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INTRODUCTION

Abstract

Selective aquaporin-4 (AQP4) loss and vasculocentric complement and immunogltobulin
deposition are characteristic of neuromyelitis optica (NMO). We recently reported extensive
AQP4 loss in demyelinated and myelinated layers of Bald’s lesions without perivascular
immunoglobulin and complement deposition. We aimed to reappraise AQP4 expression
patterns in NMO and multiple sclerosis (MS). We evaluated AQP4 expression relative to
ghial fibrillary acidic protein, extent of demyelination, lesion staging (CD68 staining for
macrophages), and perivascular deposition of complement and immunoglobulin in 11 cases
with NMO and NMQO spectrum disorders (NMOSD), five with MS and 30 with other
neurological diseases. The lesions were classified as actively demyelinating (n = 66).
chronic active (n=86), chronic inactive (n=48) and unclassified (n={2). Six NMQ/
NMOSD and two MS cases showed preferential AQP4 loss beyond the demyelinated arcas,
irrespective of lesion staging. Five NMO and three MS cases showed AQP4 preservation
even in actively demyelinating lesions, despite grave tissue destruction. Vasculocentric
deposition of complement and immunoglobulin was detected only in NMO/NMOSD
patients, with less than 30% of actively demyelinating lesions showing AQP4 loss. Our
present and previous findings suggest that antibody-independent AQP4 loss can occur m
heterogeneous demyelinating conditions, including NMO, Balo’s disease and MS.

Abbreviations: ALS = amyotrophic lateral sclerosis; AQP4 = aquaperin-4; BBB =
blood-brain barrier; BCS = Baid’s concentric sclerosis; CNS = central nervous system;
GFAP =ghial fibrillary acidic protein; H & E =hematoxylin and eosin, IgG=
immunoglobulin G; KB = Kliiver-Barrera; LESCL = longitudinally extensive spinal cord
lesion; MG = myasthenia gravis; MS = multiple sclerosis; MRI = magnetic resonance
imaging; NMO = neuromyelitis optica; NMOSD = neuromyelitis optica spectrum disorder;
OSMS = opticospinal multiple sclerosis: SCD = spinocerebellar degeneration; SPG =
spastic paraplegia.

targets the aquaporin-4 (AQP4) water channel protein (29}, which
is strongly expressed on astrocyte foot processes at the blood- brain

Multiple sclerosis (MS) and neuromyelitis optica (NMQ) are
inflammatory demyelinating diseases of the central nervous system
(CNS). The pathological hallmark in MS is sharply demarcated
demyelinating plaques with axons relatively preserved, suggesting
autoimmune attacks targeting CNS myelin. By contrast, NMO
shows selective and severe attacks on both axons and myelin of the
optic nerves and spinal cord, resulting in necrotic cavitation. In this
condition, longitudinally extensive spinal cord lesions (LESCLs)
extending over three vertebral segments are characteristic on mag-
netic resonance imaging (MRI) (54).

Although the nosological position of NMO has long been a
matter of debate, the recent discovery of a specific IgG against
NMQO. designated NMO-IgG (28), suggests that NMO is distinct
from MS and has a fundamentally different etiology. This IgG

Brain Pathology (2011}
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barrier (BBB) (18). Autopsied NMO cases show a loss of AQP4
immunostaining in inflammatory lesions (38, 45). The vasculocen-
tric deposition of complement and immunoglobulins in NMO
lesions (30) suggests a humoral immune attack against AQP4 on
astrocytes, especially as the NMO-IgG/anti-AQP4 antibody 1s
cytotoxic to astrocytes in vitro and in vive in the presence of
complement (3, 5, 19-21, 46,47, 52).

However, the predictive value of the NMO-IgG/anti-AQP4 anti-
body is only moderate; 30%-73% in Caucasians (9, 10. 17, 28, 42),
63% in northern Japanese with opticospinal MS (OSMS) (39),
27% in southern Japanese with OSMS (31} and 33% in Caribbean
people (6). On the other hand, 5%-15% of MS cases are positive
for NMO-IgG or anti-AQP4 antibody. Pittock er a/ (43) described
that 10% of NMO-IgG-positive patients had brain lesions that were
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Table 1. Summary of clinical and pathologicai findings of Japanese patients with neuromyelitis optica and multiple scierosis. Abbreviations:
MS = muitiple sclerosis; N.A. = not appiicable; NMO = neuromyelitis optica (Wingerchuk et af (55, 56}); NMOSD = neuromyeiitis optica spectrum

disorders (Wingerchuk et af (57)).

Autopsy Age Sex Disease duration Reiapse rate Clinically estimated Pathologicaily determined
{years) {years) sites of lesions sites of lesions
NMO-1 44 F 38 1.6 02, 56 0, S, Bs, Cr, C
NMO-2 44 F 1.8 2.8 02, Bs3, S2 0, S, Bs, Cr
NMO-3 48 F 05 4.0 02, Bs1, $1 0, S, Bs, Cr
NMO-4 32 M 6.3 1.1 01, Bs2, 57 0,5, Bs, CLCr
NMO-5 28 F 4.7 0.6 03, Bs2, 52 0, S5, Bs, Cl, Cr
NMO-8 35 F 7.0 1.4 04, Bs4, S4 0,8, Bs, Cr
NMO-7 37 F 10.8 1.5 09, Bs2, S14 0,5, Bs, ClLCr
NMO-8 47 F 8.3 0.1 02, Bs1, S2 0, S, Bs, Cr
NMO-9 54 F 4.0 1.3 01, 56 [OR]
NMO-10* 37 F 17.0 1.1 08, Bs1, 89, Cr3 Bs, S, Cr
NMOSD 88 M 04 0.0 St 0,S
MS-1 12 F 5.0 22 06, Bs1, S2, Cr3 0,Bs, S, Cr, Ci
MS-2 35 M 3.1 1.0 01, Bs2, S2,Cr2 0,Bs, §, Cr
MS-3 52 F 1.3 1.5 Bs1, C:3 Bs, Cr
MS-4 45 F 0.7 1.4 Bs2, 82 0,85, Bs
MS-5 39 M 21.0 0.5 01, Bsx, Clx, Crx 0, Bs, Cl, Cr

Lesion sites ir clinical exacerbations: O = optic nerve; S = spinal cord; Bs = brainstem; C! = cerebeilum; Cr = cerebrum. Numbers indicate exacerba-
tions in each iesion site {eg, O2 represents two episodes of optic neuritis). Asterisk indicates a NMO case with known anti-AQP4 antibody

seropositivity.

indistinguishable from those in MS patients, whereas some
patients also showed extensive brain lesions (34, 36, 43). By con-
trast, LESCLs are seen in about a quarter of classical Asian MS
patients (8, 32, 37, 49), compared with 12.5% of Caucasian MS
patients (4). Asian patients with MS show necrotizing lesions with
occasional cavity formation in the spinal cord, optic nerve and
cerebrum (12, 14, 40, 50). reflecting severe inflammation. These
findings suggest considerable overlap between NMO and MS,
especially in Asians.

In addition, Balé’s concentric sclerosis (BCS), a rare variant of
MS with huge brain lesions showing concentric rings of alternating
demyelination and normal myelin layers, is more common in
Asians, such as Filipinos (25), southern Han Chinese (53) and

Taiwanese (7), than in other races. Asian MS patients can also show
concentric demyelinating lesions in the spinal cord and the optic
chiasm pathologically (16), representing an intermediate between
BCS and MS. We recently reported extensive AQP4 loss in both
demyelinated and myelinated layers of BCS lesions in the absence
of perivascular immunoglobulin and complement deposition (33).
Interestingly, development of BCS-like fesions in the brainstem on
MRI was recently reported in Asian patients with not only classical
MS (23) but also NMO (11). Other than two pivotal neuropatho-
logical studies (38, 45), only a few case reports have examined
AQP4 expression in NMOs with varying results (13, 24, 51, 57).
Furthermore, although AQP4 expression in MS has also been
examined in some studies (38, 45, 48), there are inconsistencies

Table 2. Antibodies used for immunohistochemistry. Abbreviations: AQP4 = aquaporin-4; GFAP = glial fibrillary acidic protein; N.D. = not done.

Antibody Type Dilution Antigen retrieval Source
Aquaporin-4

AQP4 rabbit polyclonal 1:500 N.D. Santa Cruz Biotechnology, California, USA
Compiement

C3d rabbit polyclora! 1:1000 Autoclave/10 mM citrate buffer DakoCytomation, Glostrup, Denmark

COneo maouse monaoclonal 1:1000 Autoclave/10 mM citrate buffer Abcamn pic, Cambridge, UK
Macrophage/microglia

CcDhs8 mouse monoclonal 1:200 Autoclave/10 mM citrate buffer DakoCytornation, Glostrup, Denmark
Astrocyte

GFAP rabbit polycional 1:1000 N.D. DakoCytomation, Giostrup, Denmark
Immuncglobulin

IgG rabbit polycional 1:10 000 Autoclave/10 mM citrate buffer DakoCytomation, Giostrup, Denmark

igM rabbit polycional 1:10 000 Autoclave/10 mM citrate buffer DakoCytomation, Giostrup, Denmark
Lymphocyte

CD45RO mouse monoclonal 1:200 Autoclave/10 mM citrate buffer DakoCytomation, Giostrup, Denmark

CD20 mouse monoclonal 1:200 Autoclave/10 mM citrate butfer DakoCytomation, Giostrup, Denmark
2

Brain Pathology {201 1)
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Table 3. Classification of demyelinating lesions according to
aquaporin-4 and glia! fibrillary acid protein immunostaining and Kiiver-
Barrera staining. Abbreviations: AQP4 = aquaporin-4, GFAP = giial fibrii-
lary acidic protein; KB = KlUver-Barrera staining.

Lesion Extents of AQP4 and myelin loss GFAP
pattern expression
Pattern A  AQP4 i0ss or decrease > myelin loss (+}

Pattern B AQP4 ioss or decrease = myelin ioss =+

Pattern C  AQP4 loss or decrease < myelin ioss (+)

Pattern D AQP4 totally preserved in areas of myetlin loss  (+)

Patters N necrosis or cavity formation (-3

among their conclusions. We therefore decided to perform a sys-
tematic immunohistological reappraisal of AQP4 expression rela-
tive to astrocyte marker expression, the extent of demyelination,
lesion staging and the perivascular deposition of complement and
immunoglobulin in Asian NMO and MS patients to clarify the

AQP4 Expression in NMO and MS

contribution of astrocyte damage, including AQP4 loss to the
lesion formation, in these conditions.

MATERIALS AND METHODS

Autopsy tissue and patient characterization

The study was performed on archival autopsied brain. optic nerve
and spinal cord matcrials from 10 NMO cases, including onc anti-
AQP4 antibody-positive case, one case with NMO spectrum disor-
der (NMOSD), and five cases with MS. All but the anti-AQP4
antibody-positive case from Tenri Hospital were from the Depart-
ment of Neuropathology, Kyushu University. NMO/NMOSD diag-
nosis was based on the Wingerchuk criteria (54-56). while MS was
diagnosed according to the Poser criteria (44). The chinical findings
are summarized in Table 1. The median age at autopsy was 44.0
years old (range 28--88) in the NMO/NMOSD cases (nine females
and two males) and 39.0 years old (range 12-52) in the MS cases
{three females and two males). Disease durations ranged from 0.4

Table 4. Summary of aquaporin-4 immunoreactivity pattems in demyelinating lesions in cases with neuromyeiitis optica (NMOJ or NMO spectrum
disorders. Abbreviations: AQP4 = aquaporin-4; NMO = neuromyetitis optica; NMOSD = neuromyelitis optica spectrum disorder; N.A. = specimen not

avaiiable.
Autopsy  Stage Cerebrum Brainstem Cerebelium  Spinal cord Optic nerve
Preferentiat AQP4 loss or decrease
NMO-2 Active A1) A&N (1) N.A. B&N {1) NA.
Chronic active B&N (1}, C&N (1) A&N (3), B&N (1}
Chronic inactive  C (2) C&N (1)
NMO-3 Active B&N {1 A&N (1)
Chronic active B&N (1), C&N (1) A1) A&N (3) A&N (1)
Chronic inactive  C&N (3)
NMO-4 Active A (1), A&N (3}, B (1), B&N {1} A&N (2), B&N {1} B (2 B&N {1} D
Chronic active B&N (1) B (2) A&N (1), B&N (1), C&N (1}
Chronic inactive D {1}
NMO-7 Active A3, B(1) A&N (2)
Chrornic active C@) A3}, B(1), Ci1), CANI)
Chronic inactive  C{1}, D{2) C&N{2) D&N (1}
NMQO-10  Active A1), A&N (1), N (1) NA.
Chronic active B (2), B&N {1), C&N (1) C&N (1) A&N {1}, C&N (1}
Chronic inactive D (1), N (1}
NMOSD  Active A&N (1), B&N (1), N {1)
Chronic active B&N (1) -
Chronic inactive Dt}
Preserved AQP4 expression
NMO-1 Active D&N (1} N(2)
Chronic active 334} DN D1
Chronic inactive  D&N (1)
NMG-5 Active D&N {1}, D (3)
Chronic active D (5), D&N {4} D&N (1), D {2 D2
Chronic inactive D (3) D&N (1} D&N (1} D {1}
NMO-6 Active D)
Chronic active D (5), D&N (2} D&N (1) D {1}
Chronic inactive D (1) D&N (1) D {1}, D&N {1} D&N (1}
NMO-8 Chronic active D (1), D&N (5) D&N (1) D&N (1) D (1)
Chronic inactive D (1), D&N (1) D2LNM N (1)
NMO-9 Active D&N (1), N{2) D{n
Chronic active D&N (1)
Biank cell = No lesions.
Brain Pathology (201 1) 3
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to 17.0 years in the NMO/NMOSD group (median, 4.7 years), and
from 0.7 to 21.0 years in the MS group (median, 3.1 years). In
addition. we used the same set of control cases with other neuro-
logical discases as in our previous study (33): myasthenia gravis
(MG) (n = 2), spastic paraplegia type 2 (n = 1), amyotrophic lateral
sclerosis (n = 6), hippocampal sclerosis with temporal lobe epi-
lepsy (n=15), muscular dystrophy (n= 1), encephalitis (n=3),
including one with anti-N-methyl-D-aspartate receptor antibody
and another with anti-thyroglobulin antibody, spinocerebelilar
degeneration (n = 1), vasculitis (n = 3), cerebral infarction (n = 1),
Pick’s disease (n = 1), progressive supranuclear palsy (n = 3) and
multiple system atrophy (n = 3).

Tissue preparation and immunchistochemistry

Autopsied specimens were fixed in 10% formalin and processed
into paraffin sections. Sections were routinely stained with hema-
toxylin and eosin (H & E), Kliiver-Barrera (KB), and Bodian or
Bielschowsky silver impregnation. Primary antibodies for immu-
nohistochemistry are listed in Table 2. All sections were deparaf-
finized in xylene and rehydrated in an ethanel gradient. Endog-
enous peroxidase activity was blocked with 0.3% H,O»/methanol.
The sections were then incubated with primary antibody at 4°C
overnight. After rinsing, the sections were subjected to either a
streptavidin-biotin complex method or an emhanced indirect
immunoperoxidase method using Envision (DakoCytomation,
Glostrup, Denmark). Immunoreactivity was detected using
3,3’-diaminobenzidine and sections were counterstained with
hematoxylin. Immunohistochemistry for activated complement,
immunoglobulins, T cell and B cell markers was performed in
randomly sclected lesions.

Staging of demyelinating lesions

We classified demyelinating lesions into the following three stages:
actively demyelinating lesions, chronic active lesions and chronic
inactive lesions based on the density of infiltrating macrophages
(26). Briefly, actively demyelinating lesions had active destructive
lesions densely and diffusely infiltrated with macrophages phago-
cytosing myelin debris, as identified by Luxol fast blue staining.
Chronic active lesions were those showing hyperceliularity of mac-

Figure 1. Loss of AQP4 expression in active lesions of NMO. (A-F)
Seriai sections of an actively demyelinating cerebral lesion from NMO-10
with known anti-AQP4 antibody seropositivity representing Pattern A.
Arrowheads indicate the same blood vessei. A. Sharply demarcated
demyelinating plaque is noted in the cerebral white matter, B. GFAP
immunopositivity is decreased in the lesion. €. AQP4 immunopositivity
is lost beyond the area with myelin/GFAP ioss. D. Numerous macroph-
ages contain myelin debris (arrowheads). E. Degeneration of vascular
foot processes is evident by GFAP immunostaining. F. AQP4 immunore-
activity is absent even in the degenerated astrocytes. (G-~0) Serial sec-
tions of corpus caliosum lesions from NMO-4 representing Patterns A &
N. G. The corpus caliosum demonstrates severe demyelination with
tissue recrosis (daggert. H. CD68-pasitive macrophages diffusely infil-
twrate the lesiors. . GFAP immunostaining shows numerous reactive
astrocytes in the surrounding region, but it decreases in the necrotic
lesion center and focal perivascuiar areas with positive myelin staining

Matsuoka et af

rophages restricted to the periphery of the lesions. Chronic inactive
lesions were those showing no increase in macrophages throughout
the lesions.

According to the staging protocol, NMO lesions (n = 149) were
classified as 42 actively demyelinating lesions, 72 chronic active
lesions and 35 chronic inactive lesions. whereas MS lesions
(n=351) were classified into 24 actively demyelinating lesions, 14
chronic active lesions and 13 chronic inactive lesions. In addition,
we noted 12 lesions in NMO (seven lesions) and MS cases (five
lesions) that did not meet the staging criteria. All of these lesions
had perivascular deposition of both activated complement and
immunoglobulins, but no macrophage infiltration, and lacked any
myelin or AQP4 joss. These lesions were thus analyzed separately.

Comparison of AQP4 expression with myelin
loss and astrogliosis

For each lesion, we compared the level of AQP4 expression with
the degree of myelin loss and the level of glial fibrillary acidic
protein {GFAP) expression. AQP4 expression levels in region-
matched unaffected areas (ie, gray matter or white matter) in the
same section were used as an internal control. When the presence
of astrocytes was not confirmed by GFAP immunostaining caused
by total replacement of a lesion with foamy macrophages, or when
cavity formation was evident, the lesion was classified as a destruc-
tive necrotic lesion. Accordingly, 15 lesions with severe necrosis or
cavity formation (nine in NMO patients and six in MS patients)
were determined.

Using serial sections of demyelinating lesions, we divided the
expression patterns of AQP4 immunoreactivity rclative to the
intensity of GFAP immunoreactivity and myelin (KB) staining into
the following five patterns (Table 3): Pattern A (arca of diminished
AQP4 immunoreactivity extending over that of myelin loss),
Pattern B (area of diminished AQP4 immunoreactivity conforming
with that of myelin loss), Pattern C (area of diminished AQP4
immunoreactivity fess than that of myelin loss), Pattern D
(preserved AQP4 immunoreactivity with loss of myelin staining)
and Pattern N (neccrosis or cavity formation; GFAP-negative,
AQP4-negative and myelin-negative by definition). Patterns asso-
ciated with focal necrosis or cavity formation were expressed as
“Patterns X & N” (X = A B.Cor D).

(arrowhead in G and [}, J. AQP4 immunostaining reveals a pattern similar
1o that of GFAP staining, but decreases more extensively in the still-
myelinated area indicated by the asterisk in G. K. High magnification of
the necrotic area indicated by the dagger in G. Numerous foamy mac-
rophages containing myeiin debris are present. {L-0) High magnification
of the stili-myelinated area indicated by the asterisk in G. L. Stil-
preserved myelin with some foamy macrophages without myelin debris.
M. CD68-immunopositive foamy rmacrophages are present among the
preserved myeiin. N. GFAP immunostaining reveals degenrerated astro-
cytes and astrocytic vascular foot processes. 0. AGP4 immunoreactivity
is completely lost despite the presence of astrocytes. A, D, G, K, L, KB;
B, E, I, N, GFAP immunohistochemistry {HC): C, F, J, O, AQP4 IHC; H,
M, CD88 IHC. Scale bar = 1 mm (A=C); 300 um (G=J); 50 um (E, F, L-O};
20 um (D, K}. AQP4 = aquaporin-4; GFAP = glial fibriiary acidic protein:
KB = Kliver-Barrera staining; NMO = neuromyelitis optica.
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Figure 2. Upregulation of AQP4 in chronic NMO lesions. (A-F) Seri
sections of chronic active demvyelinating iesions in the spinal cord of
NMO-10 representing Pattern C and N. A. The spinai cord has irregularly-
shaped demyelinating lesions with necrosis and cavity formation. Reac-
tive proiiferation of capillary vesseis is noted. B. CD88-positive macroph-
ages are stii abundant in the perivascular regions. C. The lesion is
immunopositive for GFAP except for in the cavity center. D. Upreguiation
of AQP4 in extensively demyeiinated iesions. E. High magnification in
the lesion indicated by the asterisk in C shows increased GFAP immu-
noreactivity. F. The same area as E dernonstrates AQP4 staining in areas

Matsuoka et af

of astrogliosis. (G-J) Serial sections of chronic inactive demyelinating
lesions in the optic nerve from NMOSD, representing Pattern D. G.
Sharply demarcated demyelinating plaque in the optic nerve. H. Mac-
rophage infiitration is absent. I. GFAP-positive chronic astrogiiosis covers
the demyelinating plaque. J. AQP4 expression is upregulated in the
areas of chronic astrogliosis. A, G, KB staining; B, H, CD68 immunohis-
tochemistry (IHC), C, E, I, GFAP IHC; D, F, J. AQP4 IHC. Scale
bar =300 um (A-D, G-J); 50um (E, F. AQP4 :=aquaporin-4;
GFAP =glial fibrillary acidic protein; KB = Kilver-Barrera staining;
NMO = neuromyeiitis optica; NMOSD = NMO spectrum disorder.
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Figure 3. Preserved AQP4 immunoreactivity in actively demyelinating
NMO iesions. (A-F) Serial sections of ar actively demyelinating lesion
from NMO-6 representing Pattern D. A. Demyelinating plaque in the
corpus caliosum. B. The iesion is infitrated by numerous foamy mac-
rophages stained with CD68. C. Macrophages containing myetin debris
(arrowheads). D. The iesion shows strong GFAP immunoreactivity. E.
The same area as in D, with AQP4 expression as strong and diffuse as
that of GFAP. F. High magnification of the area indicated by the asterisk in
E. AQP4 expression is preserved despite dense macrophage infiitration.
(G-L) Serial sections of an optic nerve iesion from NMO-4 representing
Pattern D. G. Sharply demarcated demyeiinating plaques are seen. H.
The optic chiasm is densely infiitrated with foamy macrophages. 1.

Brain Pathology (2011}
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Numerous macrophages contain myelin debris. J. Numerous GFAP-
positive reactive astrocytes in the iesion center and the surrounding

strates AQP4 staining aiong the entire processes and outlining the cyto-
plasm of hypertrophic reactive astrocytes (arrowheads). A, C, G, I, KB
staining; B, H, CD68 immunohistochemistry {IHC); D, J. GFAP IHC; E, F,
K, L, AQP4 IHC. Scale bar =300 um (A, B, D, E; 100 um (G, H, J,
K);30 um (F, L); 20 um (C, I). AQP4 = aguaporin-4; GFAP = glial fibriliary

acidic protein; KB = Kilver-Barrera staining; NMO = neuromyelitis

optica.
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Table 5. Summary of aquaporin-d immunoreactivity patterns in demyeiinating lesions in cases with multiple sclerosis. Abbreviations:

AQP4 = aguaporin-4; MS = muitiple sclerosis.

Autopsy Stage Cerebrum Brainstem Cerebelium Spinai cord Optic nerve
Preterentiai AQP4 loss or decrease
MS-3 Active A&N (1), B (3), B&N {1}, N(1) A&N (2}, N (2}
Chronic active B (2)
Chronic inactive C 1)
MS-4 Active A{1),B(3)
Chronic active B(1) A &N (3), A1) c{n
Preserved AQP4 expression
MS-1 Active N{3)
Chronic active D&N (1)
Chronic inactive D {1}, D&N {2}
MS-2 Active D (1), D&N (1) D1
Chronic active D(2) DN
MS-5 Active D2 DN Din
Chronic active D1 D)
Chronic inactive D (4), D&N (3) DM D {1

Blank cell = no iesions.

RESULTS

Immunohistochemical findings in control brains

AQP4 and GFAP staining patterns as well as the deposition of
immunoglobulins and activated complement in normal and dis-
eased CNS tissues were described in detail in our previous report
(33). Briefly. in normal cerebral tissues, AQP4 staining was more
pronounced in the cortex than in the white matter, with staining
emphasized in the perivascular foot processes. The glial limiting
membranes and subependymal astrocytes also strongly expressed
AQP4. By contrast, GFAP immunoreactivity was preferentially
observed in the cerebral white matter while in the cortex, and
except for the strong staining of the glial limiting membranes,
only a few astrocytes were immunopositive for GFAP. Reactive
astrocytes and gliotic scars were strongly immunopositive
for both AQP4 and GFAP. In control cases, faint, diffuse IgG
immunoreactivity in the neuronal soma, neuropil, oligo-
dendrocytes. astrocytes, glial limiting membranes and ependymal
epithelium was observed, but not in the white matter. IgM, C3d

Figure 4. Preferential loss of AQP4 immunoreactivity in MS. (A-F)
Serial sections of actively demyelinating lesions in the midbrain of MS-3
without optic-spinal lesions represerniting Patterns A & N. A. A demyeli-
nating plaque in the acute stage in the cerebrai peduncle, with dense
perivascular iymphocytic cuffing. Myeiin is still preserved at the periph-
ery of the lesion (asterisk} despite CD68-positive foamy macrophage
infiitration (B). €. GFAP immunoreactivity is decreased in the lesion
center while numerous reactive astrocytes are present at the lesion
edge and surrounding areas (asterisk). D. AQP4 immunoreactivity is
extensively lost in not only the demyelinating center but aiso in the
surrounding areas, where GFAP immunoreactivity is preserved (aster-
isk). E. High magnification of the area indicated by an arrowhead in C and
D. Vascular foot processes are destroved but there are remaining GFAP-
positive astrocytes. F. The same microscopic field as in E. Astrocytes are
devoid ot AQP4 immunoreactivity. (G-L) Serial sections of chronic active
Baldé-like concentric iesions in the spinai cord from MS-4 representing

and CYneo immunoreactivities were generally confined to a
small number of blood vessel walls and the perivascular regions,
if any. Activated complement was not usually co-localized with
immunoglobulins.

Immunohistochemical findings in NMO and
NMO spectrum disorders

Preferential loss or decrease of AQP4 immunoreactivity
in actively demyelinating lesions and upregulation of
AQP4 in chronic inactive lesions in NMO/NMOSD cases

Five NMO cases (NMO-2, 3, 4, 7 and 10) and an NMOSD case
showed preferential loss of AQP4 in at least one of the actively
demyelinating lesions beyond the demyelinated arcas (Pattern A)
(Figure 1, Table 4). NMO-10, with known anti-AQP4 antibody
seropositivity, showed extensive AQP4 loss, not only in the lesion
center where numerous myelin-laden foamy macrophages had
infiltrated (Figure 1D), but also in the surrounding, GFAP-
immunopositive myelinated areas (Figure l1A-C). In actively

Pattern A. G. The spinal cord shows concentric bands of aiternating
demyelination and preserved myelin. H. CD68-positive macrophages are
still abundant in the lesions. I. GFAP immunostaining indicates strong
giiosis at the lesion edge and surrounding areas. J. AQP4 immunoreac-
tivity is completely lost in the lesion center and the surrounding area with
preserved myelin staining (note the AQPZ-immunopositive area only at
the periphery of the spinal cord). K. High magnification of the biood
vessels indicated by the arrowhead in | and J shows numerous GFAP-
positive reactive astrocytes and remnant astrocytic vascular foot pro-
cesses. L. In the same area as K, AQP4 immunoreactivity is compietely
lost in the GFAP-positive structures. A, G, KB; B, H, CD68 immunohis-
tochemistry (IHC), C, E, I, K, GFAP IHC; D, F, J, L, AQP4 |HC. Scale
bar=500 um (G-J); 300 um (A-D); 50um {E, Fj;, 30um (K, L
AQP4 = aquaporin-4; GFAP = glial fibriliary acidic protein; KB = Kliver-
Barrera staining; MS = muitiple scierosis.
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demyelinating lesions, GFAP immunostaining revealed highly
degenerated astrocytic vascular foot processes (Figure 1E), and
AQP4 expression was totally lost in these GFAP-immunopositive
structures (Figure 1F).

In addition to the actively demyelinating lesions and necrotic
lesions (Figure 1G, dagger, Figure 1K), still-myelinated areas at
the lesion periphery occasionally showed a remarkable decrease
in both GFAP and AQP4 expression in Pattern A. which was con-
sidered to represent early lesions (Figure 1G-O, asterisk in G). In
such lesions, GFAP immunostaining revealed remaining highly

Brain Pathology (2011}
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degenerated astrocytes and their vascular foot processes
(Figure IN). Despite the existence of remnant astrocytes, AQP4
immunoreactivity was hardly detectable in such lesions
(Figure 10).

In contrast to the loss of both GFAP and AQP4 expression in
acute lesions in this group, all the chronic mactive lesions in the
NMO/NMOSD cases, including those in the anti-AQP4 antibody-
seropositive case (NMO-10; Figure 2A-D), showed upregulation
of AQP4 in areas with various degrees of reparative gliosis (either
Pattern C or D) (Figure 2, Table 4).
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Figure 5. Distinctive patterns  of  perivascuiar  immunoglobulin/
complement deposition and lymphocytic cuffing between NMO and
MS. (A-D) Active lesions in NMO with immunogiobulin/cornpiement
deposition. (A, B) Serial sections of a peripiague, stil-myelinated area of
NMO-4. These figures show the same area as that indicated by the
arrowhead in Figure 1, G and |. IgM {A) and C3d (B) deposition are
observed in astrocytic vascular foot processes as weii as in degenerated
astrocytes (arrowheads). (C, D) Serial sections from a more advanced
active iesion in the spinal cord from NMO-7. 19G {C) and IgM (D) deposi-
tion are observed in astrocytic vascular foot processes as well as degen-
erated astrocytes (arrowheads). (E-H) Serial sections of an active lesion
from NMO-10 without immunogiobulin/complement deposition. These
figures show the periplague, stili-myelinated areas of the lesion shown
in Figure 1A-F. Although GFAP immunoreactivity is preserved (E), AQP4
expression is totally lost (F). Neither C9neo (G) nor IgG (H) staining
shows specific perivascular deposition. (I, Ji Lack of immunoglobulin/

Matsuoka et af

cornpiement deposition in MS. Serial sections of a chroni
from MS-4. These figures show the same area as | re 4K and L.
Neither IgG (I} nor C3d (J) staining shows typical perivascular deposition
{K-M) Lymphocyte cuffing in MS and NMO. (K, L) Serial sections from
an active lesion from MS-3. These figures show the same lesion as in
Figure 4E and F. K. CD45RO staining demonstrates perivascutar cuffing
predominantly consisting of T celis. L. Few CD20-positive B cells in the
perivascular area. M. An active lesion in the spinal cord from NMO-7.
This figure shows the same iesion as in € and D. Aithough CD45R0O-
positive T-celis predominate, the degree of perivascular lymphocyitic
accumulation is much milder in NMO than in MS. A, D, IgM immunchis-
tochemistry (IHC); B, J, C3d IHC; C, H, 1, IgG IHC; G, C8neo IHC; E, GFAP
IHC; F, AQP4 IHC; K, M, CD45RO IHC, L, CD20 IHC. Scaie bar = 100 um
(K, L), 50um (A=), M). AQP4 = aquaporin-4; GFAP =dlial fibrilary
acidic protein, KB = Kiliver-Barrera staining; MS = multiple sclerosis;
NMO = neuromyeiitis optica.

C active iesion

Preserved AQP4 expression in actively demyelinating
lesions in NMO cases

While the above-mentioned cases showed typical AQP4 and GFAP
loss in active demyelinating lesions as reported previously (38, 45),
five cases (NMO-1, 5, 6, 8 and 9) showed no preferential loss of
AQP4 (Pattern D) in any lesions, including actively demyelinating
lesions except for necrotic or cavitary lesions where no astrocytes
were present (Pattern N) (Figure 3D--F, Table 4).

Heterogeneous AQP4 expression in actively
demyelinating lesions

Among the NMO cases with preferential loss of AQP4 (Pattern A
or B) in active lesions, we found a subset of cases showing lesion-
to-lesion heterogeneity in AQP4 expression pattern, even among
the active lesions (Figure 3G-L; compare with Figure 1G-O,
Table 4). These included three NMO cases (NMO-4, 7 and 10) and
one NMOSD case. Pattern D was observed in an active lesion in
one case (NMO-4), and Pattern C was observed in chronic active
lesions in five cases (NMO-2, 3, 4, 7 and 10) (Table 4). The
NMO-4 case had repeated attacks of transverse myelitis and
acutely developed a single episode of bilateral optic neuritis 1
month prior to death. As described carlier, the corpus callosum
contained partially necrotized actively demyelinating lesions, with
diminished AQP4 immunoreactivity extending over the loss of
myelin staining and areas with reactive astrocytes, representing
Patterns A and N (Figure 1G-O). Approximately half of the
actively demyelinating lesions in this case were classified as
Pattern A (Table 4). By contrast. the optic chiasm had actively
demyelinating lesions densely infiltrated with macrophages con-
taining myelin debris (Figure 3G-I), where both GFAP and AQP4
was expressed diffusely in the demyelinated lesions and the sur-
rounding normal-looking areas (Figure 3J, K). At higher magnifi-
cation. the demyelinating lesions were diffusely stained for AQP4
(Figure 3L) in many hypertrophic astrocytes and their processes,
being classified as Pattern D.

Immunohistochemical findings in MS

Three MS cases (MS-1, 2 and 5) showed preservation of
AQP4 in actively demyelinating lesions, whereas the other two
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(MS-3 and 4) showed preferential AQP4 loss in active lesions
of both acute and chronic stages (Pattern A or B) (Table 5).
All the MS cases showed AQP4 immunoreactivity in gliotic
areas of chronic inactive lesions, if present (Pattern C or D)
(Table 5).

Preferential decrease of AQP4 staining in actively
demyelinating lesions

The MS-3 case had cerebral signs at disease onset and brainstem
signs at relapse, but neither optic neuritis nor myelitis was noted.
Notably, AQP4 loss was observed in both the centers of actively
demyelinating plaques with dense perivascular lymphocytic
cuffing in the cerebral peduncle, and in the periphery of the lesions
where KB staining indicated preserved myelin with diffuse mac-
rophage infiltration. This lesion was thus classified as Pattern A
(see asterisks in Figure 4A-D). At higher magnification. GFAP
immunostaining revealed degeneration of astrocytes and disrup-
tion of the perivascular glia limitants (Figure 4E). AQP4 expres-
sion was almost totally lost even in the scattered GFAP-positive
structures (Figure 4F).

Loss of AQP4 expression in BCS-like concentric spinal
cord lesions in an MS case

MS-4 had concentric lesions showing alternating rings with and
without myelin in the chronic active stage, accompanied by
perivascular macrophage infiltration in the spinal cord (Figure 4G,
H). AQP4 loss was seen not only in the sharply demyelinated layers
but also in the preserved myelin layers, and this lesion was classi-
fied as Pattern A (Figure 41, J). High magnification demonstrated
that AQP4 expression was lost on the astrocytic processes and
reactive astrocytes, even though they were positive for GFAP
(Figure 4K, L).

The actively demyelinating lesions in these two cases were clas-
sified as Pattern A or B (loss of AQP4).

Relationship between complement and
immunoglobulin deposition and AQP4 loss

In the actively demyelinating lesions of the NMO/NMOSD cases,
depositions of activated complement and immunoglobulins in the
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Figure 6. Heterogeneity between perivascular deposition of activated
complement and immuneglobulins and AQP4 expression. {A—G) Seria!
sections of the peripheral area of chronic active lesions in the cerebrai
white matter of NMO-10. A. Demyeiinating lesions confined to the
vicinity of blood vessels. B. No inflammatory cel! infiltration. C. AQP4
immunoreactivity on astrocyte processes. immunoreactivities to acti-
vated complement (C3d (D} and C9reo (E)} and immunoglobulins (igM
(F) and IgG (G)) in the perivascular areas. Note that one blood vesse!
does not show deposition of activated compiement or immunogiobulins
{arrow in D=G). (H-L) Seriai sections in the cerebral white matter of the
same case. H. A chronic inactive demyelinating lesion. I. Few CD68-

Matsuoka et a/

positive macrophages in the iesion. J. AQP4 fabeling of the astrogiiosis
covering the iesions. C3d (K) and IgG (L) immunoreactivities are most
intense in the perivascuiar area. (M-0) Serial sections of a chronic active
demyelinating iesion in the spinal cord of the same case. M. Loss of
AQP4 immunoreactivity is confined to the perivascular areas associated
with C3d (N) and IgM {O) deposition. A, H, KB; B, I, CD68 immunohis-
tochemistry (IHC); C, J, M, AQP4 IHC; D, K, N, C3d IHC; E, C9nec IHC; F,
0, IgM IHC; G, L, IgG IHC. Scale bar = 100 um {A-G): 50 um (H-0}
15 um (C). AQP4 = aquaporin-4; GFAP = glial fibrillary acidic protein;
KB = Kitver-Barrera staining; NMO = neuromyelitis optica.

perivascular areas were observed in 28.6% of Pattern A lesions
(Figures 5A—H and 7A). In chronic active lesions, such depositions
were noted in 10%—15% of Patterns A, B and C. In chronic inactive
lesions, one of 17 (6%) Pattern D lesions had perivascular deposits.
However, MS cases did not have depositions in any demyelinated
lesion (Figure 51, J).

Four of the six cases with NMO/NMOSD that had AQP4 loss
(Pattern A) showed concurrent perivascular deposition of acti-
vated complement and immunoglobulins in at least one actively
demyelinating lesion. This represented 36% (4/11) of all NMO/
NMOSD cases (Figure 7C). All of these cases demonstrated het-
erogeneity in the relationship between AQP4 loss and perivascu-
lar deposition of activated complement and immunoglobulins.
Moreover, we also observed different patterns of AQP4 loss and
perivascular deposition of activated complement and immunoglo-
bulins even within a single lesion. For example, in NMO-10 with
anti-AQP4 antibody, in the active cerebral lesions where AQP4
was totally lost, there was no deposition of either immunoglobu-
lin or complement (Figure SE-H). On the other hand, in the
peripheral area of a chronic active demyelinating lesion (Pattern
C) in the cerebral white matter, there were blood vessels sur-
rounded by myelin showing variable degrees of diminished
staining (Figure 6A). There was no macrophage infiltration or
decreased AQP4 immunoreactivity in this area (Figure 6B, C),
despite deposition of activated complement and immunoglo-
bulins around some blood vessels (Figure 6D-G). Another
chronic inactive lesion in the cerebral white matter, where AQP4
immunoreactivity was markedly increased (Figure 6H-J), showed
perivascular deposits of activated complement and immuno-
globulins (Figure 6K, L). However, chronic active lesions in the
spinal cord demonstrated loss of AQP4 immunoreactivity with
perivascular staining for complement and immunoglobulins
(Figure 6M-0).

Areas with complement and immunoglobulin deposition.
but without either demyelination or AQP4 loss (as shown in
Figure 6B-G), were noted in five cases (three of the four NMO/
NMOSD cases that showed concurrent perivascular complement
and immunoglobulin deposition and AQP4 loss in some lesions,
and one NMO/NMOSD case and one MS case that showed
perivascular complement and immunoglobulin deposition. but
neither AQP4 loss nor demyelination).

Relationship between perivascular lymphocytic
cuffing and AQP4 loss

The frequency of each AQP4 expression pattern is summarized in
Table 6. In actively demyelinating lesions, 23 of 38 (60.5%)
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Pattern A or B lesions (51.9% in NMO/NMOSD and 81.8% in
MS) and eight of 16 (50.0%) Pattern D lesions (55.6% in NMO/
NMOSD, and 42.9% in MS) showed perivascular lymphocytic
cuffing. In total, perivascular cuffing was observed in 60% of the
actively demyelinating lesions, regardless of clinical phenotype or
AQP4 status (Figures SK-M and 7B). In chronic active lesions,
seven of 32 (21.9%) Pattern A or B lesions (16.0% in NMO/
NMOSD and 42.9% in MS) and six of 42 (14.3%) Pattern D
lesions (13.9% in NMO/NMOSD and 16.7% in MS) demon-
strated perivascular lymphocytic cuffing. Generally, lymphocytic
cuffing was milder in NMO/NMOSD than in MS. In addition,
all lesions had predominant T-cell infiltration (30 in actively
demyelinating lesions and 12 in chronic active lesions)
(see Figure SK-M).

DISCUSSION

We performed a systematic immunohistopathological study on
autopsied cases of NMO and MS. Half of NMO patients showed
preferential loss of AQP4 beyond the area of demyelination,
whereas others did not. even in actively demyelinating lesions.
Some MS patients, including one with only brain lesions and the
other with BCS-like concentric spinal cord lesions, demonstrated
extensive AQP4 loss in actively demyelinating and chronic active
lesions, whereas other MS patients showed preservation of AQP4.
Even NMO and MS patients with preferential AQP4 loss showed
AQP4 patterns that varied from lesion to lesion, with no AQP4 loss
in'some of the actively demyelinating lesions. as well as in chronic
active and inactive lesions. Vasculocentric deposition of comple-
ment and immunoglobulins was specifically noted in a third of
NMO/NMOSD cases, but did not tightly correlate with perivascu-
lar AQP4 loss. Overall, our study indicates that antibody and
complement-related mechanisms are important in AQP4 astrocyt-
opathy in a fraction of NMO cases, as seen in one case with anti-
AQP4 antibody, but AQP4 loss can also occur in some actively
demyelinating MS lesions, and can occasionally be very extensive,
as seen in the Balo-like concentric spinal cord lesions of MS-4.
Furthermore, the lesion-to-lesion heterogeneity in the AQP4
expression pattern observed in NMO cases implies a heteroge-
neous relationship between anti-AQP4 antibody and loss of AQP4
expression.

Our study has some limitations inherent to studies using archival
autopsied materials. First, because the autopsied cases died with
the disease, there was a potential bias toward severe cases. Our
histological evaluation focusing on early active lesions and sepa-
rately analyzing necrotic lesions can minimize this selection bias.
Second, the anti-AQP4 antibody status was only known in one case,
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Table 6-1. Frequericy of each aguaporin<d immunoreactivity pattern in
demyelinating iesions from cases with neuromyelitis optica (NMO} or
NMO spectrum disorders. Abbreviations: NMO = neuromyelitis optica;
NMQOSD = neuromyeiitis optica spectrum disorder.

{ esion pattern NMO and NMOSD {ri = 149)

Active Chronic active Chronic inactive
r=42) n=72) (n =35}

Pattern A 17 13 Q0

Pattern B 10 12 0

Pattern C 0 11 . 9

Pattern D E] 36 23

Pattern N 6 0 3

Table 6-2. Frequency of each agquaporin-4 immiinoreactivity pattern in
demyetinating lesions from cases with multipie scierosis. Abbreviations:
MS = multiple sclerosis.

Lesion pattern MS in=51)
Active Chronic active Chronic inactive
{n=24) in=14) (r=13)

Pattern A 4 4 0

Patterr B 7 3 0

Pattern C 0 1 1

Pattern D 7 6 12

Pattern N 6 o] 0

See Table 3 tor the definition of the patterns. Any pattern with necrosis-
{Patterns X and Nj was included into Pattern X.

because the other autopsies were performed before the discovery of
NMO-IgG. These limitations are common to the other pathological
studies on AQP4 expression in NMO by Misu eral (38) and
Roemer et al (45). We were able to evaluate AQP4 expression in the
one NMO case with confirmed anti-AQP4 antibodies, which
enabled a detailed evaluation of the relationship between the pres-
ence of anti-AQP4 antibody and AQP4 expression in the CNS.

The results of our study are somewhat discordant with those of
previous studies (38, 45), which might, in part, be attributable to
the differences in methodology and materials. Regarding the stain-
ing method, in our previous (33) and present studies, we found
AQP4 expression patierns similar to those reported in normal and
diseased control brain tissues (1, 27, 38. 45) despite using a differ-
cnt anti-AQP4 antibody. The cvaluation of necrotic lesions also
requires some consideration. In necrotic lesions totally replaced by
macrophages where no viable astrocytes existed, we could not
differentiate whether the loss of AQP4 was caused by down-
modulation of AQP4 in astrocytes or the loss of astrocytes per se.
Furthermore, in such destructive lesions, it would be difficult to
determine the causal relationship between AQP4 loss and the astro-
cyte damage. Therefore, we decided to put more stress on evaluat-
ing carlier lesions where the background tissues were still
relatively preserved. Although the clinical features of MS are
somewhat different between northern (Misu’s cases) and southern
Japanese (our cases) (15. 41), these differences in methodology
should not seriously distort our results.

Half of our NMO cases showed a preferential loss of AQP4 in
actively demyelinating and chronic active lesions, whereas the rest
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did not, despite severe tissue destruction, This is in line with the fact
that anti-AQP4 antibody is not detected in 30%—~70% of NMO cases
(22). Vasculocentric complement and immunoglobulin deposition
was noted only in NMO/NMOSD cases but not in MS cases. These
findings support the notion that AQP4 loss in NMO cases results
from immune responses to AQP4 (38.45). Accordingly. itis possible
that pathologically. there are two types of NMO. namely AQP4
autoimmunity-related and AQP4 autoimmunity-unrelated, and the
latter may correspond clinically to seronegative NMO (31, 35).

The vasculocentric deposition of complement and immunoglo-
bulins was only detected in NMO patients with AQP4 loss, includ-
ing one with anti-AQP4 antibody. This supports the hypothesis that
anti-AQP4 antibody destroys perivascular astrocyte foot processes
via complement-dependent mechanisms. However, more than half
of the AQP4-down-modulated NMO lesions showed no vasculo-
centric deposition of complement and immunoglobulins. This
might be caused by very transient complement and immunoglobu-
lin deposition. We staged NMO lesions with myelin-laden mac-
rophages as active according to the lesion staging in MS: however,
it is possible that complement/immunoglobutin deposition rapidly
disappears even in the presence of myelin-faden macrophages once
it triggers the astrocytic damage. Alternatively, the findings might
be interpreted, such that the anti-AQP4 antibody and complement-
mediated mechanism is unique to NMO, but docs not always
accompany every lesion. Further studies are necessary to clarify
the time course of complement/immunoglobulin deposition during
the formation of NMO lesions in an experimental model.

Our pathological study also argues against autoimmune AQP4
destruction as the sole NMO mechanism. First, the severity of
tissue destruction was unrelated to tissue AQP4 loss or preserva-
tion. Second. AQP4 expression was heterogeneous even in the same
individual. Although chronic inactive lesiens may restore AQP4
expression with astrogliosis. one NMO case showed prescrvation
of AQP4 in actively demyelinating optic chiasmal lesions, despite
reduced AQP4 expression in other CNS lestons. Third, the perivas-
cular deposition of complement and immunoglobulins did not
closely correlate with perivascuiar AQP4 loss.

Anti-AQP4 antibody titer could change from patient to patient
and between different disease stages in the same patient, which
might have affected AQP4 expression levels in the pathologicak
lesions. However, in this case. the existence of actively demyelinat-
g lesions without AQP4 loss in NMO patients showing preferen-
tial AQP4 loss in other active lesions suggests that anti-AQP4
antibody does not always play a primary role in initiating inflam-
matory lesions. Other factor(s) may be responsible for triggering
the pathological features. which arc then modulated by anti-AQP4
antibodies. To clarify the real consequences of this autoantibody, a
prospective neuropathological study based on anti-AQP4 antibody
status is required.

Regarding MS, somcwhat inconsistent results have been
reported. Misu et al (38) reported no loss of AQP4 in MS plaques,
whereas Roemer et uf (45) found stage-dependent loss of AQP4.
with inactive MS lesions showing complete AQP4 loss. On the
other hand, Sharma er af (48) observed patchy AQP4 loss only in a
subset of active lesions following pattern 11l MS lesions. These
authors found loss of perivascular astrocytic foot processes where
AQP4 was lost, whilc numerous reactive astrocytes had intense
AQP4 immunoreactivity in the lesions. In our study, AQP4 expres-
sion was decreased or totally lost in acute and chronic active

15



AQP4 Expression in NMO and MS

demyelinating lesions in a fraction of MS cases. including one that
tacked optic nerve and spinal cord lesions. At the cellular level,
disruption of astrocytic vascular foot processes was evident in such
tesions, and AQP4 expression was lost in both cell bodies and
vascular foot processes of astrocytes as seen in acute NMO lesions.
Our present and previous findings (33) raise the possibility that
AQP4 loss per se 1s not confined to NMO. but rather, that it could
also occur in actively demyelinating lesions of MS and BCS. sug-
gesting a notion thar astrocyte damage accompanied by AQP4 loss

is not always related to anti-AQP4 antibody. Sharma ez a/ (48) also

reported that autoantibedy-independent AQP4 loss and astrocytic
dysfunction occurs in lipopolysaccharide-induced experimental
demyelination, providing experimental support for such a notion.
Interestingly, Balo-like concentric lesions in the spinal cord of
MS-4 also showed similar extensive AQP4 loss to BCS, including
in the arcas of preserved miyelin. We previously found no vasculo-
centric deposition of complement and immunoglobulin in BCS
cases (33). and we and others (2) also demonstrated no such
perivascular deposition in MS. Thus, extensive AQP4 loss without
perivascular deposition of complement and immunoglobutin may
be a common pathoelogical feature of at least a subset of the concen-
tric lesions in BCS and MS.

In summary, antibody-mediated AQP4 astrocytopathy oceurs
only in NMO, whereas antibody-independent AQP4 astrocytopathy
can develop in various demyelinating conditions, including MS,
BCS and a fraction ot NMO cases (Figure 7C). Further studies on
astrocytopathy as well as the dynamic plasticity of astrocytes in
demyelinating diseases may shed light on the mechanisms underly-
ing MS and allicd disorders.
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