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Abstract Campylobacter jejuni (C. jejuni) is frequently
associated with axonal Guillain-Barré syndrome (GBS).
We reported that C. jejuni DNA-binding protein from
starved cells (C-Dps) binds to and damages myelinated
nerves in vivo. We studied the binding patterns of C-Dps to
nervous tissues and its in vitro effects on neural cells.
Immunohistochemically, C-Dps labeled the nodes of
Ranvier, the outermost parts of internodal myelin and the
basement membrane in the peripheral nerves, and neurons
and myelin in the central nervous tissues. Its binding was
blocked by sulfatide. C-Dps bound to the cell surfaces of
nerve growth factor (NGF)-treated PCI12 cells leading to
dose-dependent LDH release, which was inhibited by
either heat-denaturation of C-Dps or coincubation with an
anti-C-Dps mAb. However, its binding to the surfaces of
cultured NSC34 cells, S16 cells, or dorsal root ganglion
cells, did not induce cytotoxicity. These findings suggest a
possible involvement of C-Dps in C. jejuni-related GBS.
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Introduction

Campylobacter jejuni (C. jejuni) enteritis is the most common
antecedent to GBS [1]. GBS is primarily considered to be an
inflammatory demyelinating neuropathy; however, promi-
nent axonal involvement is frequently seen in GBS patients
following C. jejuni infection [2]. This is termed acute motor
axonal neuropathy [3], or, in the more severe form, acute
motor and sensory axonal neuropathy [4]. Electrophysiolog-
ically, simple reduction of compound muscle action poten-
tials without conduction delay is characteristic [5, 6].
Although some patients with this condition may initially have
prolonged distal latency, this is rapidly normalized, in con-
trast with the progressive increase in distal latency in patients
with demyelinating GBS [5, 6]. Pathologically, Wallerian-
like degeneration and infiltration of periaxonal macrophages
are prominent features, while demyelination and lymphocytic
infiltration are minimal or even lacking [7]. The earliest
changes seen include nodal lengthening and paranodal myelin
detachment [8], while in some autopsied patients, severe
paralysis occurs in the absence of visible changes during an
ordinary pathological investigation [7].

In this condition, anti-GM1 ganglioside antibody is
hypothesized to be pathogenic through molecular mimicry
between human GM1 ganglioside and C. jejuni lipo-oligo-
saccharide [9]. IgG, C3 and membrane attack complex were
found to be deposited in the nodes of Ranvier in autopsied
patients with axonal GBS [10] and its animal model immu-
nized with a bovine brain ganglioside mixture including
GMI1 [11]. The frequency of occurrence of anti-GM1 anti-
bodies in GBS patients (10-48%) is at best statistically sig-
nificant as compared with healthy controls [1, 2, 9, 12, 13].
The reproduction of clinical and pathological components of
the disease by passive transfer of anti-GMI1 antibodies to
experimental animals has been reported [11, [4-16];
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however the ability of these antibodies to bind and exert
pathogenic effects is inconsistent. Such inconsistency is
considered to arise from the local glycolipid microenviron-
ment where GM1 is cryptic [16]. Taking the presence of anti-
GM 1 antibody-negative axonal GBS cases into account, the
role of anti-GM 1 antibodies still needs further investigation.

We purified and characterized a DNA-binding protein
from starved cells (Dps) derived from C. jejuni [17]. The
C-Dps protein was found to share 41 and 24% amino acid
identities with Helicobacter pylori neutrophil-activating
protein (HP-NAP) and Escherichia coli (E. coli) Dps,
respectively. These proteins constitute the Dps protein fam-
ily, are produced at high levels under conditions of oxidative
or nutritional stress, and efficiently protect bacterial DNA.
HP-NAP lacks DNA binding capability, but through binding
to neutrophil glycosphingolipids, such as sulfatide, is che-
motactic for human neutrophils [18]. Recently, sulfatide was
found to be essential for paranodal junction formation and for
the maintenance of ion channels on myelinated axons [19,
20). These findings prompted us to investigate the effects of
C-Dps on myelinated axons and the possible involvement
of C-Dps in C. jejuni-related GBS, and we recently reported
that C-Dps binds to and damages myelinated nerve fibers
through binding with sulfatide [21]. In the present study, we
examined the binding characteristics of C-Dps to nervous
tissues and its in vitro effects on neural cells.

Materials and Methods
Purification of Recombinant C-Dps Protein

E. coli BL21 (DE3) cells harboring the dps gene were grown
in LB-ampicillin (50 pg/ml) at 37°C overnight. After
expression of dps was induced with 1 mM isopropyl-p-thi-
ogalactoside for 3 h, bacterial cells were harvested
(15,000g for 1 h) and resuspended in 20 mM Tris-HCL
buffer (pH 8.0). After cell disruption by sonication, the
lysates were centrifuged at 4°C (39,000¢ for 20 min).
Supernatants containing C-Dps were purified using Ni-NTA
agarose columns and dialyzed against PBS-0.1 mM EDTA
[17]. Thereafter, endotoxin levels were decreased by affinity
chromatography using a polymyxin B agarose gel (Sigma,
MO, USA). We assayed the endotoxin level in the final
protein solution using a QCL-1000 kit (BioWhittaker, Bel-
gium), and the levels were found to be less than 10 EU/mg.

Immunohistochemistry for C-Dps Binding to Central
and Peripheral Nervous Tissues

To study C-Dps binding to central nervous tissues, 8-week-
old female Lewis rats were fixed by transcardial perfusion
with 4% paraformaldehyde in PBS. Brains and spinal cords

were harvested and cut into 10-um sections. Frozen brain
and spinal cord sections were exposed to C-Dps (5 pg/ml)
at room temperature for 1 h. Unbound C-Dps was removed
by washing sections in 50 mM Tris-HCl (pH 7.6) and
bound protein was detected by using an anti-C-Dps mAb
(1:200). Control sections were incubated without C-Dps.
After washes with Tris—HClI, the sections were incubated at
room temperature with HRP-conjugated anti-mouse IgG
(1:200) for 1 h. After washing them in Tris—HClI, the slides
were dipped in 0.2 mg/ml 3, 3’-diaminobenzidine tetrahy-
drochloride in PBS containing 0.01% H,Q; for 20-30 s,
washed in water and dehydrated sequentially in 70, 90%
and absolute ethanol for 3 min each, followed by three
washes in xylene for 3 min each. Slides were then mounted
with EUKITT (O. Kindler, Germany).

To study binding of C-Dps to peripheral nerves, rat
sciatic nerves were harvested in the same manner as central
nervous system (CNS) tissues, coated in OCT compound
(Sakura Finetek, CA, USA) and cut into 10-pm sections in
longitudinal and transverse planes. Sections were exposed
to 5 pg/ml C-Dps solution at room temperature for 1 h.
Unbound C-Dps was removed by washing the sections with
Tris—=HC]. Control sections were incubated without C-Dps.
For double immunostaining, anti-C-Dps mAb (1:200) and
rabbit anti-neurofilament 200 kD (NF) polyclonal antibody
(1:200) (Chemicon, MA, USA) were applied at room
temperature for 1 h followed by incubation with donkey
anti-mouse IgG-fluoresceinisothiocyanate (FITC) (1:200)
(Jackson ImmunoResearch Laboratories, PA, USA) and
goat anti-rabbit IgG-rhodamine (1:200) (Molecular Probes,
OR, USA) for 30 min at room temperature. Slides were
then washed and mounted in Vectashield (Vector Labora-
tories). Images were captured by confocal laser scanning
microscopy (CLSM, Fluoview FV300, Olympus, Japan).

For immunohistochemistry of teased nerve fibers, rats
were perfused through the heart with 2% paraformaldehyde in
PBS. The sciatic nerves and the cauda equina were removed
and incubated in collagenase type IV in PBS for 20 min
at room temperature. After washing, the nerves were
de-sheathed and teased into small bundles of fibers under a
stereomicroscope. The teased fibers were incubated in
blocking buffer (5% goat serum and 1% BSA in PBS) for
15 min. After blocking, they were incubated with biotin-
conjugated peanut agglutinin (PNA) (10 pg/ml) (Vector
Laboratories), anti-sodium channel Scn8a antibody (1 pg/ml)
(Sigma), anti-myelin basic protein (MBP) antibody (1:200)
(Actis Antibodies GmbH, Germany), an anti-NF antibody
(1:400), or anti-laminin antibody (1:25) (Sigma) in blocking
buffer, for 1 h at room temperature. To study C-Dps binding
to peripheral nervous tissues, the teased fibers were exposed
to C-Dps (5 pg/ml) at room temperature for 1 h and bound
protein was detected using an anti-C-Dps mAb (1:5,000).
Binding of these antibodies was detected by incubating fibers
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with dichlorotriazinyl aminofluorescein (DTAF)-conjugated
streptavidin (2 pg/ml) (Immunotech, France), Alexa Fluor
488 anti-mouse IgG (1:1,000) or Alexa Fluor 594 anti-rabbit
IgG (1:1,000). Images were captured by CLSM.

Sulfatide blocking of C-Dps binding to myelinated axons
was performed as follows. Teased sciatic nerve fibers from
Lewis rats were prepared and incubated in blocking buffer
for 15 min. After blocking, they were incubated with C-Dps
(5 ug/ml) pre-incubated with sulfatide (200 pg/ml), C-Dps
(5 pg/ml) pre-incubated with GM2 ganglioside (200 pg/ml)
or C-Dps (5 pg/ml) alone, at room temperature for 1 h, and
C-Dps binding to teased fibers was detected using an anti-
C-Dps mAb (1:5,000) and Alexa Fluor 488 anti-mouse IgG.
Images were captured by CLSM.

Cell Cultures

To determine the effects of C-Dps on neuronal cells in
vitro, PC12 cells were propagated in RPMI 1640 contain-
ing 10% horse serum, 5% FBS, 2 nM L-glutamine,
50 units/m! penicillin, and 50 pg/ml streptomycin (RPMI
with serum, abbreviated as M/S) (Gibco). The cells were
grown on 12-well collagen-coated microplates (8 x 10*
cells/well, Iwaki Asahi TechnoGlass, Japan) for the C-Dps
treatment, and on collagen-treated coverslips (1 x 10*
cells/coverslip, Iwaki Asahi TechnoGlass, Japan) for
imaging by CLSM. The cells were differentiated for up to
6 days in M/S supplemented with 100 ng/ml NGF-7§
(Sigma) (abbreviated as M/S + N).

To determine the effects of C-Dps on Schwann cells in
vitro, S16 cells [22] were used. Cells were cultured in
DMEM containing 10% FBS, 25 units/ml penicillin and
25 ug/ml streptomycin (DMEM with serum, abbreviated as
D/S) (Gibco). The cells were grown on 96-well collagen-
coated microplates (1.6 x 103 cells/well) for C-Dps treat-
- ment, and on collagen-treated coverslips (1 x 10° cells/
coverslip) for imaging with CLSM.

The DRG cells of embryonic 15-day-old Wistar rats were
ptated on culture dishes and cultured at 37°C in a 5% CO,
incubator in SUMILON Medium/Neuron (containing glial
conditioned medium, No. MB-X9501; Sumitomo Bakelite
Co. Ltd., Japan). Dissociated DRG cells were cultured for
3 days and treated with 10 pM uridine (Sigma) and 10 pM
fluorodeoxyuridine (Sigma) for an additional 3 days.

NSC34 cells, mouse embryonic spinal cord-neuroblas-
toma cell line cells with a motor neuron phenotype, were
grown in D/S at 37°C in the presence of 5% CO,.

Immunchistochemistry of C-Dps Binding to Cultured
Cells

For immunohistochemistry of C-Dps binding to NGF-
treated PC12 cells and NSC34 cells, cells grown on
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coverslips were fixed in 4% paraformaldehyde for 20 min
at room temperature and permeabilized with 0.1% Triton
X-100. The coverslips were then washed and coated with
1% BSA in PBS and C-Dps (5 pg/ml) was added to the
coverslips and incubated for 1 h at room temperature. After
washing coverslips with PBST, anti-C-Dps mAb (1:200 on
the basis of preliminary experiments) or anti-NF antibody
(1:200) (as a control) was added to the coverslips, and
either donkey anti-mouse IgG-FITC (1:200) or anti-rabbit
IgG-rhodamine (1:200) was added to visualize staining.
For immunohistochemistry of C-Dps binding to S16 cells
and DRG cells, cells grown on coverslips were fixed in
acetone for 5 min and dried. The coverslips were incubated
in blocking buffer (5% skim milk powder in TBST) for
15 min. C-Dps (0.5 pg/ml) was then added to the cover-
slips and incubated for 1 h at room temperature. After
washing, the coverslips were incubated with anti-C-Dps
mAb (1:5,000 on the basis of preliminary experiments) at
room temperature for 1 h followed by incubation with
donkey anti-mouse IgG-FITC (1:200) for 30 min.

Cytotoxicity Assay

For PC12 cells, following incubation for 6 days in
M/S + N, cells underwent three successive washes in
RPMI to remove NGF and serum-borne trophic agents.
They were then placed into medium only as a negative
control, 1% Triton X-100 in medium as a positive control,
or treated with different doses of C-Dps for 1h at
36.5-37.5°C in a 5% CO, homeothermic blanket, and
grown on 12-well collagen-coated plates. Cytotoxicity was
evaluated at 1 h after the addition of C-Dps (0.04, 0.2, 1,
5 pg/ml) or heat-denatured C-Dps (100°C, 30 min) by
measuring lactate dehydrogenase (LDH) release (a marker
of cell membrane damage) using an LDH leakage assay kit
(TAKARA BIO, Japan). To examine the specificity of C-
Dps cytotoxicity, anti-C-Dps mAb (0.5 pg/ml) was added
together with C-Dps in several experiments.

For S16 cells, following 6 days of growth in D/S, cells
were placed in N2 medium (1:1 mixture of DMEM and
Ham’s F-12 supplemented with N-2 supplement, Gibco)
containing 10% FBS in collagen-coated microplates for
1 day. After 3 days of growth in N2 medium the cells were
washed with PBS and had medium added as a negative
control, medium containing 1% Triton X-100 added as a
positive control, or treated with different doses of C-Dps
for 1 or 5 h at 36.5-37.5°C in a 5% CO, homeothermic
blanket. The cytotoxicity of C-Dps toward S16 cells was
evaluated after addition of medium (0.04, 0.2, 1, 5 pg/ml,
1 h) or high doses of C-Dps (0.2, 1, 5, 25 pg/ml, 5 h) using
an LDH leakage assay kit (Takara Bio).

For DRG cells and NSC34 cells, cells were grown on
96-well collagen-coated plates for C-Dps treatment. The
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cells were washed with PBS and the cytotoxicity of C-Dps
was evaluated at 1, 5, and 24 h after the addition of C-Dps
(0.04, 0.2, 1, 5, 25 pg/ml) by measuring LDH release.

Results
Binding of C-Dps in Tissue

By double immunostaining using an anti-C-Dps mAb and
an anti-NF antibody, C-Dps was found to associate with the
outer part of the myelin sheath and localize to the nodal
region in rat peripheral nervous system (PNS) tissues
(Fig. la). Within the grey matter of the CNS, C-Dps
binding was predominantly seen on neurons in the anterior
horns of the spinal cord (Fig. 1b) and in the cerebral cortex
(Fig. lc), but it was also seen on myelin within CNS white
matter (Fig. 1d). Immunostaining of teased fibers from
PNS tissue with an anti-C-Dps mAb and an anti-NF anti-
body revealed that C-Dps labels the outermost parts of

A Sciatic nerve B

«

C-Dps: ()
Spinal cord

O

Cortical
gray matter

C-Dps: 5 pg/ml
O

White matter

Fig. 1 C-Dps binds to the anterior horn cells in the spinal cord grey
matter and neurons in the cerebral cortex, and stains myelin in the
white matter. a Rat sciatic nerve sections were exposed to C-Dps and
stained with anti-C-Dps mAb (green) and polyclonal anti-neurofila-
ment IgG (red). C-Dps immunostains the outer part of myelin and
the nodal regions (inset: higher magnification). b In the grey matter of
the rat spinal cord, C-Dps predominantly stains neurons (arrow) in the
anterior homns. Control sections were stained in the absence of C-Dps

C-Dps: (-)

C-Dps: (-) ;

C-Dps: (-)

internodal myelin and the nodes of Ranvier (Fig. 2a). The
binding pattern of C-Dps was the same as that of PNA, as
shown by double immunostaining with PNA and an anti-
NF antibody (Fig. 2b). This was further confirmed by
double immunostaining for C-Dps and MBP (Fig. 2c).
However, double immunostaining with anti-laminin anti-
body and anti-C-Dps mAb following exposure to C-Dps
revealed that C-Dps was also colocalized with laminin in
the teased fibers (Fig. 2d—f). Preincubation of C-Dps with
sulfatide (sulfatide blocking) markedly attenuated its
binding to teased nerve fibers compared with that of C-Dps
alone (Fig. 2g, h). C-Dps preincubated with the GM2
ganglioside bound to teased fibers as efficiently as C-Dps
alone (Fig. 2i).

In Vitro Effects of C-Dps on Cultured Neuronal
and Schwann Cells

We then examined the effects of C-Dps on cultured neu-
ronal cells and Schwann cells in vitro. C-Dps bound to the

C-Dps: 5 pg/mi

e

e

N T e

C-Dps: 5ug/ml

¢ i

C-Dps:v5 ug/mi

protein. ¢ In the rat cerebral cortex, C-Dps mainly stains neurons
(arrow). d In the white matter of the cerebrum, myelin is mainly
stained with C-Dps. Scale bars in a =10 um, b = 20 um,
¢ =20 pm, d = 50 um. C-Dps = Campylobacter jejuni DNA-bind-
ing protein from starved cells. For interpretation of the references to
color in this figure legend, the reader is referred to the online version
of this article
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C-Dps (green)+NF (red)

D E

C-Dps (green)

Laminin (red)

C-Dps (green)

Fig. 2 C-Dps binds to the outermost part of the myelin sheath and the
nodes of Ranvier in peripheral nerves. a Double immunostaining of
teased nerve fibers with anti-neurofilament (NF) antibody (red) and
with C-Dps followed by anti-C-Dps mAb (green). b Double immu-
nostaining of teased nerve fibers with anti-NF antibody and with
peanut agglutinin (PNA) (green). ¢ Double immunostaining of teased
nerve fibers with anti-MBP antibody (red) and with C-Dps followed
by anti-C-Dps mAb (green). d Immunostaining of teased nerve fibers
with anti-laminin antibody (red). ¢ Immunostaining of teased nerve
fibers with C-Dps followed by anti-C-Dps mAb (green). f Double

cell surfaces of NGF-treated PC12 cells (Fig. 3a). Incu-
bation with C-Dps for 1 h dose-dependently induced LDH
release into the supernatant (Fig. 3b). The LDH release
from these cells was inhibited by either heat-denaturation
of C-Dps or coincubation with an anti-C-Dps mAb
(Fig. 3c, d). C-Dps also bound to cultured cells of a
Schwann cell line, S16, in vitro (Fig. 3e), but LDH release
from these cells was not observed following incubation
with C-Dps, even at a higher doses (up to 25 pg/ml), or
following longer incubation times (up to 5 h) (Fig. 3f, g).
We also examined the effects of C-Dps on DRG cells
and NSC34 cells in vitro. C-Dps bound to the surfaces of
DRG cells (Fig. 3h) and NSC34 cells (Fig. 3j); however,
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PNA (green)+NF (red)

C-Dps+ sulfatide

C-Dps (green)+MBP (red)
F

C-Dps (green) +Laminin (red)

G H 1

C-Dps+ GM2 ganglioside

immunostaining of teased nerve fibers with anti-laminin antibody
(red) and with C-Dps followed by anti-C-Dps mAb (green).
g Immunostaining with anti-C-Dps antibody of teased nerve fibers
exposed to C-Dps alone. h C-Dps pre-incubated with sulfatide.
i C-Dps pre-incubated with GM2 ganglioside. Insers higher magni-
fication. Scale bars 10 um. C-Dps = Campylobacter jejuni DNA-
binding protein from starved cells. For interpretation of the references
to color in this figure legend, the reader is referred to the online
version of this article

incubation with C-Dps at a higher doses (up to 25 pg/ml)
for 1 h did not induce LDH release from either DRG cells
or NSC34 cells (Fig. 3i, k). In NSC34 cells, longer incu-
bation time of up to 24 h with C-Dps (25 pg/ml) did not
induce a significant increase in LDH release.

Discussion

The present study revealed that, in tissue, C-Dps binds to
not only the nodes of Ranvier, the outermost parts of
internodal myelin and the basement membrane in the
peripheral nerves, but also the anterior horn cells in the
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spinal cord grey matter, neurons in the cerebral cortex,
and myelin in the white matter. It also revealed that,
in culture, C-Dps bound to the cell surfaces of NGF-
treated PC12 cells dose-dependently damages these cells,
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whereas its binding to the surfaces of cultured NSC34
cells, S16 cells, or dorsal root ganglion cells, did not
induce cytotoxicity, even at a higher dose and with longer
exposure time.
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<Fig. 3 a C-Dps binds to the cell surface of NGF-treated PC12 cells.
b C-Dps dose-dependently induces LDH release from NGF-treated
PC12 cells. ¢ LDH release from PC12 cells is abolished when using
heat-denatured C-Dps (100°C, 30 min). d Coincubation with anti-
C-Dps mAb blocks its effects on PC12 cells. e C-Dps binds to the
immortalized Schwann cell line, S16 cells. F, G LDH release is not
evident following incubation with C-Dps from Schwann cells, even at
higher doses (up to 25 pg/ml) and with longer incubation times (up to
5 h). h Binding of C-Dps to DRG cells. i LDH release is not evident
following incubation with C-Dps from DRG cells. j Binding of C-Dps
to NSC34 cells. k LDH release is not seen following incubation with
higher doses of C-Dps (up to 25 pg/ml). h LDH release from NSC34
cells is not evident even after longer incubation time (up to 24 h) with
C-Dps. Error bars indicate means & SD. DRG dorsal root ganglion
cells, M medium alone, T Triton X-100, «C-Dps anti-C-Dps
monoclonal antibody. Scale bar 40 pm

We recently reported that C-Dps induces paranodal
myelin detachment and axonal degeneration in vivo [21].
To clarify the mechanisms of action of C-Dps, in the
present study we investigated the in vitro effects of C-Dps
in various neuronal cells and Schwann cells. In culture,
C-Dps induced dose-dependent LDH release from NGF-
treated PC12 cells. However, no direct toxicity against
either NSC34 motor neuron-like cell line cells or cultured
DRG cells was observed, despite C-Dps binding to the
surfaces of all of these cell types. Although the reason for
this discrepancy is unknown at present, the neurotoxic
effects of C-Dps appear to be limited to some neuronal
cells. Therefore, it is still possible that C-Dps may cause
direct nodal axolemmal damage, or, alternatively, that it
may interfere with the functions of sulfatide in the
peripheral nerves, even though C-Dps does not directly
cause Schwann cell damage. Supporting the latter possi-
bility, cerebroside sulphotransferase knock-out mice,
which have a selective sulfatide deficiency, show disrup-
tion of paranodes without demyelination of internodal
myelin [19, 20]. In this model, sodium channels cluster
normally during development, but clustering decreases
with age leading to disorganization of the paranodal
structure, and sulfatide is considered to be essential for the
maintenance of paranodes [19, 20]. It is thus possible that
C-Dps may interfere with the functions of paranodal sul-
fatide, resulting in myelin detachment and unclustering of
sodium channels. Second, sulfatide is essential for
anchoring the basal lamina to the Schwann cell abaxonal
membrane through binding to laminin [23]. Because dis-
ruption of the anchoring between the basal lamina and
Schwann cells can induce down-modulation of nodal
sodium channels [24], C-Dps may also induce nodal
sodium channel dysfunction through interfering with the
interaction between laminin on the basal lamina and sul-
fatide on the Schwann cell abaxonal membrane.

In either case, because the effects of C-Dps are effi-
ciently blocked by the addition of an anti-C-Dps antibody
in culture, the anti-C-Dps antibody may act protectively
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in vivo in patients with C. jejuni-related GBS. Alternatively,
because Wirguin et al. [25] demonstrated that the presence of
anti-cholera toxin antibody exacerbated axonal degenera-
tion induced by intraneurally injected cholera toxin, C-Dps
combined with anti-C-Dps antibody may worsen the motor
neuropathy in patients with C. jejuni-related GBS.

In the present study, C-Dps was found to bind to myelin
in the CNS and PNS as well as to neurons in the anterior
horns and cerebral cortex similar to the immunohisto-
chemical staining pattern with anti-sulfatide antibody [26].
Indeed, C-Dps binding was efficiently blocked by the
presence of sulfatide, but not other gangliosides. We pre-
viously demonstrated by ELISA and immunostaining of
thin-layer chromatograms that C-Dps bound to only sul-
fatide among various glycolipids, namely, GM1, GM2,
GM3, GDla, GDI1b, GD3, GT1b, GQIb, galactocerebro-
side, sufatide and bovine brain ganglioside type III [21].
These findings suggest that C-Dps binds to sulfatide in
tissue; however, it is also possible that C-Dps may also
bind to other glycolipids or glycoproteins with a similar
structure to sulfatide. Interestingly, anti-sulfatide antibod-
ies have been reported to be present in various inflamma-
tory neurological diseases, such as multiple sclerosis [27],
dysimmune peripheral neuropathy [28-33] and the distal
sensory neuropathy seen in HIV-infected individuals [34].
In patients with dysimmune neuropathy who have anti-
sulfatide antibodies, pathological and electrophysiological
studies have revealed mostly demyelinating neuropathy
with prominent axonal involvement [35, 36]. Anti-sulfatide
antibodies have been demonstrated to bind not only central
and peripheral myelin, but also dorsal root ganglion cells
and neuroblastoma cells [29]. The nodes of Ranvier and
Schmidt-Lanterman incisures are stained extensively by
anti-sulfatide antibody [37]. Experimental passive transfer
of anti-sulfatide antibody caused demyelination of periph-
eral nerves with deposition of the antibody at the nodes of
Ranvier and Schmidt-Lanterman incisures [38]. Interest-
ingly, given that some GBS patients develop CNS symp-
toms and signs such as hyperreflexia and other pyramidal
tract signs and disturbances of consciousness [39], C-Dps
may even contribute to such a CNS involvement.

No consensus has emerged regarding the effects of anti-
GMI1 antibody treatment on myelinated axons in either
isolated nerve preparations or following intraneural injec-
tion: some authors have reported a conduction block and
pathological changes [11, 16, 40, 41], while others have not
[14, 42, 43]. Such an inconsistency is considered to be
attributable to the GM1 microenvironment in vivo, where
GM1 epitopes are embedded and hidden [16]. We thus
consider that C-Dps, which preferentially binds to the nodes
of Ranvier, may be a candidate neurotoxin produced by
C. jejuni, and may augment the actions of anti-GM1 anti-
body via disclosure of hidden GM1 epitopes at the node.
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Flaccid paralysis affecting one or more limbs after an asthma attack is a poliomyelitis-like iliness known as
Hopkins' syndrome (HS}. Although a viral infection or multifactorial immune suppression during an acute
attack of bronchial asthma has been proposed to be the mechanism involved in this syndrome, the precise
etiopathogenetic mechanism remains unknown. We report a 13-year-old girl who had recurrent acute
episodes of myelitis after asthma attacks. She had four episodes of acute flaccid paralysis, each of which was
preceded by acute asthma attacks. Some of the attacks were accompanied by sensory and sphincter
disturbances. She had hyperlgEaemia and the prick test to Dermatophagoides farinae and cedar poilen was
strongly positive. The present case is the first HS case demonstrating frequent recurrences and suggests a
possible link between HS and atopic myelitis.

" © 2010 Elsevier B.Y. All rights reserved.

1. Introduction

Hopkins syndrome (HS; asthmatic amyotrophy) is a rare disease
involving the anterior horn cells following an acute asthma attack | 1-
4]. This condition usually affects children with atopic asthma.
Typically, several days to a few weeks after an asthma attack, affected
children exhibit the acute onset of flaccid paralysis involving one or
two limbs, subsequently progressing to severe muscle atrophy of the
affected limb [5]. There is a poor response to corticosteroids in most
cases, which do not usually recur [6]. We report a 13-year-old girl who
had recurrent episodes of HS.

2. Case presentation

G. L. is a 13-year-old girl with a history of bronchitis asthmatiform
since 2 years of age and bronchial asthma since 9 years of age. At that
time, she had a complete blood count within the normal range and a
serum IgE value of 128 U/ml, even though the prick test showed
marked reactions to Dermatophagoides faring and cedar pollen. After
that episode, she had been receiving inhalation therapy with beta
agonists and montelukast sodium. The girl came to our attention
during another asthma attack consisting of dyspnea (Sa0,, 90%},
wheezing, cough, and tachypnea. At the time of admission, she had no

* Corresponding author. UO Pediatria, Azienda Ospedaliera Universitaria,
OVE-Policlinico, Via Plebiscito 759, Catania, Italy. Tel.: +39 095 3782682; fax: +39
095222532,

E-mail address. ppavone@unict.it {P. Piero).

0022-510X/$ - see front matter © 2010 Elsevier BV. All rights reserved,
doi: 10.10164.j05.2010.07.005

fevers and a respiratory rate of 32 per min. Bilateral expiratory
wheezes and scattered rhonchi in the lower lobes were present, A
thoracic X-ray was normal. Her complete biood count was as follows:
10,300 white cells/mm?, with 55% neutrophils, 7.5% eosinophils, 32.5%
lymphocytes, and 5.0% monocytes. The other routine laboratory tests
were normal. She underwent oral erythromycin and aereosol therapy,
including adrenaline, with an improvement in the respiratory
symptoms in 2 days. Five days after the acute asthma attack,
sensorimotor disturbances in both legs were noticed. Headaches,
vertigo, severe muscle weakness, and difficulty in ambulation
appeared over the next 2 days. The neurologic examination revealed
severe hypotonia in both lower limbs. The deep tendon reflexes of the
lower limbs were normal. The days later the deep tendon reflexes
showed lower limb hyperreflexia. She presented with progressive
deterioration in her clinical condition with loss of sensibility below
both knees, rachialgy, and an alteration in sphincter tone. The anti-
viral antibodies in paired serum samples showed no significant
changes in any viruses examined, including herpes 1 and 2, echovirus,
enterovirus, coxsackievirus, and poliovirus types 1, 2, and 3. TORCH,
anti-mycoplasma, and anti-borrelia titers were normal. Anti-cardio-
lipin, anti-phospholipin, anfi-cytoplasmatic, anti-nuclear, anti-DNA,
and anti-myelin antibodies were absent.

Serum and urinary amino acids, serum ammonia, and blood lactic
acid levels were also normal. A CSF examination showed 120
mononuclear cells/ml, protein at 50 mg/dl, an increase in the IgG
index (0.8), and negative oligoclonal bands. The cerebrospinal fluid
cultures were negative. The serum IgE was elevated {558 U/ml). No
cardiac abnormalities were noted on clinical and ultrasound
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examinations. The EEG was characterized by diffuse slow waves.
Abdomina!l ultrasound and CT scans were normal.

A needle EMG did not show any abnormalities and the motor
nerve conduction velocity (MCV) within the normal range. F waves
were evoked in all nerves. The sensory nerve conduction velocity
{SCV) was also normal. The somatosensory evoked potential (SEPs) in
the legs were all normal. A brain MRI was normal. intravenous igG
was started at a dose of 1 g/kg/day for 3 days.

Methylprednisolone pulse therapy was initiated (1000 mg/day for
4 days), followed by oral corticosteroids (50 mg/day) with gradual
tapering. The therapy, including corticosteroids, alleviated her
sensory impairment, but had no effect on the muscle weakness.
Rehabilitation was initiated for 3 months for the residual motor
impairment.

After 3 months, she developed another attack similar to the one
previously described (7 days after the acute asthma attack), and
sensorimotor disturbances in both legs were noticed. Headaches,
vertigo, moderate muscle weakness, and difficulty in ambulation were
less severe than the former attack. Methylprednisolone pulse therapy
was initiated, with an improvement in her genera!l condition, followed
by oral corticosteroids with gradual tapering. During corticosteroid
therapy, she experienced another asthma attack, and 6 days later she
developed right arm weakness. Upper muscles had mild-to-moderate
weakness. Deep tendon reflexes were depressed in both upper limbs.
Pathologic reflexes were negative. Hypesthesias, paresthesias, and
hypalgesias were present in the left C5-6 and C7 dermatomes. No
sphincter disturbance was noted.

The total white blood count was 11,000/mm? with 55.6%
neutrophils, 6% eosinophils, 34.4% lymphocytes, and 5.0% monocytes.
The serum IgE was increased (996 U/mi). A cervical MRl was
unchanged with respect to the first episode, Moderate weakness in
the right arm remained despite corticosteroid therapy.

Two years later she experienced a new episode, after another
asthma attack, and 3 days later she developed right and feft arm
weakness. Muscles upper limbs had mild-to-moderate weakness.
Deep tendon reflexes were depressed in both upper limbs. The
pathologic reflexes were negative. Hypesthesias, paresthesias, and
hypalgesias were present in the left C5-6 and C7 dermatomes. A mild
hypotrophia of both legs was noticed. No sphincter disturbances were
noted. The total white blood count was 15,000/mm?, with 44.8%
neutrophils, 9% easinophils, 44.2% lymphocytes, and 3.0% monocytes.
The serum IgE was increased (822 U/ml). The brain MR}, including the
cervical spinal cord and brachial plexus, was normal. During a 5-year
follow-up from the first episode there were no new clinical
symptoms.

3. Discussion

HS is a rare disease involving anterior horn cells following an acute
asthma attack, most often in children that have atopic asthma {1-6].
In general, this disease occurs from several days to a few weeks after
an acute attack of asthma, manifesting as the acute onset of flaccid
paralysis of one or both limbs, and progressing in most cases to severe
muscle atrophy of the affected limb {3-5]. In such episodes, there is a
poor response to corticosteroids and usually there are no recurrences
{6]. However, some cases have predominant ventral root involvement
[8], while other cases exhibit an extension of the lesions into the
anterior columns on MRI [8,10]. Thus, the site of lesions in HS is not
strictly limited to the anterior horn. It is reported that patients with
asthma demonstrate more cytokine production from peripheral blood
lymphocytes on stimulation with allergens than those with skin
allergy {11], but currently there is no evidence-based clinical
correlation between cytokine production and HS.

A clinical entity with similarity to HS is atopic myelitis (AM). Many
reports have confirmed the evidence in the central nervous system
(CNS) or peripheral nervous system {PNS) in patients with high level

of total Ig E [7] and co-existing atopic disease. AM is a myelitis of
unknown cause that occurs in patients with longstanding atopic
disorders, such as atopic dermatitis and airway allergy [10-13]. The
disease preferentially affects the posterior column of the cervical
spinal cord, thus predominantly presenting paresthesias/dysesthesias
in the distal parts of the four limbs [10-14]. HS and AM differ from
each other in the preferential age of onset, neurclogic manifestations,
and preferential sites of spinal cord involvement. However, both
conditions are similar regarding the most important point that
myelitis develops in the presence of atopic disorders, which suggests
a link between atopy and the development of spinal cord inflamma-
tion. In 2008, Kira et al. [10] described 22 patients with myelitis of
unknown etiology and atopic diathesis, 5 of whom showed focal
amyotrophy in one or two limbs. A possible link was postulated
between AM and HS. AM and HS could be an allergic mechanism due
cross reactivity between an allergen and CNS or PNS.

Our patients developed brain involvement represented by head-
ache, vertigo and EEG abnormalities and flaccid paralysis without
amyotrophy and several recurrences, with a close temporal relation to
an acute asthma attack. Our patient fits well into this category (HS or
AM). Horiuchi et al. {15] described a 22-year-old woman who showed
an additional episode of myelitis after another asthma attack,
although no relapse has ever been reported in cases of HS [1-15]
(Table 1). This is the first report describing the occurrence of recurrent
asthmatic flaccid paralysis in childhood. Since our patient had
hyperigEaemia and allergen-specific IgE, the bronchial asthma seen
in our patients was most likely atopic. HyperlgEaemia and allergen-
specific IgE were also found in reported cases of HS [9-13]. As a result,
the preceding asthma in HS is also considered to be atopic. It has been
postulated that latently infected polioviruses within the anterior horn
celis are activated under non-specific immunosuppressed conditions
induced by bronchial asthma, thereby destroying the infected cells in
HS {16]. However, no increase in anti-poliovirus antibodies has been
detected in this condition, including our patient. As our case
demonstrated myelitis was recurrent and each episode tightly
associated with asthma attacks and symptoms possibly caused by
lesions affecting nerve root.

The present case strongly suggests a possible link between HS and
AM. AM and HS could represent the same entity with different clinical
pictures based on different areas of involvement of the CNS and PNS.

As the number of adult and young patients with atopic disorders is
greatly increasing in many industrialised countries, further studies

Table 1
Clinical data of our patient with recurrent Hopkins syndrome versus the literature.
Our patient Patient 2 of
Heriuchi et al.
Age at onset/gender 13/Female 22/Female
Serum total IgE (L/ml) 558 (2’ 996) 298
Eosinophils (%) - 7.5% 6.5%

Interval between asthma attocks and onset of myelitis (days)

5{V}and 7 (2 6(3)3(4) 7(1}and9(2)

Symptoms and signs during iliness

Motor weakness + + {bilateral) + {monoparesis}
Muscle atrophy + +

Increased tendon reflex 6days  +++ + {27}

Sensory signs +{1) ++ (29 +

Sphincter disturbance +only in 1st episode absent

CSF

Increased protein (>45mg/dl) 50 52

Clinical course Improved Slightly improved

*Our patient had 4 episodes; Patient 2 (Horiuchi} had 2 recurrent episodes.
1 =the first episode; 2’ = the second episode: 3' = the third episode; 4’ = the fourth
episode.
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need to be done to better clarify the relationship between asthma and
myelitis.
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Abstract Bald’s concentric sclerosis (BCS) is considered
to be a rare variant of multiple sclerosis and characterized
by alternating rings of demyelinated and preserved myelin
layers. The mechanism underlying BCS remains to be
elucidated. Recently, occurrence of concentric rings of Balé
was described in the brainstem of a patient with neuromy-
elitis optica (NMO). Because selective loss of aquaporin-4
(AQP4) and vasculocentric deposition of complement and
immunoglobulins are characteristic in NMO, we aimed to
assess AQP4 expression in the concentric demyelinating
lesions of BCS patients. We evaluated AQP4 expression
relative to expression of another astrocytic marker (glial
fibrillary acidic protein), the extent of demyelination, lesion
staging and perivascular deposition of complement and
immunoglobulin in four cases with BCS, and 30 individuals
with other neurological diseases. All cases with BCS
demonstrated extensive AQP4 loss in both demyelinated
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and myelinated layers of all actively demyelinating lesions,
with perivascular lymphocytic cuffing of T cells, but no
deposition of immunoglobulins or complement around
vessels. These findings suggest that AQP4 loss occurs in
heterogeneous demyelinating conditions, namely NMO and
BCS. Furthermore, acute BCS lesions are characterized by
extensive AQP4 loss without vasculocentric deposition of
complement or immunoglobulin.

Keywords Aquaporin-4 - Astrocyte -
Bald’s concentric sclerosis - Multiple sclerosis -
Neuromyelitis optica

Introduction

Bal6’s concentric sclerosis (BCS), a rare variant of multi-
ple sclerosis (MS), was first described by Bald in 1928 [2].
The initial terminology for this entity was encephalitis
periaxialis concentrica, which is based on its early defini-
tion of “a disease in the course of which the white matter
of the brain is destroyed in concentric layers in a manner
that leaves the axis cylinders intact” [2]. This condition is
relatively frequently reported in some Asian populations
including Filipinos [15], southern Han Chinese [38], and
Taiwanese [6]. The clinical course is characterized by an
acute onset and steady progression to major disability
within a few months. It is pathologically characterized by
huge, tumor-like brain lesions showing concentric rings of
alternating demyelination and preserved myelin layers [7].
Immunohistochemical analysis of ten cases with BCS
suggested that this peculiar concentric pattern formation
might be attributable to hypoxia-like tissue preconditioning
[34]; however, the primary mechanisms that initiate the
lesions remain unknown.
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On the other hand, neuromyelitis optica (NMO), another
demyelinating disorder, also demonstrating extensive
lesions in the spinal cord and optic nerves, is thought to be a
variant of MS; however, the recent discovery of a specific
immunoglobulin G (IgG) against NMO, designated NMO-
IgG [20], suggests that NMO is distinct from MS. This IgG
targets the aquaporin-4 (AQP4) water channel protein [19],
which is strongly expressed on astrocyte foot processes at the
blood-brain barrier (BBB) [12]. Autopsied NMO cases show
a loss of AQP4 immunostaining in inflammatory lesions,
whereas AQP4 expression is increased in the demyelinating
plaques in MS patients [27, 30]. The vasculocentric depo-
sition of complement and immunoglobulins in NMO lesions
[23] suggests a humoral immune attack against AQP4 on
astrocytes, especially as the NMO-IgG/anti-AQP4 antibody
is cytotoxic to astrocytes in vitro and in vivo in the presence
of complement [3, 4, 13, 14, 31, 32, 36].

Interestingly, Graber et al. [11] recently reported an
occurrence of concentric rings of Bald in the brainstem in
an Afro-Caribbean patient with NMO. Because AQP4
status has never been studied in BCS, we performed a
systematic immunohistological analysis of AQP4 expres-
sion in BCS lesions relative to unaffected white matter
areas in the same section, astrocyte marker expression, the
extent of demyelination, lesion staging and the perivascular
deposition of complement and immunoglobulin in four
autopsied cases with BCS. All cases showed loss of AQP4
staining but no perivascular deposition of complement or
immunoglobulin in the active concentric lesions, suggest-
ing an occurrence of AQP4-related astrocytopathy also in
BCS.

Materials and methods
Autopsy cases of BCS and other neurological disorders

This study was performed on archival autopsy brain
materials of six concentric demyelinating lesions from
four Filipino cases pathologically diagnosed as BCS. The
clinical findings of the patients are summarized in
Table 1. The cases consisted of two females and two
males, and age at autopsy ranged from 23 to 49 years.
Disease durations ranged from 0.1 to 0.6 years (median,
0.4 years). In addition, cases with myasthenia gravis
(MG) (n = 2), spastic paraplegia (SPG) type 2 (n = 1),
amyotrophic lateral sclerosis (ALS) (n = 6), hippocampal
sclerosis with temporal lobe epilepsy (# = 5), muscular
dystrophy (r = 1), encephalitis (n = 3), including one
with anti-N-methyl-p-aspartate receptor antibody and
another with anti-thyroglobulin antibody, spinocerebellar
atrophy (SCA) (n = 1), vasculitis (n=3), cerebral
infarction (n = 1), Pick’s disease (n = 1), progressive
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supranuclear palsy (n = 3) and multiple system atrophy
(n = 3) were examined as controls.

Tissue preparation and immunohistochemistry

Autopsy specimens were fixed in 10% buffered formalin and
processed into paraffin sections. Sections were routinely
stained with hematoxylin and eosin (H&E), Kliiver—Barrera
(KB) and Bodian or Bielschowsky silver impregnation. The
following primary antibodies for immunohistochemistry and
staining conditions were used: polyclonal rabbit anti-AQP4
(1:500; Santa Cruz Biotechnology, CA, USA), polycional
rabbit anti-C3d (1:1000; Dako Cytomation, Glostrup, Den-
mark), monoclonal mouse anti-C9neo (1:1000; Abcam plc,
Cambridge, UK), monoclonal mouse anti-CD68 (1:200;
Dako Cytomation, Glostrup, Denmark), monoclonal mouse
anti-phosphorylated neurofilament (1:200; Dako Cytoma-
tion, Glostrup, Denmark), polyclonal rabbit anti-GFAP
(1:1000; Dako Cytomation, Glostrup, Denmark), polyclonal
rabbit anti-IgG (1:10000; Dako Cytomation, Glostrup,
Denmark), polyclonal rabbit anti-IgM (1:10000; Dako Cy-
tomation, Glostrup, Denmark), monoclonal mouse anti-
CD45RO (1:200; Dako Cytomation, Glostrup, Denmark)
and monoclonal mouse anti-CD20 (1:200; Dako Cytoma-
tion, Glostrup, Denmark). All sections were deparaffinized
in xylene and rehydrated in an ethanol gradient. Endogenous
peroxidase activity was blocked with 0.3% H,0,/methanol.
Antigen retrieval was performed by autoclaving sections in
10 mM citrate buffer pH 6.0 before all antibody incubations
except for those against AQP4 and GFAP. The sections were
then incubated with primary antibody at4°C overnight. After
rinsing, the sections were subjected to either a streptavidin—
biotin complex method or an enhanced indirect immunop-
eroxidase method using Envision (Dako Cytomation,
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 on randomly selected 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 -
macrophages phagocytizing myelin debris [16]. Briefly,
actively demyelinating lesions were active destructive
lesions densely and diffusely infiltrated with macrophages
phagocytizing myelin debris, as identified by Luxol fast
blue staining. Chronic active lesions were those showing
hypercellularity of macrophages restricted to the periphery
of the lesions. Chronic inactive lesions were those showing
no increase in the numbers of macrophages throughout the
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Table 1 Summary of the

Disease duration

Relapse
rate

Clinically estimated
sites of lesions

Pathologically determined
sites of lesions

clinical and pathological Autopsy  Age Sex

findings of cases with Bald’s (years) (years)

concentric sclerosis Balé-1 49 M 01
Balg-2 23 M 05

Cr cerebrum Bal6-3 28 F 0.3

? Number of lesions in Balg-4 40 F 0.6

parenthesis

NA Cr (2 Cr
NA Cr (1) Cr
NA Cr(l) Cr
NA Cr(2) Cr

lesions. According to the protocol, the six concentric
lesions studied were all staged to actively demyelinating
lesions.

Comparison of AQP4 expression with myelin loss
and astrogliosis

For each lesion, we compared the level of AQP4 expression
with the spatial distribution of myelin loss. AQP4 expression
levels in region-matched unaffected areas (i.e. gray vs. white
mater) in the same section were used as an internal control. To
exclude seeming AQP4 down-regulation due to the total loss
of astrocytes in such lesions as cavity formation and those
totally replaced by macrophages, and to strictly evaluate the
AQP4 expression status in the preserved astrocytes in and
around the lesions, we confirmed the existence of astrocytes
by GFAP staining of neighboring sections for all lesions.

Results
Immunohistochemical findings in control brains
AQP4 expression in pathologically normal brains

AQP4 in normal cerebral tissues from an MG case was
diffusely expressed in the cortex, staining the fine pro-
cesses of the cortical astrocytes (Fig. 1a). Astrocytic
perivascular foot processes were more strongly stained
with AQP4 than the background neuropil in the cortical
gray matter (Fig. 1b, arrows). The glial limiting mem-
branes and subependymal astrocytes also strongly
expressed AQP4 (Fig. 1a). There was less AQP4 staining
in the white matter than in the cortex, with staining pri-
marily in the perivascular foot processes (Fig. lc, arrows).
In contrast, GFAP immunoreactivity was preferentially
observed in the cerebral white matter (Fig. 1d, e). In the
cortex, except for the strong staining of the glial limiting
membranes (Fig. 1d, arrow), only a few astrocytes were
immunopositive for GFAP, with less staining in the peri-
vascular foot processes (Fig. 1f, arrows).

In the cerebellar cortex, both GFAP and AQP4 were
expressed in Bergmann glia with radial cytoplasmic pro-
cesses (Fig. 1g, h), although AQP4 immunoreactivity was

generally weaker than that for GFAP. The glial limiting
membranes of the cerebellum also strongly expressed
GFAP as well as AQP4. In the cerebellar white matter,
AQP4 immunoreactivity was mainly observed in the peri-
vascular foot processes, as seen in the cerebral white matter
(data not shown).

AQP4 expression in areas of astrogliosis

The normal expression pattern for AQP4 expression was
different from that for GFAP as described. However, areas
of astrogliosis were generally immunopositive for AQP4 as
well as GFAP, in both the gray matter and white matter,
regardless of disease types (Fig. 2). For example, hyper-
trophic gemistocytes in cases of limbic encephalitis
(Fig. 2a, b), cerebral infarction (Fig. 2c, d) and SPG type 2
(Fig. 2e, f) showed surface staining for AQP4 in the
cytoplasm and processes. Fibrillary gliosis or gliotic scars
also showed diffuse AQP4 staining along the glial fibers in
cases of SPG type 2 (Fig. 2g, h) and hippocampal sclerosis

_ (data not shown).

Deposition of immunoglobulins and activated complement

Immunohistochemistry for immunoglobulins and activated
complement in cerebral tissues from cases with MG, ALS,
SCA, vasculitis, limbic encephalitis and cerebral infarction
demonstrated weak, diffuse IgG immunoreactivity in the
neuronal soma, neuropil, oligodendrocytes, astrocytes, glial
limiting membranes and ependymal epithelium, but not in
the white matter (data not shown). IgM, C3d and C9neo
immunoreactivities were only focally detected in the con-
trol cases, and whenever present they were generally
confined to blood vessel walls and perivascular regions.
Activated complement was not usually co-localized with
immunoglobulins; however, in 4 of the 17 cases with non-
inflammatory diseases (onc each with ALS, SCA, pro-
gressive supranuclear palsy and multiple system atrophy)
and two of the six cases with inflammatory disorders (anti-
N-methyl-p-aspartate receptor antibody-seropositive limbic
encephalitis and anti-thyroglobulin antibody-seropositive
encephalitis), focal perivascular staining for both C3d and
IgM was occasionally observed (Fig. 2i, j). In the lesions of
patients with ischemic infarction, foamy macrophages were
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Fig. 1 AQP4 and GFAP expression in normal control brains. A case
of MG. AQP4 immunoreactivity is most intense in the glial limiting
membrane (arrow) and the subependymal astrocytes (arrowhead) in
the cerebrum. AQP4 is diffusely expressed in the cortex with neuropil
staining, while the white matter shows only weak staining (a). Higher
magnification of the cortex shows strong AQP4 expression in the
perivascular foot processes of the cortical astrocytes (arrows) (b).
Higher magnification of the white matter demonstrates an AQP4
staining mainly in the perivascular foot processes of the astrocytes
(arrows) (¢). GFAP immunoreactivity is stronger in the white matter
than in the cortex. The glial limiting membrane also stains for GFAP

commonly stained for C3d, C9neo, IgM and IgG. In
addition, surface staining of reactive astrocytes was seen
with IgG immunostaining, probably due to diffusion of the
serum in the affected brain tissue (Fig. 2k—n).

Immunohistochemical findings in BCS

All cases with BCS showed concentric rings of alternating
demyelination and preserved myelin layers in the cerebral
white matter (Fig. 3a, d). The lesion center was entirely
covered with GFAP immunostaining. In the centers of all six
actively demyelinating lesions, AQP4 staining was mark-
edly diminished, despite the strong GFAP immunoreactivity
(Table 2, Fig. 3¢, f, g-1) in both gemistocytic astrocytes
(Fig. 3h, 1) and astrocytic vascular foot processes (Fig. 3k, 1)
compared with the unaffected white matter regions with
preserved myelin staining (Fig. 3j). The myelin staining
negative, peripheral layers of the lesions showed marked
decreases of both GFAP and AQP4 staining. High-power
field inspection revealed that these areas were almost totally
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(arrow) (d). Higher magnification of the white matter shows strong
GFAP immunoreactivity (e). Higher magnification of the cortex
shows only scattered GFAP immunoreactive cortical astrocytes and
faint staining in the vascular foot processes of astrocytes (arrows) (f).
In the cerebellar cortex, GFAP stains Bergmann glia with radial
cytoplasmic processes (g). In the cerebellar cortex, AQP4 immuno-
reactivity is observed in Bergmann glia with radial cytoplasmic
processes (h). AQP4 (a—c, h) and GFAP (d—g) immunohistochem-
istry. Scale bar 300 pum (a, d), 50 pm (b, ¢, e-h), AQP4 aquaporin-4,
GFAP glial fibrillary acidic protein, MG myasthenia gravis

replaced by foamy macrophages (Fig. 3m), with only a small
number of highly degenerated GFAP-positive astrocytic
processes (Fig. 3n) and axon fragments positive for silver
staining (Fig. 30) and phosphorylated neurofilaments
(Fig. 3p). Despite the existence of a few GFAP-positive
structures, these areas were totally devoid of AQP4 staining
(Fig. 3q). In all lesions, perivascular cuffing with lympho-
cytes was observed (Fig. 3r). There was dense infiltration of
foamy macrophages including myelin debris in the demye-
linating layers (Fig. 3s). The perivascular infiltrates
predominantly consisted of T cells, while vasculocentric
deposition of immunoglobulins (IgG and IgM) or activated -
complement (C3d and C9neo) was never observed in any of
the lesions examined (Table 2; Fig. 3t-v).

Discussion

We performed an immunohistopathological study on AQP4
expression in autopsy cases of BCS. Surprisingly, all cases
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Fig. 2 AQP4, immunoglobulin and complement expression patterns
in cases with other neurological diseases. (a—h) AQP4 expression in
astrogliosis. GFAP-positive gemistocytes (a, ¢, €) show membranous
staining for AQP4 (b, d, f) in cases of limbic encephalitis (a, b),
cerebral infarction (¢, d) and SPG type 2 (e, f). Asterisks in ¢ and
d indicate necrotic areas. Fibrillary gliosis seen in the corpus
callosum of the same SPG type 2 case is positive for both GFAP
(g) and AQP4 (h). i-n Deposition of immunoglobulins and activated
complement (C3d and C9neo) in cases with other neurological
diseases. Serial sections distant from focal lesions in the pons from a
case with SCA. C3d staining is detected in the perivascular areas (i).
IgM staining shows a similar pattern to C3d staining (j). (k-n) Serial

sections of the cerebral tissues from a case with cerebral infarction.
Numerous macrophages filled with C3d-positive granules in the
lesions (inser macrophages) (k). C9neo staining shows a similar
pattern to C3d staining (inset macrophages) (1). IgM staining shows a
similar pattern to activated complement staining (inser macrophages)
(m). IgG staining shows the similar pattern as IgM staining. In
addition, staining outlining the cytoplasm of hypertrophic astrocytes
was noted (inset arrowheads) (n). GFAP (a, c, e, g), AQP4 (b, d, f, h),
C3d (i, k), IgM (j§, m), C9neo (1) and IgG (n) immunohistochemistry.
Scale bar 100 pm (i, j), 50 pm (k-n), 25 pm (a-h), AQP4 aquaporin-
4, GFAP glial fibrillary acidic protein, SPG spastic paraplegia, SCA
spinocerebellar atrophy
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with BCS uniformly demonstrated extensive AQP4 loss in
all actively demyelinating lesions with perivascular lym-
phocytic cuffing, but no deposition of immunoglobulins or
complement around the blood vessels. Our study indicates
that AQP4 loss could occur not only in NMO but also in
BCS lesions.

We found a similar AQP4 expression pattern in normal
brain tissues to what has been previously reported [27, 30],
although we used a different anti-AQP4 antibody to the
ones used in those studies. For example, normal cortical
astrocytes were diffusely immunostained for AQP4 and
weakly immunostained for GFAP, whereas white matter
astrocytes showed a reverse pattern. AQP4 is strongly
expressed in the glial limiting membranes, and sube-
pendymal and perivascular astrocytes. In control diseased
brains, both reactive, gemistocytic astrocytes and areas of
chronic fibrillary gliosis showed high levels of AQP4
expression regardless of the cause, as previously reported
[1, 18, 27, 30]; however, since all the BCS lesions exam-
ined in this study were acute lesions, we did not observe
chronic fibrillary gliosis and resultant upregulation of
AQP4. On the other hand, demyelinating lesions with
AQP4 loss generally showed numerous GFAP-immuno-
positive, gemistocytic astrocytes. In addition, AQP4
expression was lost from GFAP-positive perivascular foot
processes. Although some of the myelin-negative foci at
the periphery of the concentric lesions showed a decrease
in both GFAP and AQP-4 staining, these areas were proven
to be necrotic foci with only a small amount of debris from
astrocytic processes and axons. Therefore, acute BCS
lesions are characterized by AQP4 loss in GFAP-express-
ing astrocytes and their vascular foot processes, distinct
from the staining pattern in NMO in which astrocytes
reportedly lose both GFAP and AQP4 staining [27].

This is the first report to show AQP4 loss in BCS cases,
not only in the layers showing demyelination, but also in
the layers with preserved myelin. All actively demyelin-
ating lesions in BCS showed the same pattern of AQP4
loss, but other acute inflammatory conditions such as
limbic encephalitis did not show such AQP4 loss in lesions,
suggesting that AQP4 loss is an inherent component of this
acute disease. We are currently examining AQP4 status in
NMO and MS cases in comparison with that in BCS cases.

All autopsied materials were archival ones taken long
before the discovery of NMO-IgG/anti-AQP4 antibody,
and the anti-AQP4 antibody statuses of the present BCS
cases are unknown. However, because the vasculocentric
deposition of complement and immunoglobulins was not
confirmed in any of the BCS lesions, an autoantibody and
complement-mediated mechanism, which is considered to
be unique to NMO, may not be operative in BCS. In future,
it will be necessary to measure levels of anti-AQP4 anti-
body in a large clinical series of BCS patients.
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Fig. 3 Representative AQP4 expression pattern in concentric or b
lamellar demyelinating lesions. Serial sections of the cerebral tissue
with actively demyelinating lesions in the white matter from case
Bal6-1 (a—c) and case Bal6-2 (d-s). The cerebral white matter reveals
concentric or lamellar demyelinated lesions (a, d). GFAP is expressed
in the lesion centre, but is largely diminished in the lamellar necrotic
foci at the lesion edge (arrows) (a, b, d, e). AQP4 immunoreactivity
is largely lost in the lesion centre with lamellar myelin-staining
patterns (¢, f). Numerous reactive, hypertrophic astrocytes are seen in
both the demyelinating and preserved myelin layers (g). Astrocytes in
(g) strongly express GFAP (h) but lack surface staining for AQP4 (i).
In the unaffected white matter with preserved myelin staining and no
inflammatory infiltration in the same section (the area indicated by
arrowhead in d), non-reactive astrocytes show AQP4 staining on the
cell surface and their processes (j) and AQP4 expression is also
preserved in the perivascular astrocytic foot processes (k). In the
lesions, however, the perivascular AQP4 staining also disappears (1).
High-power field views of GFAP-negative necrotic foci at the lesion
edge (indicated by arrows in a, b, d, e) reveal dense infiltration of
foamy macrophages (m), a small number of highly degenerative,
remaining astrocytes (m), axons (arrowheads in o, p) and foamy
spheroids (arrows in p). AQP4 immunoreactivity is totally lost in the
necrotic areas (q). Perivascular accumulation of lymphocytes is noted
all over the lesion (r). Dense infiltration of foamy macrophages
phagocytosing myelin debris in the demyelinating layer (s). Perivas-
cular lymphocytes are immunopositive for the T cell marker CD45RO
(t), but negative for the B cell marker CD20 (u). IgG, IgM, C3 and
CO9neo labeling is detected in some glial cells, but not in the
perivascular areas (v). Kliiver—Barrera staining (a, d, s), hematoxylin
and eosin staining (g, m, r), GFAP (b, e, h, n) AQP4 (c, f, i, q),
Bielschowsky’s silver staining (o), phosphorylated neurofilament (p),
CD45RO (t), CD20 (u) and IgG, IgM, C3 and C9neo (v) immuno-
histochemistry. Scale bar 4 mm (a—f), 100 pm (v), 50 um (k, I, t, u),
25 yum (g—j, m-s). AQP4 aquaporin-4, GFAP glial fibrillary acidic
protein

The lesions in BCS are classified as type 3 lesions as
described by Lucchinetti et al. [22], and the disease is
considered to be an oligodendrocytopathy. However, we
found AQP4 down-regulation in both demyelinated and
myelinated layers, suggesting that astroglial damage occurs
more widely than oligodendroglial damage. Hypoxia-like
tissue injury may contribute to Bald’s lesions [24, 34],
which can show restricted diffusion on diffusion-weighted
MRI sequences, as happens in acute stroke [39]. Because
AQP4 is down-regulated in hypoxic conditions and in the
ischemic core at the acute stage [9, 10, 17, 26], vessel
obliteration or mitochondrial impairment [24] associated
with heavy lymphocytic inflammation may lead to tissue
hypoxia and AQP4 down-modulation in BCS.

It has recently been reported that reactive astrocytes that
form perivascular scars act as barriers to leukocytes and
that conditioned ablation of reactive astrocytes strengthens
inflammation [37]. Because AQP4 deletion impairs glial
scar formation [35], down-regulation of AQP4 in BCS may
enhance inflammatory changes through interruption of
perivascular glial scar formation. On the other hand, AQP4
knockout mice show reduced cytotoxic edema following
tissue ischemia and hypoxia [25], suggesting that AQP4
down-regulation is protective. Similarly, experimental
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autoimmune encephalomyelitis induced by myelin oligo-
dendrocyte glycoprotein peptide is attenuated in AQP4
knockout mice [21]. These observations suggest that AQP4
down-modulation could be neuroprotective in hypoxia-
induced cytotoxic edema as well as in inflammatory
demyelinating lesions, which may also be applicable to
BCS. On the other hand, it has been reported that AQP4
inhibition causes exacerbation of vasogenic edema [29].

The formation of tumor-like, highly edematous BCS
lesions thus might mainly result from vasogenic edema.
In MS, AQP4 loss in actively demyelinating lesions has
so far not been reported; Misu et al. [27] found no loss or
exaggerated expression of AQP4 in MS plaques, while
Roemer et al. [30] detected AQP4 loss in the chronic
inactive lesions, suggesting that stage-dependent loss of
AQP4 may occur in some MS lesions. Therefore, extensive
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