO-1-Fc fusion pro-
tein attenuates Nogo-66, OMgp or MAG-mediated neurite
outgrowth inhibition [13]. These observations suggest
that the NgR/TROY/LINGO-1 complex plays a key role in
inhibiting axonal regeneration in the rodent CNS. How-
ever, at present, the precise cellular distribution of TROY
and LINGO-1 remains to be characterized in the adult
human CNS.

Recently, we demonstrated that Nogo-A expression is
enhanced in surviving oligodendrocytes, while NgR is

up-regulated in reactive astrocytes and macrophages/
microglia in chronic active demyelinating lesions of MS,
suggesting a pathological role of Nogo-A/NgR interaction
in persistent demyelination and axonal degeneration in
MS lesions [16]. In contrast, we found that p75™¥™® expres-
sion is restricted in small regions such as substantia gelat-
inosa in the spinal cord [16]. The present study by using
immunohistochemistry was designed to investigate TROY
and LINGO-1 expression in demyelinating lesions of MS.

Materials and methods

Human brain tissues

For immunohistochemistry, 10 micron-thick serial sec-
tions were prepared from autopsied brains of five MS
patients and 10 non-MS cases. The tissues were fixed
with 4% paraformaldehyde or 10% neutral formalin and
embedded in paraffin, MS cases included a 29-year-old
woman with secondary progressive MS (SPMS) (MS#1), a
40-year-old woman with SPMS (MS#2), a 43-year-old
woman with primary progressive MS (PPMS) (MS#3), a
70-year-old woman with SPMS (MS#4) and a 33-year-old
man with SPMS (MS#5). Non-MS neurological and psy-
chiatric disease cases included a 47-year-old man with
acute cerebral infarction, an 84-year-old man with acute
cerebral infarction, a 62-year-old man with old cerebral
infarction, a 56-year-old man with old cerebral infarction,
a 36-year-old woman with schizophrenia (SCH) and a 61-
year-old man with SCH. Neurologically normal control
cases included a 79-year-old woman who died of hepatic
cancer, a 7 5-year-old woman who died of breast cancer, a
60-year-old woman who died of external auditory canal
cancer and a 74-year-old woman who died of gastric and
hepatic cancers.

For Western blot analysis, MS cases included MS#1,
#2, #3 and #4. Non-MS cases included a 76-year-old
woman with Parkinson's disease (PD#1), a 61-year-old
woman with amyotrophic lateral sclerosis (ALS#1), a 74-
year-old woman with ALS (ALS#2), a 61-year-old man
with ALS (ALS#3), a 66-year-old man with ALS (ALS#4),
a 73-year-old man with SCH {(SCH#1) and a 77-year-old
woman with depression (DEP#1). The post mortem inter-
val of the cases ranges from 1.5 hto 10 h prior to freezing
the brain tissues. Autopsies were performed either at the
National Center Hospital for Mental, Nervous and Muscu-
lar Disorders, National Center of Neurology and Psychia-
try (NCNP), Tokyo, Japan or at the Nishitaga National
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Hospital, Sendai, Japan. Written informed consent was
obtained form all the cases examined. The present study
was approved by the Ethics Committee of NCNP.

Human neural cell lines and cultures

Human astrocytes in culture were established from neu-
ronal progenitor cells isolated from the brain of a human
foetus at 18.5-week gestation obtained from BioWhit-
taker, Walkersville, MD, USA [16]. Human neural cell
lines were maintained as described previously [17).
Human microglial cell line HMO6 is provided by Dr
Seung U. Kim, Division of Neurology, Department of
Medicine, University of British Columbia, Vancouver, BC,
Canada [18].

Immunohistochemistry

After deparaffination, tissue sections were heated in
10 mM citrate sodium buffer, pH 6.0 by autoclave at
125°C for 30s in a temperature-controlled pressure
chamber (Dako, Tokyo, Japan). They were treated at room
temperature (RT) for 15 min with 3% hydrogen peroxide-
containing methanol to block the endogenous peroxidase
activity. The tissue sections were then incubated with
phosphate-buffered saline (PBS) containing 10% normal
rabbit serum or 10% normal goat serum at RT for 15 min
to block non-specific staining. The serial sections were
incubated in a moist chamber at 4°C overnight with goat
anti-TROY antibody (E-19, sc-13711; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), rabbit anti-LINGO-1 anti-
body (#07-678; Upstate, Lake Placid, NY, USA), mouse
monoclonal anti-p75™% antibody (clone ME20.4; Sigma,
St Louis, MO, USA) or the antibodies against cell type-spe-
cific markers described previously [16]. After washing
with PBS, the tissue sections were labelled at RT for
30 min with horseradish peroxidase (HRP)-conjugated
secondary antibodies (Nichirei, Tokyo, Japan), followed by
incubation with a colourizing solution containing diami-
nobenzidine tetrahydrochloride (DAB) and a counterstain
with haematoxylin. For negative controls, the step of incu-
bation with primary antibodies was omitted, or the tissue
sections were incubated with a negative control reagent
(Dako) instead of primary antibodies.

In some experiments, tissue sections were initially
stained with mouse anti-GFAP monoclonal antibody
(GAS5; Nichirei), then followed by incubation with alkaline
phosphatase-conjugated secondary antibody (Nichirei)
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and colourized with New Fuchsin substrate. After inacti-
vation of the antibody by autoclaving the sections in
10 mM citrate sodium buffer, pH 6.0, they were relabelled
with anti-TROY antibody (sc-13711) or anti-LINGO-1
antibody (#07-678), followed by incubation with peroxi-
dase-conjugated secondary antibody (Nichirei) and
colourized with DAB substrate. Immunoreactivity was
graded as intense, intermediate, weak or undetectable.

Western blot analysis

To prepare total protein extract, frozen brain tissues pre-
pared from the frontal cerebral cortex or the cerebellar
cortex were homogenized in RIPA lysis buffer composed of
50 mM Tris-HCI, pH 7.5, 150 mM Nacl, 1% Nonidet P40,
0.5% sodium deoxycholate, 0.1% SDS, and a cocktail of
protease inhibitors (Roche Diagnositics, Tokyo, Japan), fol-
lowed by centrifugation at 13 400 g for 20 min at RT. The
supernatant was collected for separation on a 12% SDS-
PAGE gel. The protein concentration was determined by a
Bradford assay kit (Bio-Rad, Hercules, CA, USA). After gel
electrophoresis, the protein was transferred onto nitrocel-
lulose membranes, and immunolabelled at RT overnight
with anti-TROY antibody (sc-13711), anti-LINGO-1 anti-
body (#07-678), mouse monoclonal anti-NgR antibody
(clone 188428; R&D Systems, Minneapolis, MN, USA),
anti-p75™* antibody (ME20.4) or goat anti-heat shock
protein HSP60 antibody (N-20, sc-1052; Santa Cruz Bio-
technology) for the internal control. Then, the mem-
branes were incubated at RT for 30 min with HRP-
conjugated anti-mouse, rabbit or goat IgG (Santa Cruz
Biotechnology). The specific reaction was visualized by
using a chemiluminescent substrate (Pierce, Rockford, IL,
USA). After the antibodies were stripped by incubating the
membranes at 50°C for 30 min in stripping buffer com-
posed of 62.5 mM Tris-HCl, pH 6.7, 2% SDS and 100 mM
2-mercaptoethanol, the membranes were processed for
relabelling several times with different antibodies.

Reverse transcriptase polymerase chain reaction
(RT-PCR) analysis

DNase-treated total cellular RNA was processed for cDNA
synthesis using oligo(dT),;.,s primers and SuperScript II
reverse transcriptase (Invitrogen, Carisbad, CA, USA).
Then, cDNA was amplified by polymerase chain reaction
(PCR) using HotStar Taq DNA polymerase (Qiagen,

© 2006 Blackwell Publishing Ltd, Neuropathology and Applied Neurobiology, 33, 99-107

-205-



102 ] Satoh etal.

Valencia, CA, USA) and a panel of sense and antisense
primer sets following: 5’-tcccatgggtggtgacaacatcte-3’ and

’-gaatgagactggactggaacagec-3’ for a 159-bp product of
TROY; 5’-cctccctaccettctacacacgtt-3” and 5%-gtgteggtteg
tcggetttcaact-3” for an 175-bp product of LINGO-1; 5’-
agcagccaggtgtgtgtacatacg-3’ and 5’-cgccgaacectgtaaaca
tgatgg-3’ for a 154-bp product of NgR; 5’-gaccacacttcct
gtccagagaga-3” and 5'-atatgacacctgetgtggtgggag-3’ for a
142-bp product of p75™®; and 5’-ccatgttcgtcatgggtatga
acca-3’ and 5’-gccagtagaggcagggatgatgtte-3’ fora 251-bp
product of the glyceraldehyde-3-phosphate dehydroge-
nase (G3PDH) gene as an internal control. The amplifica-
tion program consisted of an initial denaturing step at
95°Cfor 15 min, followed by a denaturing step at 94°C for
1 min, an annealing step at 60°C for 40 s and an exten-
sion step at 72.9°C for 50s for 38 cycles, except for
G3PDH amplified for 32 cycles. For the positive control,
total RNA of the human frontal cerebral cortex (Clontech,
Mountain View, CA, USA) was processed in parallel for
RT-PCR.

Results

The constitutive expression of TROY and LINGO-
1 mRNA in various human neural cell lines and
primary cultures

First, the expression of TROY and LINGO-1 mRNA was
studied in human neural cell lines and cultures by RT-PCR
analysis. High levels of NgR and TROY transcripts were
identified in all cell types, including cultured astrocytes,
neuronal progenitor cells, NTera2 teratocarcinoma-
derived neurones (NTera2N), Y79 retinoblastoma, SK-N-
SH neuroblastoma, IMR-32 neurcblastoma, U-373MG
astrocytoma, HeLa cervical carcinoma, HepG2 hepatocel-
lular carcinoma and HMO®6 microglial cell line, along with
in the human cerebral cortex (Figure 1a,b, lanes 1, 3—-12).
LINGO-1 and p7 5™® transcripts were also detected in var-
ious cell lines, although LINGO-1 mRNA levels were fairly
low in U-373MG and Hela, and p7 5"™® mRNA levels were
extremely low in HMO6 cells (Figure 1¢,d, lanes 1, 3-12).
The levels of G3PDH mRNA, a housekeeping gene, were
almost constant among the cells examined (Figure lc,
lanes 1, 3—12), while no products were amplified when
total RNA was processed for PCR without inclusion of the
reverse transcription step, confirming that a contamina-
tion of genomic DNA was excluded (Figure 1a-e, lane 2).

(b)NgR - GGR W ED G B A W
(9LINGO-1
(dp75
(e)G3PDH T O i, -
123 4567 891011 12
CEEE3SEECEE B
BB i z§E*% B
s 2 2° 5

Figure 1. TROY and LINGO-1 mRNA expression in human neural
cells. The expression of (a) TROY, (b) NgR, (¢) LINGO-1, (d) p75™™
and (e) G3PDH (an internal control) mRNA was studied in human
neural cells by RT-PCR analysis. The lanes (1-12) represent: (1) the
frontal cerebral cortex (CBR), (2) cultured astrocytes (AS) without
inclusion of the reverse transcription step (RT-), (3) cultured
astrocytes (AS) with inclusion of the reverse transcription step (RT+),
(4) cultured neuronal progenitor (NP) cells, (5) NTera2
teratocarcinoma-derived neurones (NTera2N), (6) Y79
retinoblastoma, (7) SK-N-SH neuroblastoma, (8) IMR-32
neuroblastoma, (9) U-373MG astrocytoma, (10) HeLa cervical
carcinoma, (11) HepG2 hepatocellular carcinoma and (12) HMOé
microglial cell line. The DNA size marker (100-bp ladder) is shown
on the left.

These results indicate that a panel of human neural cells
in culture express both NgR/TROY/LINGO-1 and NgR/
p75NR/LINGO-1 complexes.

Neurones, reactive astrocytes and macrophages/
microglia but not oligodendrocytes expressed
TROY and LINGO-1 in MS and control brains

In the next step, the expression of TROY and LINGO-1
proteins was studied in MS and non-MS brains by imm-
munohistochemistry. A subpopulation of neurones in the
cerebral cortex, brainstem and spinal cord expressed
constitutively variable intensities of immunoreactivity
for TROY or LINGO-1 in both MS and non-MS brains
(Figure 2a,b). An intermediate or weak immunolabelling
of TROY or LINGO-1 was identified in a subset of reactive
hypertrophic astrocytes in chronic active demyelinating
lesions of MS (Figure 2¢,d) and ischaemic lesions of acute
cerebral infarction (not shown), although the percentage
and intensity of immunopositive cells/total hypertrophic
reactive astrocytes was much greater and stronger in
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Figure 2. TROY and LINGO-1 immunoreactivities are identified on neurones and reactive astrocytes in multiple sclerosis (MS) brains. The
expression of (a,c,e) TROY and (b,d,f) LINGO-1 was studied in MS brains by immunohistochemistry. The panels represent (a) TROY
immunoreactivity in the pontine base of MS#1, (b) LINGO-1 immunoreactivity in the pontine base of MS#1, (c) TROY immunoreactivity in
chronic active demyelinating lesions in the frontal cerebral cortex of MS#2, (d) LINGO-1 immunoreactivity in chronic active demyelinating
lesions in the frontal cerebral cortex of MS#3, (€) TROY (brown) and GFAP (red) double immunolabelling of chronic active demyelinating lesions
in the frontal cerebral cortex of MS#2, and (f) LINGO-1 (brown) and GFAP (red) double immunolabelling of chronic active demyelinating lesions
in the frontal cerebral cortex of MS#3. Neurones (a,b) and reactive hypertrophic astrocytes (c—f) express TROY and LINGO-1.

TROY (> 80%) than in LINGO-1 (< 10%), suggesting that
not all TROY-expressing astrocytes coexpress substantial
levels of LINGO-1. Double immunolabelling verified that
a population of the cells expressing TROY or LINGO-1
immunoreactivity was comprised of GFAP* astrocytes
(Figure 2e,f). The great majority of macrophages and
microglia expressed an intense/intermediate immunore-
activity for TROY and LINGO-1 in MS and non-MS brain
lesions (Figure 3a,b). In contrast, both TROY and LINGO-
1 was neither detectable in surviving oligodendrocytes
remaining in demyelinating lesions nor in oligodendro-
cytes in the normal appearing white matter of MS
(Figure 3¢,d) and non-MS brains (not shown). p75™®
expression was restricted in small regions such as

substantia gelatinosa in the spinal cord (Figure 3e), as
described previously [16].

Up-regulated expression of TROY in MS brains

Finally, the expression of TROY and LINGO-1 proteins was
studied in brain tissues of four MS and seven non-MS cases
by Western blot analysis. TROY protein levels were much
higher in four MS cases MS#1, #2, #3 and #4 (Figure 4a,
lanes 1-7), when compared with five non-MS cases PD#1,
ALS#1, #2 and #3, and SCH#1 (Figure 4a, lanes 8-14
and 17), or comparable to two non-MS cases ALS#4 and
DEP#1 (Figure 4a, lanes 16 and 19), when standardized
against the levels of HSP60, an internal standard detected
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Figure 3. TROY and LINGO-1 immunoreactivities are identified on macrophages/microglia but not on oligodendrocytes in multiple sclerosis
(MS) brains. The expression of (a,c) TROY, (b,d) LINGO-1 and (e) p75™™ was studied in MS brains by immunohistochemistry. The panels
represent (a) TROY immunoreactivity in chronic active demyelinating lesions in the frontal cerebral cortex of MS#3, (b) LINGO-1
immunoreactivity in chronic active demyelinating lesions in the parietal cerebral cortex of MS#3, (c) TROY immunoreactivity in the normal
appearing white matter of the frontal cerebral cortex of MS#1, (d) LINGO-1 immunoreactivity in the normal appearing white matter of the
frontal cerebral cortex of MS#1, and an inset, (e) p75™™ immunoreactivity in the substantia gelatinosa of the spinal cord of MS#2.
Macrophages/microglia (a,b) but not oligodendrocytes (c,d) express TROY and LINGO-1.

in corresponding blots, which appeared to be almost con-
stant among the samples (Figure 4e, lanes 1-19). In con-
trast, LINGO-1 protein levels were reduced in all MS cases
and the cerebellum of the case of DEP#1, compared with
other cases (Figure 4c, lanes 1-7 and 19). The pattern of
p75"™® protein expression (Figure 4d, lanes 1-19) was
generally similar to that of TROY (Figure 4a, lanes 1-19),
except for one case of MS MS#2 that expressed a high level
of TROY but a trace of p75"™® (Figure 4a,d, lane 2). In con-
trast, NgR protein levels varied among the cases and the
regions examined, although there existed a trend for
higher levels of NgR in the cerebellum vs. lower levels in
the cerebrum (Figure 4b, lanes 1-19).

Discussion

By immunohistochemistry, the present study for the first
time demonstrated that the expression of TROY and
LINGO-1 was more widespread than p75™™ in the brains
of MS and non-MS cases, identified in subpopulations of
reactive astrocytes, macrophages/microglia and neurones
but not in oligodendrocytes in chronic active demyelinat-

ing lesions of MS and ischaemic lesions of cerebral infarc-
tion. The expression of TROY and LINGO-1 in astrocytes
and microglia, the findings previously unreported [9-15],
was verified by immunohistochemistry of brain tissue sec-
tions and RT-PCR analysis of human astrocytes in culture
and the microglia cell line HMO6. Non-neuronal distribu-
tion of TROY and LINGO-1, both of which constitute piv-
otal components of the NgR signalling complex [9,10,13],
is not so surprising. Previous studies showed that TROY
mRNA was detected in glioma and embryonal carcinoma
cells [11], and recently, we reported that Nogo-A expres-
sion is enhanced in surviving oligodendrocytes, while
NgR is up-regulated in reactive astrocytes and macroph-
ages/microglia in chronic active demyelinating lesions of
MS, suggesting an active role of NgR signalling in non-
neural cell types [16]. Our observations put forth the
hypothesis that the ternary complex of NgR/TROY/
LINGO-1 expressed on astrocytes, macrophages/microglia
and neurones, by interacting with Nogo-A expressed on
oligodendrocytes, plays some role in regulating glial—
neuronal and glial-glial interactions in active demyelinat-
ing lesions of MS.
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Figure 4. TROY and LINGO-1 protein expression in MS and non-MS brains. The expression of (a) TROY (55 kDa), (b) NgR (67 kDa), (c) LINGO-
1(97kDa), (d) p75"™ (68 kDa) and (e) HSP60 (60 kDa, an internal control) proteins was studied by Western blot analysis in brain homogenates
prepared from either the frontal cerebral cortex (CBR) or the cerebellar cortex (CBL) of four MS and seven non-MS cases. Sixty micrograms of
total protein separated on a 12% SDS-PAGE gel was transferred onto nitrocellulose membranes, and processed for relabelling several times with
different antibodies. The lanes (1-19) represent (1) MS#1 CBL, (2) MS#2 CBR, (3) MS#3 CBR, (4) MS#4 CBR, (5) a different part of MS#4
CBR, (6) MS#4 CBL, (7) a different part of MS#4 CBL, (8) PD#1 CBR, (9) PD#1 CBL, (10) ALS#1 CBR (11) ALS#2 CBR, (12) ALS#2 CBL,
(13) ALS#3 CBR, (14) ALS#3 CBL, (15) ALS#4 CBR, (16) ALS#4 CBL, (17) SCH#1 CBR, (18) DEP#1 CBR and (19) DEP#1 CBL. PD,
Parkinson’s disease; ALS, amyotrophic lateral sclerosis; SCH, schizophrenia; DEP, depression. The position of molecular weight marker is

indicated on the left.

By Western blot analysis, we found that TROY levels
were elevated, whereas LINGO-1 levels were reduced in
MS brains, although the sample size of the present study
was too small, i.e. seven samples of four MS cases vs. 12
samples of seven non-MS cases, to obtain definitive
conclusions. In contrast, immunohistochemical studies
showed that both TROY and LINGO-1 immunoreactivities
were enhanced in subpopulations of astrocytes and mac-
rophages/microglia in MS brains. Because a subset of
neurones expressed variable levels of TROY and LINGO-1,
the discrepancy in the results between Western blot and
immunohistochemistry is in part attributable to the vary-
ing degree of axonal loss in the lesions examined. Recent
studies indicate that LINGO-1 expression is regulated by
neuronal activity [19]. The expression of LINGO-1 mRNA
is strongly up-regulated, while NgR mRNA levels are
decreased in the dentate gyrus of rat brain following treat-
ment with brain-derived neurotrophic factor or kainic
acid, suggesting a role of LINGO-1 in activity-dependent
neuronal plasticity responses [19]. Reduced neuronal
activity causes irreversible axonal damage in demyelinat-

ing lesions of MS [20]. Recent studies indicate that LINGO-
1 is expressed on rat oligodendrocytes where it negatively
regulates differentiation and myelination competence of
oligodendrocytes [21]. Expression of dominant-negative
LINGO-1, LINGO-1 RNA-mediated interference, or an
exposure to soluble LINGO-1-Fc enhances differentiation
of rat oligodendrocytes in culture, accompanied by down-
regulation of RhoA activity [21]. Furthermore, LINGO-1
knockout mice have greater numbers of myelinated axons
[21]. These observations do not apparently agree with our
present and previous studies showing that LINGO-1,
along with NgR and TROY, was undetectable on oligoden-
drocytes in the brains of any cases examined [16]. This dis-
crepancy is attributable in part to the differences between
the previous study [21] and our own in the species and
age, developing rat vs. adult human, or to the methods,
cell cultures vs. immunohistochemistry, or both.

In conclusion, the expression of TROY and LINGO-1
was identified in subpopulations of reactive astrocytes,
macrophages/microglia and neurones but not in oligo-
dendrocytes in chronic active demyelinating lesions of MS
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and ischaemic lesions of cerebral infarction. These obser-
vations suggest that the ternary complex of NgR/TROY/
LINGO-1 expressed on astrocytes, macrophages/microglia
and neurones, by interacting with Nogo-A expressed on
oligodendrocytes, might play a regulatory role in glial-
neuronal and glial-glial interactions under demyelinating
conditions of MS and other pathological conditions.
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ABSTRACT

Aquaporins (AQPs) constitute an evolutionarily conserved family of integral membrane
water transport channel proteins. Previous studies indicate that AQP1 is expressed
exclusively in the choroid plexus epithelium, while AQP4 is localized on the vascular
foot of astrocytes in the central nervous system (CNS) under physiological conditions.
To investigate a role of AQPs in the pathophysiology of neurological diseases involving
astrogliosis, we studied the expression of AQP1 and AQP4 in cultured human
astrocytes and brain tissues of multiple sclerosis (MS), cerebral infarction, and control
cases. By RT-PCR and Western blot analysis, cultured human astrocytes coexpressed
both AQP1 and AQP4 mRNA and proteins, where AQP4 levels were elevated by
exposure to IFNy but neither by TNFo nor IL-1B, whereas AQP1 levels were
unaffected by any cytokines examined. By Western blot analysis, AQP1 and AQP4
proteins were detected in brain homogenates of MS and non-MS cases, where both
levels were correlated with those of GFAP. By immunohistochemistry, astrocytes with
highly-branched processes surrounding blood vessels, along with glial scar, expressed
intensely AQP1 and AQP4 in MS and ischemic brain lesions. whereas neither
macrophages, neurons nor oligodendrocyte cell bodies were immunopositive. These
immunohistochemical results indicate that the expression not only of AQP4 but also of
AQP1 was enhanced in MS and ischemic brain lesions, located predominantly in
astrocytes, suggesting a pivotal role of astrocytic AQPs in maintenance of water

homeostasis in the CNS under pathological conditions.

Key words: astrocytes, AQP1, AQP4, cerebral infarction, multiple sclerosis.
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INTRODUCTION

The aquaporins (AQPs) constitute a family of integral channel proteins that facilitate the
rapid transport of water across cell membranes in response to osmotic gradients.!?
Presently, at least 13 mammalian members have been identified, which are widely
expressed in various fluid-transporting epithelial énd endothelial cells. AQP1, AQP2,
AQP4, AQP5 and AQPS are chiefly water selective, while AQP3, AQP7, AQP9 and
AQP10, named aquaglyceroporins, transport glycerol in addition to water. Among these,
AQP1, AQP4 and AQP9 are expressed in the central nervous system (CNS).!? AQPI,
initially identified in red blood cells and renal proximal tubular epithelium, is found to
be selectively and constitutively expressed in the apical surface of choroid plexus
epithelium (CPE) in the CNS.> The AQP1 water channel is composed of a
dumbbell-shaped homotetramer of 28-kDa subunits, each of which contains 6
transmembrane domains and an extracellular epitope that defines the Colton blood
group antigen on red blood cells. AQP1 serves as both a water channel and a
cGMP-gated ion channel on CPE.* AQP1-null individuals negative for the Colton
antigens who have homozygous mutations in the AQP1 gene exhibit a defective urinary
concentrating ability and reduced pulmonary vascular permeability following fluid
overload, suggesting a major role of AQP1 in kidney and pulmonary physiology.>® In
mice, a targeted disruption of the AQP1 gene caused a decrease in cerebrospinal fluid
(CSF) production and intracranial pressure, indicating a primary role of AQP1 in
secretion of CSF in the CNS.” Although AQPI is expressed widely in vascular
endothelial cells outside the CNS, its levels are very low in brain endothelial cells and
no expression is identified in primary cultures of rodent astrocytes.®

AQP4 is the predominant form of AQPs enriched in the CNS.” It is constitutively
expressed in the astroglial end-feet at the perivascular and the subpial membranes where
it regulates brain water homeostasis by acting as a key constituent of the blood-brain

barrier (BBB) and the blood-CSF barrier.'® Alpha-syntrophin, an adapter protein
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