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Fig. 3 continued

Table 2 Summary of the

: o Case Lesion Stage AQP4 loss T cell infiltration Perivascular deposition of
pathological findings in . .
bl : : immunoglobulins and complement
demyelinating lesions in cases
with Bal6’s concentric sclerosis Balé-1 Crl Active  Extensive Perivascular No
Cr2 Active Extensive Perivascular No
Bal6-2 Crl Active Extensive Perivascular No
Balo-3 Crl Active  Extensive Perivascular No
Balo-4 Crl Active Extensive Perivascular No
AQP4 aquaporin-4, €r Cr2 Active  Extensive Perivascular No

cerebrum

AQP4 loss in the acute lesions without vasculocentric
deposition of complement or immunoglobulin is consid-
ered to be characteristic of BCS.

There are several lines of experimental evidence that
anti-AQP4 antibody-independent impairment of astrocytes
causes AQP4 loss followed by demyelination. Sharma et al.
[33] reported lipopolysaccharide-induced demyelinating
lesions in rats showed loss of AQP4 and retraction of
astrocytic vascular foot processes. Likewise, Wolburg-
Buchholz et al. [40] demonstrated that ultrastructural dis-
tribution of AQP4 is altered in the astrocytic foot processes
followed by destruction of the BBB in a murine experi-
mental autoimmune encephalomyelitis model immunized

@ Springer

with proteolipid protein peptide. Indeed, the astrocytes in
the active lesions in our BCS cases showed extremely
hypertrophic, abnormal reacting morphology suggestive of
considerable functional impairment including loss of AQP4
expression. The mechanism underlying such anti-AQP4
antibody-independent AQP4 loss is currently unknown.
However, phosphorylation-related internalization of AQP4
resulting from a variety of stimuli might initiate this pro-
cess [5, 8, 28].

Future studies on astrocytopathy as well as the dynamic
plasticity of astrocytes may shed light on the mechanisms
underlying the alternating myelinated and demyelinated
lesions observed in BCS.
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Abstract

Background: Within multiple sclerosis lesions, brain-derived neurotrophic factor is detected in neurons and
immunocytes.

Objective: To clarify brain-derived neurotrophic factor production by peripheral blood immunocytes and its relation-
ship with clinical parameters in multiple sclerosis.

Methods: Serum brain-derived neurotrophic factor levels were measured by conventional enzyme-linked immunosor-
bent assay while brain-derived neurotrophic factor production by immunocytes was determined by an in situ enzyme-
linked immunosorbent assay in 74 multiple sclerosis patients, 32 healthy controls, and 86 patients with other neurological
diseases. The tyrosine kinase receptor TrkB expression level in peripheral blood mononuclear cells was measured by real-
time polymerase chain reaction.

Results: Multiple sclerosis patients showed significantly higher serum brain-derived neurotrophic factor levels than healthy
controls and patients with other neurological diseases. Multiple sclerosis patients with high brain-derived neurotrophic
factor levels were younger, and showed fewer relapse numbers than those with low brain-derived neurotrophic factor
levels. Brain-derived neurotrophic factor production by T cells increased with age in healthy controls, but not in multiple
sclerosis patients. Interferon beta induced a significant increase in serum brain-derived neurotrophic factor levels. Brain-
derived neurotrophic factor production from T cells and TrkB expression levels in peripheral blood mononuclear cells were
significantly enhanced in interferon beta-treated multiple sclerosis patients compared with untreated ones.
Conclusions: A high brain-derived neurotrophic factor level is related to early mild disease in young multiple sclerosis
patients. Interferon beta potentiates brain-derived neurotrophic factor production and brain-derived neurotrophic factor
receptor expression in peripheral blood mononuclear cells, which may act beneficially.

Keywords
Brain-derived neurotrophic factor, BDNF, multiple sclerosis, MS, interferon beta, IFNB, T cells, age
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Introduction (NGF). neurotrophin-3 (NT-3), and ncurotrophin-4:5

(NT-4/5), has recently received a lot of attention in MS
research. BDNF has been shown to promote neuro-

Multiple sclerosis (MS) is an inflammatory demyelinat-
ing disease of the central nervous system (CNS). It is

characterized by episodes of acute neurological dys-
function during the relapsing-remitting (RR) phase,
leading to partial or full recovery.! However, with
time, recovery from each episode becomes incomplete
and persistent symptoms accumulate.! Thus, it is criti-
cal to understand the neuroprotection and repair mech-
anisms operating in this condition.

Among neuroprotective factors. brain-derived neu-
rotrophic factor (BDNF), a member of the neurotro-
phin (NT) family which includes nerve growth factor

nal survival after experimental axotomy’ and to
enhance oligodendrocyte proliferation and myelination.”
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Not only neurons but also immune cells, such as
T cells, B cells, and monocytes, produce BDNF
in vitro and in inflamed CNS lesions in MS patients.’
Furthermore, tyrosine kinase receptor Trk B, a receptor
for BDNF. was detected in reactive astrocytes within
MS plaques and neurons in the immediate vicinity
of such lesions.® Thus, BDNF and TrkB are supposed
to be key players in neuroprotective immunity.’

There is accumulating evidence for a functional role
of BDNF in the periphery, because BDNF is detected
in both human serum and plasma.® More than 90%
of blood BDNF is stored in platelets and can be
released in serum on activation or clotting, which
explains the 50-200-fold higher levels of BDNF in
serum than in plasma.®” Platelets and megakaryocytes
have low levels of mRNA for BDNF:*!° however,
platelets bind and internalize BDNF from other sources
via the blood circulation, through high aftinity recep-
tors other than TrkB.'" Alternative sources of blood
BDNEF identified to date include lymphocytes, mono-
cytes.” eosinophils,'! vascular endothelial cells,’* and
vascular smooth muscle.'”> Human platelets are
known to circulate for about 10 days in peripheral
blood,'* while BDNF protein circulates in plasma for
less than an hour.'* Thus, serum or platelets are more
stable components of blood to measure BDNF levels
than plasma. Since BDNF is known to cross the blood-
brain barrier in both directions, a substantial portion of
circulating BDNF might originate from neurons and
glia cells of the CNS.'® Karege et al.'” observed a pos-
itive correlation between serum and cortical levels of
BDNF, indicating that cortical BDNF is a possible
candidate source for circulating BDNF, and that
peripheral measurement of BDNF could be used as a
surrogate measure for BDNF levels in the CNS.
Collectively, the presence of high levels of BDNF in
platelets and serum suggests a role of circulating
BDNF in neural repair at injured sites.

While no study reports platelet BDNF release in
MS, there have been several studies describing circulat-
ing BDNF levels: serum BDNF levels are similar in
relapsing—remitting MS (RRMS) patients in remission
and controls;'® they are lower in RRMS patients, either
dt relapse or in remission, than in healthy controls; '’
and they are higher in patients in relapse than in those
in remission.” Concerning BDNF production by
immune cells in MS, some studies have revealed that
BDNF production by peripheral blood mononuclear
cells (PBMCs) is higher during relapse and the recovery
phase than during the stable phase in RRMS
patients,”™" and that it is significantly associated with
contrast-enhanced lesion volumes.”” BDNF production
by PBMCs was also reported to be higher in RRMS
patients than in secondary progressive MS (SPMS)
or primary—progressive MS (PPMS) patients -}

In contrast, other studies have reported that BDNF
production by PBMCs is lower in RRMS patients in
remission than in controls.™

Regarding the effects of immunomodulatory thera-
pies. PBMCs from glatiramer acetate (GA)-treated
RRMS patients produced higher amounts of BDNF
when compared with PBMCs from untreated RRMS
patients and controls.™ GA also significantly increased
the serum levels of BDNF in MS patients.'” especially
in responders.™ However, there is conflicting data on
the effects of interferon beta (IFNB) treatment on
BDNF production; enhanced production of BDNF
by PBMCs from IFNB-treated patients’™ and by
in vitro IFNp-treated PBMCs™ were reported in some
studies, while no effect of IFNJ on BDNF expression
was observed in others.*>?” Thus, there is no consensus
regarding serum BDNF levels and BDNF production
by peripheral blood immune cells in MS patients, or
their modification by IFNP, and there have been no
studies regarding BDNF levels and production in
Asian MS patients in general. Therefore, in the present
study, we aimed to measure serum BDNF levels, as well
as BDNF production and TrkB expression by PBMCs,
in Japanese MS patients with and without IFN treat-
ment, and ascertain their relationships with clinical
parameters. Our study is the first to measure BDNF
production by separated T cells and monocytes from
MS patients using an i situ enzyme-linked immunosor-
bent assay (ELISA), and the first to assess Trk B expres-
sion in PBMCs from untreated MS patients.

Methods
Subjects

In the present study, patients with MS. who were
diagnosed as clinically definite MS according to the
McDonald’s criteria.”® at the MS clinic in the
Department of Neurology, Kyushu University
Hospital between 1999 and 2008, were enrolled after
informed consent was obtained. For conventional
ELISA experiments to determine serum BDNF levels,
74 MS patients, 32 age-matched healthy controls
(HCs), 29 patients with amyotrophic lateral sclerosis
(ALS). 28 with spinocerebellar degeneration (SCD),
and 29 with human T-cell lymphotropic virus associ-
ated myelopathy (HAM) were enrolled (Table 1).
The disability status of the MS patients was scored
by one of the authors (JK) throughout the study,
according to the Kurtzke's Expanded Disability
Status Scale (EDSS).” Among the MS patients, 66
patients had RRMS and eight had SPMS; no patients
with PPMS were recruited. MS patients were clinically
classified into two subtypes, opticospinal MS (OSMS)
and conventional MS (CMS), as described previously.’m
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Table |. Demographic features of subjects

Number of  Age at Disease Annualized
patients examination duration Number relapse RRMS/ OSMS/
(male/female) (years) (months) EDSS of relapses rates SPMS  CMS  AQP4 (+) NMO
Conventional ELISA for serum BDNF : .
Untreated MS 74 (19/55) 3994419, 126641154 3384204 5391488 094102 66/8 31/43 12 12
IFNB-treated MS 12 (4/8) 408+81 802+£51L1 279+223 517607 197=1.74 913 1711 0 0
HCs 32 (15/17) 344+102
ALS 29 (13/16) 60.1 + 124
SCD 28 (14/14) 599+ 140
HAM 29 (10119) 53.0£13.2
BDNF production from T cells and monocytes
Untreated MS 17 (5/12) 508+ 155 200841229 326+269 476373 031019 143  6/11 1 0
IFNf-treated MS* 8 (3/5) 420+83 91.9+689 25+22 3.134£223 054038 6/2 0/8 ¢ 0
HCs 18 (8/10) 449+ 170
TrkB expression in PBMCs
Untreated MS 15 (1/14) 5254158 2207+138 403+245 687+65 038+027 32 4/l 0
{FNIp-treated MS® 1§ (3/8) 372+126 106687 2641268 7824822 079052 1011 29 0
HCs 21 (10/21) 504+152

*Seven on IFNf-ib and one on IFN@-la.
“Ten on IFNp-1b and one on IFNB-1a.

ALS, amyotrophic lateral sclerosis; AQP4 (+), anti-AQP4 antibody-positive; BDNF, brain-derived neurotrophic factor; CMS: conventional multiple
sclerosis; EDSS, Expanded Disability Status Seale;?? ELISA, enzyme-linked immunosorbent assay; HAM: human T-cell lymphotropic virus associated
myelopathy; HCs, healthy controls; IFNB, interferon beta; MS, multiple sclerosis; NMO: neuromyelitis optica; OSMS, opticospinal multiple sclerosis;
PBMCs, peripheral blood mononuclear celis; RRMS, relapsing-remitting multiple sclerosis; SCD, spinocerebellar degeneration; SPMS, secondary

progressive multiple scterosis; TrkB, tyrosine kinase receptor.

There were 31 patients with OSMS (42%) and
43 patients with CMS (58%). The ages at examination
were not significantly different between the two sub-
types of patients (mean=+SD in years; 42.6+14.3 in
OSMS and 37.8+9.3 in CMS). Anti-aquaporin-4
(AQP4) antibody was tested in all MS patients as pre-
viously described.*!*? and only 12 were positive for the
antibody (10 OSMS patients and two CMS patients);
62 were negative. Nine patients with anti-AQP4 anti-
body and three patients without anti-AQP4 antibody
also fulfilled the criteria for neuromyelitis optica
(NMO).** Thirty-one samples were obtained from
28 MS patients in the relapse phase, and 85 samples
were obtained from 57 MS patients in the remission
phase. All of the recruited paticnts were untreated for
at least 6 months before study entry. Relapse was
defined by the appearance of new neurological symp-
toms lasting at least 48h in a patient who had been
neurologically stable or improving for the previous
30 days, accompanied by objective changes on neuro-
logical examination. Thus, in the present study, the
relapse phase was regarded as within 1 month after
the onset of acute exacerbation, while the remission
phase was regarded as either the stable stage or more
than 1| month after exacerbation. We classified MS
patients under treatment as clinical responders and sub-
optimal responders to IFNP therapy, based on EDSS

progression and the number of relapses: the occurrence
of more than one relapse or an increase in EDSS score
of at least 1 point during the one year of IFNf treat-
ment, according to Pozuzilli et al. 3

For the assay of BDNF production from T cells and
monocytes using an in siru ELISA, 17 untreated MS
patients, eight IFNB-treated MS patients. and {8 HCs
were enrolled (Table 1). For examination of TrkB
expression in PBMCs, 15 untreated MS patients, 11
IFNB-treated MS patients. and 21 HCs were enrolled
(Table 1). The IFN-treated patients had received the
drug for at least 6 months before the commencement of
the study and none underwent any additional immuno-
modulatory therapy while they were on IFNf.

Conventional ELISA for serum BDNF levels

Serum samples of MS patients and controls were stored at
—80°C until use. Serum BDNF levels were determined
using sandwich ELISA kits for BDNF (Promega,
Madisen, Wisconsin, USA) according to the procedure
supplied by the manufacturer. In this procedure, flat-bot-
tomed 96-well plates were coated with anti-human
BDNF monoclonal antibody (mABj) to bind soluble
BDNF, and the plates were incubated overnight at 4°C.
After washing with wash buffer (Tris-HC!, pH 7.6), and
blocking for nonspecific binding with Block & Sample
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Buffer, the plates were incubated at room temperature for
1h without shaking and washed once. Samples were
diluted 80-fold with a calibrator prior to the assay. One
hundred microliters of samples and BDNF standards, in
duplicate, were added to the appropriate wells and the
plates were incubated for 2h at room temperature. A
second BDNF-specific polyclonal antibody was added
and the plates were incubated for 2 hatroom temperature
so that the captured BDNF could bind the polyclonal
antibody. After washing, the amount of specifically
bound polyclonal antibody was then detected using spe-
cies-specific anti-IgY antibody conjugated to horseradish
peroxidase (HRP) as a tertiary reactant. Unbound con-
jugate was removed by washing, which was followed by
incubation with a chromogenic substrate and stopping
the reaction with 1 N hydrochloric acid. The absorbencies
were measured at 450nm using an automatic ELISA
microplate reader (IMMUNO-MINI NJ-2300, Tokyo,
Japan). The sensitivity of the assay (expressed as the min-
imum amount of BDNF that could be detected) was
15.6 pg/ml, and the intra- and inter-assay coeflicients of
variation were 6.0% and 8.5%. respectively.

In situ ELISA for BDNF produced by peripheral
blood immunocytes

PBMCs were isolated from venous blood containing
0.2% ethylenediamine tetraacetic acid (EDTA). diluted
in a 1:1 ratio with saline, and subjected to density gra-
dient centrifugation for 20min at 2000 x g at 20°C,
using lymphoprep tubes (Nycomed Pharma AS, Oslo,
Norway). Dead cells were removed using the MACS
Dead Cell Removal Kit (Miltenyi Biotec GmbH.
Bergisch Gladbach, Germany). Viable PBMCs were
determined by trypan blue exclusion. T cells and mono-
cytes were purified from PBMCs by negative immuno-
selection (Miltenyi Biotec). The purity of the isolated
T cells and monocytes was >90% as determined by
flow cytometry using anti-CD3 I1gG and anti-CD14
IgG and fluorescein isothiocyanate (FITC)-conjugated
antibodies. Isolated T cells and monocytes were washed
twice and resuspended in X-VIVO 15 (Takara, Tokyo,
Japan) at a concentration of 5 x 10° cells per milliliter.
Then, 200 ul of purified peripheral blood T cells and
monocytes (1 x 10° cells) was added to the UV-sterilized
96-well ELISA plates precoated with anti-BDNF mAB,
which were incubated at 37°C in a 5% CO,-humidified
atmosphere for 48 h. Forty-six hours after the start of
the assay, BDNF samples used to generate the standard
curve were incubated in the same plate as the cells. At
the end of the cell culture period, plates were extensively
washed to remove all cells and cell debris, and the anti-
BDNF polyclonal antibody was applied, followed by
subsequent steps according to Promega’s ELISA proto-
col. All experiments were performed in duplicate.

Real-time PCR for TrkB expression

TrkB mRNA expression in PBMCs from MS patients
and HCs was examined by real-time PCR. First,
approximately 5 x 10° to 1 x 107 PBMCs were isolated
from venous blood containing 0.2% EDTA by density
gradient centrifugation for 10 min at 2000 x g at 20°C
on Ficoll-Paque. mRNA was extracted from total cel-
lular RNA using a commercially available mRNA iso-
lation kit (RNeasy Mini Kit, Qiagen GmbH. Hilden,
Germany). Reverse transcription was performed using
750 ng of mRNA from each sample in a 20 pl reaction
for 10 min at 65°C followed by 30 min at 55°C accord-
ing to the manufacturer’s instructions (Transcriptor
First Strand ¢cDNA Synthesis Kit; Roche Diagnostics
GmbH, Mannheim, Germany). As a control. 750 ng of
mRNA from cach sample was treated according to the
same protocol with the addition of distilled water
instead of the reverse transcriptase. Real-time PCR
was performed on the LightCycler® Instrument (Bio-
Rad MiniOpticon™, Bio-Rad Laboratories. Hercules.
California, USA) using the DNA-binding dye SYBR
Green I (Takara SYBR Premix Ex Tag™ 11, Takara,
Kyoto, Japan). Specific primers for PCR were designed
against  glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH) (sense: 5-GAGTCAACGGATTTGGTC
GT-3; antisense: 5-TTGATTTTGGAGGGATCT
CG-3'; expected product length: 238bp), and
TrkB (sense: 5-CGAGATTGGAGCCTAACAGT-3';
antisense: 5-CACCAGGATCAGTTCAGACA-3":
expected product length: 272 bp). After an initial dena-
turation step at 95°C for 5s, the PCR reaction was
performed with an anncaling temperature of 55°C for
10 s, followed by an extension phase at 72°C for 15s. At
the end of each extension phase, fluorescence was
observed at 72°C. The PCR reaction was completed
after 45 cycles. Melting point analysis was performed
by heating the amplicon from 50 to 95°C and revealed
the characteristic melting point for each product. After
cooling to 40°C, the product was extracted from the
capillary. Ten microliters of each reaction was sepa-
rated on a 1.5% agarose gel and visualized by staining
with ethidium bromide.

Statistical analysis

Statistical analyses of numerical variables were initially
performed using the Kruskal-Wallis H-test. When a
significant difference was found, the Mann-Whitney
U-test was used to determine the significance of differ-
ences between subgroups. K-means cluster analyses
were used to identify subgroups among the MS patients
according to serum BDNEF levels. For comparisons
among the subgroups, we performed logistic regres-
sion analyses. All analyses were performed using JMP
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6.0.3 (SAS Institute, Cary. North Carolina. USA).
Changes in serum BDNF levels were compared using
the Wilcoxon signed rank test.

Results

Serum BDNF levels determined by
conventional ELISA

MS patients showed significantly higher serum BDNF
levels than HCs, and patients with ALS, SCD. and

HAM (p <0.0001 in all, Figure 1A). Serum BDNF
levels tended to be higher in the relapse phase than in
the remission phase (p=0.094, Figure 1B) while they
were not significantly different between males and
females (Supplementary Figure 1A). Serum BDNF
levels in OSMS patients were significantly higher than
those in CMS patients (p=0.015, Figure 1C). while
they were not significantly different between anti-
AQP4  antibody-positive and  antibody-negative
patients, or between those who fulfilled the NMO
criteria and ‘those who did not (Supplementary

p<0.0001
p<0.0001
£<0.0001
-1
| p<0.0001
» ! 1 p=0.094
a
90 . (b) .
80 - H
80
70 ¥
- - 70 .
fg‘ T mz ? 60 N '
2 50 2 504 -
£ 404 = 40 ki "'3,
2 304 e 2 R [pe !
e ] e J oife
20- £ b & o
10 n AL d i
0 T v
MS HCs ALS SCD HAM Relapse Remission
p<0.0001
’ p=0.015 p<0.0001 !
90
80 !
__70-
€ 60 -
250
% 40 -
2 30 e
10 4 N, -
0
OSMS CMS HCs

Figure I. Serum BDNF levels determined by conventional ELISA. MS patients show significantly higher serum BDNF levels
compared with HCs, and patients with ALS, SCD, and HAM (A). Serum BDNF levels tends to be higher in the relapse phase than in
the remission phase (B). Serum BDNF levels are significantly higher in OSMS patients than in CMS patients, although both OSMS and
CMS patients show sigpificantly increased levels of BDNF compared with HCs (C).

ALS, amyotrophic lateral sclerosis; BDNF, brain-derived neurotrophic factor; CMS, conventional multiple sclerosis; ELISA,
enzyme-linked immunosorbent assay: HAM, human T-cell lymphotropic virus associated myelopathy; HCs, healthy controls; MS,
multiple sclerosis: NS, not significant; OSMS, opticospinal multiple sclerosis; SCD, spinocerebellar degeneration.
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Figure 1B, C). Exclusion of anti-AQP4 antibody-posi-
tive patients and those who met the NMO criteria
gave essentially the same results. Serum BDNF
levels were not significantly different between
RRMS (mean4+SD=132+149) and SPMS patients
(mean+£SD=249+49), in part due to the small
sample size of SPMS patients. while none of the
SPMS patients had BDNF levels higher than 1 SD

above the mean level i RRMS

(Supplementary Figure 1D).

patients

Correlation of serum BDNF levels with clinical
parameters

Serum BDNF level showed a significant positive corre-
lation with age at examination in HCs (p=0.042,
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Figure 2. Relationship between serum BDNF levels and clinical parameters. Serum BDNF levels show a significant positive
correlation with age at examination in HCs (A), whereas it tends to decrease with age in MS patients (B). Serum BDNF levels are
significantly negatively correlated with age at examination in OSMS patients (C), but not in CMS patients (D). Serum BDNF level is also
negatively correlated with the number of relapses (E). Serum BDNF levels are significantly higher after IFNf treatment than
before treatment (F). Closed circles represent responders, while open circles indicate suboptimal responders to IFNf.

BDNF, brain-derived neurotrophic factor; CMS, conventional multiple sclerosis; HCs, healthy controls; MS, multiple sclerosis; NS, not

significant; OSMS, opticospinal multiple sclerosis.
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r=0.36), while in MS patients it tended to show a
weak negative correlation (p=0.059, r=-0.18)
(Figure 2A, B). Serum BDNF levels were significantly
negatively correlated with age at examination in
patients with OSMS (p=0.02, r=-0.32), but not in
those with CMS (Figure 2C, D). Serum BDNF level
was negatively correlated with number of relapses
(p=0.023, r=—0.21) (Figure 2E) but not with disease
duration, EDSS scores, or annualized relapse rate
(Supplementary Figure 2A-C). There was no signifi-
cant correlation between serum BDNF levels and
EDSS after correcting for age and disease duration by
multiple logistic regression analyses (data not shown).
In addition, therc was no significant correlation of
serum BDNF levels at relapse (31 samples) with

EDSS scores either at the peak of relapse or at three
months after the relapse (Supplementary Figure 2D. E).

K-means cluster analyses revealed three subgroups
on the basis of serum BDNF levels: high
(58.1-85.2ng/ml, n=10), medium (31.4-50.8ng/ml,
n=230). and low (11.2-31.0ng/ml. n=76). Logistic
regression analyses of the subgroups identified by
K-means clustering disclosed that as compared with
the BDNF-low and -medium groups, the BDNF-high
group showed significantly younger age at examina-
tion (p=0.0108 and p=0.0237, respectively) and
fewer relapses (p=0.0123 and p =0.0184, respectively)
(Supplementary Figure 3A, B). Disease duration had a
tendency to be shorter in the BDNF-high group than in
the BDNF-low and -medium groups (p=0.0644 and
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Figure 3. ELISA in situ analysis of BDNF production by immunocytes. BDNF production by T cells (A) and monocytes (B) is not
significantly different between untreated M$ patients and HCs. In HCs, BDNF production by T cells shows a significant positive
correlation with age at examination (C). In MS patients, such a correlation between BDNF production and age is not seen (D). BDNF
production by monocytes has no correlation with age in either HCs (E) or MS patients (F).

BDNF, brain-derived neurotrophic factor; ELISA, enzyme-linked immunosorbent assay; HCs, healthy controls; MS, multiple sclerosis;

NS, not significant.
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Figure 4. Comparison of BDNF production by immunocytes between [FNf-treated MS patients and untreated ones. BDNF pro-
duction by T cells shows a significant increase in IFNp-treated MS patients compared with untreated ones (A). On the other hand,
BDNF production by monocytes is not significantly different between IFNp-treated and untreated patients (B).

BDNF, brain-derived neurotrophic factor; IFNB, interferon beta; MS, multiple sclerosis; NS: not significant.

p=10.0994, respectively), while neither EDSS scores nor
annualized relapse rate differed significantly among
the three groups (Supplementary Figure 3C-E).
Introduction of IFNp induced a significant increase
in serum BDNF levels in MS patients (p=0.0079)
(Figure 2F).

Among the 12 IFNB-treated patients, 10 were
regarded as responders (nine were CMS patients and
one was an OSMS patient who neither had anti-AQP4
antibody nor met the diagnostic criteria for NMO)*
and two were regarded as suboptimal responders (both
with CMS). The two suboptimal responders (both with
CMS) had the lowest and the seccond lowest serum
BDNF levels among the IFNp-treated MS patients
after IFNPB administration. The only patient who
showed a decrease in serum BDNF levels after therapy
was one of the two suboptimal responders, who had the
lowest serum BDNF level after IFN administration.

BDNF production from peripheral blood
immunocytes by in situ ELISA

Levels of BDNF production by T cells and monocytes
were not significantly different between untreated MS
patients and HCs (Figure 3A, B). In HCs, BDNF pro-
duction by T cells demonstrated a significant positive
correlation with age at examination (p=0.017,
r=0.554), whereas in MS patients, such a correlation
was not seen (Figure 3C, D). By contrast, BDNF pro-
duction by monocytes had no correlation with age in
either MS patients or HCs (Figure 3E, F). BDNF pro-
duction by either T cells or monocytes was not corre-
lated with disease duration, number of relapses,
annualized relapse rate, or EDSS scores (data not
shown). Levels of BDNF production by T cells and
monocytes were not significantly different between
RRMS and SPMS patients (data not shown). BDNF
production by T cells was significantly increased in
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Figure 5. Real-time PCR analysis of TrkB expression levels. TrkB
expression levels in PBMCs are significantly higher in
IFNp-treated MS patients than untreated ones, but are not
significantly different either between untreated MS patients

and HCs or between IFNp-treated MS patients and HCs.
BDNF, brain-derived neurotrophic factor; HCs, healthy controls;
IFNB, interferon beta; MS, multiple sclerosis; NS, not significant.

IFNB-treated MS patients compared with untreated
ones (p=0.0249). while BDNF production by mono-
cytes did not differ significantly with IFNp treatment
(Figure 4A, B). Among IFNf-treated MS patients, six
responders and two suboptimal responders showed
similar levels of BDNF production by either T cells
or monocytes (data not shown).

Real-time PCR analysis of TrkB expression levels

TrkB expression levels in PBMCs were significantly
higher in IFNf-treated MS patients than in untreated
ones (p =0.03), but were not significantly different either
between untreated MS patients and HCs or between
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IFNB-treated MS patients and HCs (Figure 5). TrkB
expression levels were not correlated with age. disease
duration. number of relapses, annualized relapse rate,
or EDSS scores (data not shown). TrkB expression
levels were not significantly different either between
RRMS and SPMS patients or between the eight respon-
ders and the three suboptimal responders (data not
shown).

Discussion

In the present study, we found that, compared with
controls, BDNF levels in the sera of RRMS patients
were significantly higher, especially in younger patients
with fewer relapses and mild disease. Interestingly, a
significant positive correlation of BDNF levels with
age was found in HCs, whereas a trend toward a neg-
ative correlation was observed in MS patients. Such a
reverse trend was apparent in OSMS patients while it
was not in CMS patients. However, even the lower
levels in older MS patients were compatible with
those in HCs at the same ages. Thus, it is suggested
that serum BDNF levels are increased in younger MS
patients with an early disease course, but decreased in
older patients in the late stage of the disease to the
levels seen in HCs of similar ages. Thus, the reverse
trend of BDNF levels in relation to age appears to be
explained by the existence of young MS patients with
high BDNF levels, but without anti-AQP4 antibody.
Our results are in line with previous studies show-
ing that the PBMCs of RRMS patients produce more
BDNF than those of SPMS patients.?*?* Furthermore,
BDNF levels in our series showed a tendency to be
higher at relapse than in remission, which is in accor-
dance with previous results demonstrating that BDNF
production by PBMCs is higher in the active phase than
in the stable phase in RRMS patients.?*2! Therefore, at
least in young patients, acute inflammation appears to
induce enhanced BDNF production in peripheral blood
during early relapses in MS patients. which is consistent
with the concept of neuroprotective immunity.’
Because BDNF production appears to decline during
later relapses, such neuroprotective immunity may con-
tribute to good recovery and tissue repair only in the
early course of the disease. However, our results are
somewhat discrepant from those studies reporting sim-
ilar or lower serum BDNF levels in MS patients com-
pared with controls.'®!? Differences in the proportion
of younger patients or ethnic backgrounds may account
for these discrepancies. In the present study, consider-
able numbers of our MS patients presented with an
OSMS phenotype, and most of these were seronegative
for anti-AQP4 antibody (68% were seronegative), as
reported previously.*’*? Moreover, OSMS patients
had significantly greater serum BDNF levels than

CMS patients. It is the OSMS patients who show a
significant negative correlation of BDNF level with
age. Thus. young OSMS patients without anti-AQP4
antibody in the carly course of the disease appear to
have high BDNF levels, which may relate to the rare
occurrence of a progressive course reflecting neuroax-
onal degeneration in this subgroup.*>*

We could not find any increase in BDNF production
by peripheral blood T cells or monocytes by an in situ
ELISA, whereas previous studies have shown increased
BDNF production by PBMCs.?!*” Differences in
assay methods, stimuli employed, and the number of
patients studied may in part explain these discrepancies.
Hamamcioglu and Reder™ reported a decrease in
BDNF production by unstimulated PBMCs in SPMS
patients compared with HCs. Petereit et al.>” described
an increase in BDNF production by phorbol myristate
acetate (PMA)- and ionomycin-stimulated PBMCs in
RRMS patients in remission compared with HCs.
Caggiula et al.?' disclosed that BDNF production by
unstimulated PBMCs in RRMS patients was higher in
relapse than in remission. Lalive et al.'® revealed that
BDNF levels in PBMC lysates were higher in lysates of
PBMCs from IFNp-treated RRMS patients than in
those from untreated ones. All of the above-mentioned
studies were done with unseparated PBMCs using an
ELISA of the culture supernatants or cell lysates,
whereas we separated PBMCs into T cells and mono-
cytes and employed an in situ ELISA. The only other
study using separated T cells and monocytes, per-
formed by Azoulay et al,** examined only two MS
patients, and found similar BDNF levels to those in
controls. which 1s in accord with our results.

In our hands, BDNF production by only T cells sig-
nificantly increased with age in HCs, which may relate to
an age-associated increase in serum BDNF levels in
HCs. However, such a trend was completely absent in
MS patients. Therefore, BDNF production by T cells
in aged MS patients may be dampened, and this may
partly account for the age-associated decrease in serum
BDNF levels in MS patients. It is also possible that
BDNF production may be up-regulated in other cell
populations, such as B cells. platelets, and eosinophils,
which are also known to produce it.!'*"** Further stud-
ies on these populations are required to clarify the
source of elevated BDNF levels in sera from young
MS patients. Alternatively, secreted BDNF may not
be utilized efficiently in the periphery. However, because
TrkB expression levels in PBMCs from untreated MS
patients did not differ significantly from those in PBMCs
obtained from HCs. a comparison that had not previ-
ously been made, this possibility seems less likely.

Several reports have indicated that serum BDNF
levels are lower in drug-free subjects suffering from
major depression than in healthy controls.**™* In our
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series, no MS patient had major depression at the time
of examination. However, follow-up studies may be
necessary to clarify whether low BDNF patients expe-
rience future development of depression.

Finally, for the first time, we have shown that IFNB
treatment in MS patients potentiates BDNF produc-
tion in T cells but not in monocytes, which may account
for the increase in serum BDNF levels after introduc-
tion of [FNP observed in the present study. These find-
ings are in line with the results of previous studies
showing that BDNF production by PBMCs from
[FNp-treated patients is enhanced,’® and that GA,
another disease-modifying drug for MS, also potenti-
ates BDNF production in T cells.™ We also found that
Trk B expression levels in PBMCs were significantly ele-
vated in IFNp-treated MS patients compared with
untreated ones. Among PBMCs, TrkB expression has
been reported in human T**** and B cells.** Although
there is a need for further study to exactly identify the
cell populations showing an enhancement of TrkB
expression by IFNB. IFN-induced enhanced BDNF
production in T cells and increased levels of serum
BDNF thus appear to at least partly contribute to its
beneficial effects in MS. Therefore, enhancement of
neuroprotective immunity, as seen in early MS patients,
may be an important target for future disease-modify-
ing therapy in MS.
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Article history: Background: Anti-aquaporin-4 (AQP4) antibody targets perivascular astrocyte foot processes, which contain
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abundant angiotensinogen, a precursor of angiotensin II, angiotensin-converting enzyme (ACE) and ACE2.

Objective: To disclose any abnormality in the intrathecal angiotensin Il metabolic pathway in Japanese
patients with neuromyelitis optica (NMO) or NMO spectrum disorders (NMOs) and positive for anti-AQP4
antibody.

Methods: We measured CSF angiotensin II, ACE and ACE2 levels in 15 anti-AQP4 antibody-positive patients
with NMO or NMOs, 21 anti-AQP4 antibody-negative multiple sclerosis (MS) patients, 32 patients with other
neurological diseases (OND) and 24 non-neurologic controls, using established ELISAs.

Results: CSF angiotensin Il levels were lower in patients with NMO/NMOs (2.01 == 1.82 pg/ml) and those with MS
(3.1541.67 pg/ml) than in the OND (5.41 = 2.34 pg/ml) and control groups (6.71 +2.65 pg/ml) (PFOT<0.005).
The difference in CSF angiotensin II levels between NMO/NMOs and MS patients was nearly significant
(P = 0,052). In NMO/NMOs and MS patients, angiotensin Il levels were negatively correlated with CSF/serum
albumin ratio (P<0.05). ACE levels in CSFwere lower in patients with NMO/NMOs (343 £ 5.61 ng/ml) thanin MS
patients (42.5 + 8.19 ng/ml, P**"" = 0.035) and controls (44.7 4 4.02 ng/ml, PO <0,0003) while ACE2 levels were
lower in NMO/NMOs (1.13 + 0.49 ng/ml) and MS (1.75+ 0.86 ng/ml) patients than in controls (2.76 +0.23 ng/
mi, P°*“<0.001 for both).

Conclusion: CSF angiotensin II, ACE, and ACE2 levels are decreased in NMO/NMOs patients with anti-AQP4
antibody, reflecting severe destruction of perivascular astrocytes.
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1. Introduction

Angiotensin 1l is a potent vasoactive substance of the renin-
angiotensin system (RAS), which plays an important role in regulating
blood volume and systemic vascular resistance. Our previous work
has demonstrated that angiotensin Il attenuates brain damage and
enhances neural differentiation via its receptor expressed on neuronal
cells [1,2]. Moreover, we recently discovered reduced levels of
angiotensin Il in cerebrospinal fluid (CSF) from patients with multiple
sclerosis (MS) [3], suggesting that the RAS may also be involved in the
abnormal neural damage and repair processes in MS.

Angiotensin Il is produced from its precursor, angiotensinogen; renin
produces angiotensin 1 from angiotensinogen, and then angiotensin-
converting enzyme (ACE) converts angiotensin I to angiotensin II 14].
Recently,a homologue of ACE, ACE2, was discovered: this enzyme cleaves
angiotensin lI to produce angiotensin-(1-7) (see Fig. 1 for the angiotensin
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metabolic pathway) |4]. Perivascular astrocytes, a key constituent of the
blood-brain barrier (BBB), abundantly express angiotensinogen, ACE and
ACE2, and secrete angiotensin Il in the CNS [5.6]. Secreted angiotensin If is
supposed to up-regulate tight junction proteins in endothelial cells,
which play a critical role in keeping the BBB tight [6]. In the chronic stage
of MS, perivascular astrocytes are progressively lost [6], rendering the
BBB leaky. The reduction of angiotensin Il levels in the CSF that we
observed may in part reflect such a process [3,7].

Neuromyelitis optica (NMO) is characterized by severe and
selective involvement of the optic nerves and spinal cord. A specific
1gG against NMO, designated NMO-1gG [8], targets aquaporin-4
(AQP4) on the perivascular astrocyte foot process [9]. We recently
reported occurrences of extensive vasogenic edema in patients with
anti-AQP4 antibody [10], possibly due to disruption of the AQP4
molecule regulating water flux in the CNS [11]. In Japanese patients
with opticospinal MS (OSMS), some of whom also fulfill the proposed
criteria for NMO, anti-AQP4 antibody is frequently detected [12,13].
These observations prompted us to study the levels of angiotensin II
and its catalytic enzymes in the CSF of anti-AQP4 antibody-positive
NMO patients, to uncover the relationship between the presence of
anti-AQP4 antibody and BBB dysfunction.
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Fig. 1. Schematic illustration of the metabolic pathway of the renin-angiotensin system,
ACE == angiotensin-converting enzyme.

2. Materials and methods
2.1. Patients

Patients were examined in the Department of Neurology at
Kyushu University Hospital and the Departments of Anesthesiology
and Resuscitology at Ehime University Hospital, Japan between 2000
and 2008. Informed consent was obtained from each individual and
the study protocol was approved by the ethics committees of both
hospitals. We obtained CSF samples from 15 patients with anti-AQP4
antibody, the presence of which was determined by an immunoflu-
orescence method using green fluorescence protein-AQP4 fusion
protein-transfected human embryonic kidney cells, as described
previously [12,13]. Among them, 12 patients fulfilled the revised
NMO criteria [14] while three with myelitis or optic neuritis or both,
who did not fully meet the criteria, were considered to have NMO
spectrum disorders (NMOs). In addition, 21 MS patients who fulfilled
the McDonald's MS criteria {15] and did not have anti-AQP4 antibody,
32 patients with other neurological diseases (OND) and 24 controls
were also recruited (Table 1). The MS patients comprised 18 women
and three men, while the 15 NMO/NMOs patients were all women. All
MS and NMO/NMOs patients showed a relapsing-remitting course,
and all CSF specimens were taken at relapse (within 30 days of the

Table 1
Demographic features of patients.
NMO/NMOs ~ MS OND
No. of patients 15 21 32
Men/women 0/15 3/18 25/7

Age at examination, years, mean+SD 479+ 127%  364+125% 5251164

Disease duration, years, mean -+ SD 8.1+53 8.0+97 NA
Number of relapses, mean + 5D 9.7+8.1 54439 NA
EDSS score, mean+SD 57417 394217 NA
LESCLs during the entire course, n (%) 12 (80.0)* 6(286)" NA
CSF
Cell count per pl, mean+SD 9.1+£137 50466 1.5%£19
Total protein amount, mg/dl, 393+19.1 335+17.1 6694387
mean + 5D
CSF/serum albumin ratio, x 10%, 7514389 536+232 NA
mean + 5D
1gG index, mean + SD 0.56+0.082" 074+0.17° NA
Oligoclonal lgG bands 0(00)* 12(57.1)* NA

EDSS = Kurtzke's Expanded Disability Status Scale; LESCLs = longitudinally extensive
spinal cord lesions; MS = multiple sclerosis; NMO = neuromyelitis optica; NMOs =
neuromyelitis optica spectrum disorders; OND == other neurological diseases; NA =
not applicable.

* P<005 in comparison between MS and NMO/NMOs patients. Percentages in
parentheses.

initiation of relapse). Among the 21 MS patients, four received
interferon 3-1b (8 million units every other day) while two received
low-to-medium doses of oral prednisolone (5.0 and 10 mg/day) at the
time of lumbar puncture. Among the 15 patients with NMO/NMOs,
four were treated with interferon pP-1b and six were treated with
chronic administration of oral prednisolone (2.5-40 mg/day) at the
time of lumbar puncture. Among patients with MS and NMO/NMOs,
the average ages at examination were 36.4+ 12.5 (mean+ SD) and
479 + 12.7 years, respectively, which were significantly different
(P=0.023). The average disease duration in these groups was 8.0 +
9.7 and 8.1 4+ 5.3 years, respectively (Table 1). Kurtzke's Expanded
Disability Status Scale (EDSS) scores {16] (P=0.0086) and the
appearance rate of longitudinally extensive spinal cord lesions
(LESCLs) extending over three or more vertebral segments during
the entire course (P=0.0059) were higher in NMO/NMOs patients
than in MS patients. CSF total protein amount and CSF/serum albumin
ratio were not different between patients with NMO/NMOs and those
with MS (P>0.1), while the IgG index and the positivity rate for
oligoclonal IgG bands were higher in MS patients than in NMO/NMOs
patients (P=0.015 and P=0.0006, respectively). The OND group
comprised 15 patients with chronic inflammatory demyelinating
polyneuropathy (CIDP), nine with spinocerebellar degeneration and
eight with Guillain-Barré syndrome. The control group of 24 patients
(10 men and 14 women; age at examination: 45.3 & 14.6 years) did
not have any neurological or other diseases that might affect the
angiotensin Il levels in the CSF (18 patients underwent lumbar
puncture during spinal anesthesia for operations for either urological
or gynecological disorders; the other six cases underwent lumbar
puncture because of suspected neurological diseases, but turned out
to be neurologically normal). None of the patients or controls had

“hypertension,. hypotension, or a metabolic disorder, and none took

antihypertensive drugs. CSF samples were obtained by non-traumatic

. lumbar puncture and centrifuged within 30 min at 800 rpm at 4 °C for

5 min. The liquid phase of the CSF, which excluded sedimented cells,
was stored at —80 °C until use.

2.2. Measurement of angiotensin II, ACE and ACE2 concentrations in
the CSF

Angiotensin 1l, ACE and ACE2 concentrations in CSF were measured
by established ELISA systems for angiotensin II (SPI-bio, Montigny-le-
Bretonneux, France), ACE (R&D Systems, Minneapolis, MN), and ACE2
(AdipoGen Inc., Seoul, Korea), as described previously {3,7]. According
to the manufacturer's data, the precision, recovery, and linearity of these
assays are as follows: for the human angiotensin Il ELISA, the intra-assay
coefficients of variation (CVs) are 2.0-10.0%, inter-assay CVs are 5.0
15.0%, the recovery range is 80-115% and the linearity is around 90% of
expected; for the human ACE ELISA, the intra-assay CVs are 3.4-4.0%,
inter-assay CVs are 4.9-7.7%, the recovery range is 91-106% and
linearity is around 105% of expected; for the human ACE2 ELISA, the
intra-assay CVsare 5.3-9.9%, inter-assay CVs are 5.4-10.8%, the recovery
range is 81-113%, and linearity is around 100% of expected.

2.3. Statistical analysis

Statistical analyses of age at examination, disease duration,
number of relapses, EDSS score, CSF cell count and total protein
amount, CSF/serum albumin ratio, and IgG index between two
subgroups were performed using the Mann-Whitney U-test. Compar-
isons of sex and numbers of LESCLs between two subgroups were
performed using Fisher's exact probability test. Statistical analyses of
angiotensin II, ACE and ACE2 levels were initially performed using the
Kruskal-Wallis H-test. When differences were significant, the Mann-
Whitney U-test was used to determine the significance of differences
between groups. Uncorrected P values were corrected by multiplying
them by the number of comparisons (Bonferroni-Dunn's correction)
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Fig. 2. Angiotensin 1l levels in the CSF from patients with NMO/NMOs, MS, OND and
controls. Bars indicate the mean concentration in each group. MS = multiple sclerosis;
NMO = neuromyelitis optica; NMOs = neuromyelitis optica spectrum disorders; OND =
other neurological diseases.

to calculate corrected P values (P°°™). Spearman’s rank correlation test
was used for statistical analyses of the correlations between
angiotensin Il levels in CSF and various clinical parameters. In all
assays, significance was set at P<0.05.

3. Results
3.1. Angiotensin Il levels in the CSF

Angiotensin I levels in the CSF were 2.01 4- 1.82 pg/ml in the NMO/
NMOs group, 3.154 1.67 pg/ml in the MS group, 5.41 £ 2.34 pg/ml in
the OND group and 6.71 4 2.65 pg/ml in the control group (Fig. 2). The
levels were significantly lower in the NMO/NMOs group and the MS
group than in the OND group (P*"=0.0036 and P*°"<0.001) and the
control group (P°"<0.001 and P**"<0.001). The difference in CSF
angiotensin Il levels between NMO/NMOs and MS patients was nearly
significant (P*?°"=0.052). The level in the OND group was not
different from that in the control group (P*">0.1). Exclusion of patients
on prednisolone therapy gave practically the same results (data not
shown). Among patients with MS or NMO/NMOs, there was no
significant difference in angiotensin I levels between treated (prednis-
olone or interferon 3-1b) and untreated patients (P>0.1).

3.2. Correlations between angiotensin I levels in the CSF and clinical
parameters

Among patients with MS and NMO/NMOs, there were significant
correlations of CSF angiotensin Il levels with the CSF total protein amount
(R=—044, P=0.0078) and CSF/serum albumin ratio (R=-—045,
P=0.030) (Fig. 3A, B). No significant correlations with clinical para-
meters, such as age at examination, disease duration, number of relapses,
EDSS score, CSF cell count and IgG index, were noted in patients with
NMO/NMOs.

3.3. ACE and ACE2 levels in the CSF

ACE levels in the CSF were 34.3 4 5.61 ng/ml in NMO/NMOs patients,
425+819ng/ml in MS patients, and 44.74+4.02 ng/ml in controls
(Fig. 4A). The levels were significantly lower in NMO/NMOs patients than
in MS patients (P©°7=0.035) and controls (P°"<0.0003), while they
were not different between MS patients and controls (P>0.1). ACE2 levels

A
& A= -0.44
P =0.0078
80 O
3
g O
g 60 O O
& o
=
2 40p
s [00°
s}
O
201 e 8
i i 1 |
0.0 2.0 4.0 6.0
CSF angiotensin Il {(pg/mi)
B
160 A=-045
O P =0.030
140
120
O
100+ o
80

CSF/serum albumin ratio (10-4)

60 o) O
O
40 ©
oo ,
2o} 0%
%6 20 70 50

CSF angiotensin 1l (pg/mi)

Fig. 3. (A} Correlation between angiotensin I levels and total protein amounts in the CSFin
NMO/NMOs and MS patients. The number of patients represented is 36. (B} Correlations
between CSF angiotensin |f levels and the CSF/serum albumin ratio in NMO/NMOs and MS
patients. The number of patients represented is 23.

in the CSF were 1.134+049 ng/ml in NMO/NMOs patients, 1.75+
0.86 ng/ml in MS patients, and 2.76 4 0.23 ng/ml in controls (Fig. 4B).
The levels were significantly lower in patients with NMO/NMOs and MS
than in controls (P°"<0.0003 and P*""=0.0006, respectively), while
they did not differ between NMO/NMGOs and MS patients (P>0.1). Among
patients with MS or NMO/NMOs, neither ACE nor ACE2 levels were
different between treated (prednisolone or interferon (3-1b) and
untreated patients (P>0.1 and P=0.097, respectively).

4. Discussion

In this study, we uncovered severe reductions in angiotensin II,
ACE and ACEZ levels in the CSF of NMO/NMOs patients. As an increase
in CSF angiotensin II levels has been reported in patients with
essential hypertension [17], we carefully excluded those with
hypertension or on antihypertensive drugs. Moreover, we obtained
essentially the same results even when removing those on corticos-
teroids. Therefore, we consider that the decrease in angiotensin I
levels in the CSF of NMO/NMOs patients is not an artifact.

Angiotensin 1l levels became lower as the CSF/serum albumin ratio
became higher, indicating that angiotensin II levels successively
decrease as BBB breakdown becomes more severe. There was a more
pronounced decrease in angiotensin If levels in NMO/NMOs patients,
who were all positive for anti-AQP4 antibody in this study, than in MS
patients, suggesting more severe BBB disruption in the former group.
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Fig. 4. ACE (A} and ACE2 (B) levels in the CSF from patients with NMO/NMOs and MS,
and controls. Bars indicate the mean concentration in each group. ACE = angiotensin-
converting enzyme; NMO = neuromyelitis optica; NMOs = neuromyelitis optica
spectrum disorders.

We also found that both ACE and ACE2 levels were significantly
decreased in NMO/NMOs patients. Because perivascular astrocytes
are the main reservoirs of angiotensin II precursors and its
metabolizing enzymes [5,6}, the decrease in the levels of angiotensin
II-metabolizing enzymes in NMO/NMOs patients' CSF suggests more
severe destruction of astrocytes among anti-AQP4 antibody-positive
patients than among MS patients without the antibody. Indeed, anti-
AQP4 antibody, which mostly belongs to the IgG1 subclass [13], is
supposed to disrupt astrocyte foot processes by fixing complements
{18].

We previously reported an increase in the level of ACE and a
decrease in the level of ACE2 in MS patients without anti-AQP4
antibody [7], and suggested a compensatory mechanism to be
operative in response to a decrease in the level of angiotensin I,
namely, up-regulation of the synthesizing enzyme (ACE) and down-
regulation of the catabolizing enzyme (ACE2). Although we could not
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reproduce the increase in ACE level in this series of MS patients, at
least the ACE level was not decreased as compared with that in
controls. It is possible that perivascular astrocyte destruction in MS is
variable among cases, and sufficiently mild for the compensatory
mechanism to work in some cases. Such a compensatory mechanism
is no way operative in NMO/NMOs.

Wosik et al. {6] recently demonstrated that angiotensinogen knock-
out mice had disorganized occludin strands at the level of the BBB, and
that the numbers of perivascular astrocytes immunopositive for
angiotensinogen were decreased in MS lesions; this decrease was
correlated with reduced expression of the tight junction protein
occludin. Angiotensin Il is thus considered to up-regulate expression
of this tight junction protein, which strengthens the BBB. Therefore, the
reduction in the level of angiotensin Il may in turn contribute to BBB
dysfunction through the loss of its up-regulating effect on tight junction
proteins in NMO/NMOs patients with anti-AQP4 antibody, who had a
tendency for more frequent relapses than MS patients without the
antibody [12]. Moreover, a recent study on experimental autoimmune
encephalomyelitis using transgenic mice with targeted ablation of
reactive astrocytes indicates that lack of perivascular astrocyte scar
formation induces severe inflammation, further supporting a protective
barrier function of perivascular astrocytes {19]. Grave disruption of
perivascular astrocytes in NMO as suggested by the present study may
well explain the frequent relapses and severe inflammation in this
condition.

Angiotensin Il binds two major receptors, angiotensin I type-1 (AT1)
and -2 (AT2) receptors. Most of its actions on cardiovascular regulation
and fluid balance are mediated by the AT1 receptor. This receptor is also
expressed on T cells and macrophages, and angiotensin Il induces a Thi
shift via stimulation of AT1 receptors [20]. As in NMO, Th2 cells are
assumed to play a contributory role [21,22]: reduction of angiotensin I
levels may enhance Th2 responses in NMO/NMOs patients, and thus,
aggravate the illness. Angiotensin Il also stimulates AT2 receptors
expressed on the vascular wall and neuronal cells, and not only protects
brain tissues from ischemia, but also enhances neural differentiation
[1.2]. Therefore, the decrease in the levels of angiotensin II in NMO/
NMOs patients’ CSF may also indicate attenuated neuroprotection via
the AT2 receptor. It is thus assumed that the marked reduction in the
level of CSF angiotensin Il in NMO/NMOs patients may result in
detrimental effects on the disease process through BBB dysfunction, a
Th2 shift, and attenuated neuroprotection.
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Abstract

Multiple sclerosis (MS)is a demyelinating disease of the central nervous system (CNS) while neuromyelitis optica (NMO) is an inflammatory
disease of the CNS that selectively affects the optic nerves and spinal cord. In Asians, MS is rare; however, when it appears, the selective
and severe involvement of the optic nerves and spinal cord is characteristic. This form, termed opticospinal MS (OSMS), has similar features
to the relapsing form of NMO in Western populations. Recently, a specific IgG against NMO, designated NMO-IgG, was discovered, and
the relevant antigen was found to be aquaporin-4 (AQP4), cne of the major water channel proteins in the CNS. Because NMO-IgG has been
reported to be present in 30-60% of OSMS patients, OSMS in Asians has been suggested to be the same entity as NMO.

The sensitivity of NMO-IgG/anti-AQP4 antibody for NMO varies from 30% to 80%, while the specificity is 90-100%. Pathological
studies on NMO have revealed perivascular immune complex (IgM, IgG and C9neo) deposition and extensive loss of AQP4 in active lesions,
where myelin basic protein (MBP) staining was relatively preserved. IgG from NMO-IgG-seropositive NMO patients induces astrocyte death
in culture in the presence of complements, and reproduces astrocyte loss in vivo when MBP-specific T cells are co-transferred to cause
experimental autoimmune encephalomyelitis. It is thus postulated that the complement-activating anti-AQP4 antibody plays a pivotal role in
the development of NMO lesions through astrocyte necrosis, and that demyelination is a secondary event.

However, in autopsied cases of NMO, we and others found that some demonstrated selective AQP4 loss while others showed preservation
of AQP4, even in the acute lesions. We also found that, in some MS lesions, AQP4 was lost extensively far beyond the areas of myelin loss.
In the CSF, proinflammatory cytokines such as TL-17, TL-8, IFNy, and G-CSF are markedly elevated in OSMS patients, irrespective of the
presence or absence of anti-AQP4 antibody. In OSMS and NMO patients, T cells reactive to myelin proteins show intra- and inter-molecular
epitope spreading, suggesting that T cells are already stimulated with myelin antigens in vivo. These findings suggest that mechanism of
NMO and OSMS in Asians is heterogeneous, anti-AQP4 antibody-related and -unrelated, and that not only anti-AQP4 antibody but also
myelin-autoreactive Th17 or Thl cells may also play a role in triggering CNS inflammation. Possible mechanisms for NMO and OSMS are
discussed in this review.
© 2010 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction the CNS selectively affecting the optic nerves and spinal

cord. In this condition, longitudinally extensive spinal cord

Multiple sclerosis (MS) is an inflammatory demyelinat-
ing disease of the central nervous system (CNS) thought to
be caused by autoimmune attacks targeting CNS myelin. The
pathological hallmark in MS is sharply demarcated demyeli-
nating plaques with axons relatively preserved. By contrast,
neuromyelitis optica (NMO) is an inflammatory disease of
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lesions (LESCLs) extending over three vertebral segments
are said to be characteristic on magnetic resonance imaging
(MRI). Pathologically, both axons and myelin are involved,
resulting in necrotic cavitation. In Asians, MS is rare; how-
ever, when it appears, the selective but severe involvement
of the optic nerves and spinal cord is characteristic [1]. This
form, termed opticospinal MS (OSMS), has similar features
to the relapsing form of NMO in Western populations [2].
The nosological position of NMO has long been a matter of



