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(Background: Binding of the neuromyelitis optica (NMO) autoantibody (NMO-IgG) to aquaporin-4 (AQP4) is pathogenic
Results: NMO-IgG binding does not cause endocytosis of itself, AQP4, or glutamate transporter EAAT?2 in astrocyte cultures or

Conclusion: Internalization of NMO-IgG, AQP4, and EAAT?2 is not a significant feature of NMO.
Significance: Our results challenge a generally accepted paradigm on NMO pathogenesis.
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Autoantibodies against astrocyte water channel aquaporin-4
(AQP4) are thought to be pathogenic in neuromyelitis optica
(NMO). Prior work has suggested that a key component of NMO
autoantibody (NMO-IgG) pathogenesis is internalization of
AQP4 and the associated glutamate transporter EAAT2, leading
to glutamate excitotoxicity. Here, we show selective endocytosis
of NMO-IgG and AQP4 in transfected cell cultures, but little
internalization in brain in vivo. AQP4-dependent endocytosis of
NMO-IgG occurred rapidly in various AQP4-transfected cell
lines, with efficient transport from early endosomes to lyso-
somes. Cell surface AQP4 was also reduced following NMO-IgG
exposure. However, little or no internalization of NMO-IgG,
AQP4, or EAAT2 was found in primary astrocyte cultures, nor
was glutamate uptake affected by NMO-IgG exposure. Follow-
ing injection of NMO-IgG into mouse brain, NMO-IgG binding
and AQP4 expression showed a perivascular astrocyte distribu-
tion, without detectable cellular internalization over 24 h. We
conclude that astrocyte endocytosis of NMO-IgG, AQP4, and
EAAT?2 is not a significant consequence of AQP4 autoantibody
in vivo, challenging generally accepted views about NMO
pathogenesis.

Neuromyelitis optica (NMO)? is an inflammatory disease of
the central nervous system causing demyelinating lesions in
spinal cord and optic nerve and to a lesser extent in brain (1, 2).
A defining feature of NMO is the presence of autoantibodies in
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serum against astrocyte water channel aquaporin-4 (AQP4) (3,
4). NMO autoantibodies (NMO-IgG) are believed to be patho-
genic by a mechanism involving complement- and cell-medi-
ated cytotoxicity, elaboration of inflammatory mediators, and
leukocyte accumulation (1, 5, 6). NMO lesions are character-
ized by loss of AQP4 and the astrocytic marker glial fibrillary
acidic protein (GFAP), complement deposition, inflammation,
and demyelination (1). NMO lesions are produced in mice
administered NMO-IgG and complement by intracerebral
injection (7), in rats with preexisting neuroinflammation
administered NMO-IgG (8 -10), and in spinal cord slice cul-
tures exposed to NMO-IgG and complement (11). It is not
known how NMO-IgG enters the central nervous system
through an initially intact blood-brain barrier or why NMO-
IgG does not cause pathology in peripheral tissues where AQP4
is expressed. Another unresolved aspect of NMO pathology is
how NMO-IgG-induced primary astrocyte injury leads to
demyelination and neuronal impairment.

NMO-IgG-dependent astrocyte pathology requires AQP4
exposure on the cell surface to bind and activate complement
and cytotoxic leukocytes. Paradoxically, prior studies showed
rapid internalization in vitro of AQP4 in response to NMO
serum (12-14), which, rather than promoting NMO pathogen-
esis, would protect astrocytes from cytotoxicity. One study also
reported internalization of glutamate transporter EAAT2
together with AQP4 (13) and concluded that NMO pathogen-
esis involves glutamate excitotoxicity by a mechanism involv-
ing NMO-IgG-induced internalization of EAAT2 and conse-
quent impairment in glutamate uptake from the extracellular
space following neuroexcitation. Marignier et al. (15) showed
that elevated extracellular glutamate could injure oligodendro-
cytes in an astrocyte/oligodendrocyte mixed primary cell cul-
ture. They suggested glutamate excitotoxicity as a possible
cause of demyelination in NMO. Based on this mechanism,
ceftriaxone, which up-regulates EAAT2 (16), has been pro-
posed as a therapy for NMO.

Cellular internalization of AQP4, EAAT2, and NMO-IgG, if
it occurs in the CNS in vivo, would have important implications
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for NMO pathogenesis and therapy (see “Discussion”). Here,
quantitative biophysical and biochemical assays of internaliza-
tion were done in cell cultures and in live mice, utilizing for
some studies a fluorescently labeled monoclonal recombinant
NMO-IgG for real time antibody tracking in live cells. We
found rapid and selective internalization of NMO-IgG and
AQP4 in transfected cell cultures, but little or no internaliza-
tion of NMO-IgG, AQP4, or EAAT2 in primary astrocytes, or of
NMO-IgG and AQP4 in brain. Our results thus challenge a
widely cited view of NMO disease pathogenesis.

EXPERIMENTAL PROCEDURES

Mice—AQP4-null mice were generated previously by tar-
geted gene disruption (17). Experiments were done on weight-
matched wild-type and null mice on a CD1 genetic background
(age 16 —18 weeks). Mice were maintained in air-filtered cages
and fed normal mouse chow in the University of California San
Francisco (U.C.S.F.) Animal Care Facility. All procedures were
approved by the U.C.S.F. Committee on Animal Research.

NMO Antibody and DNA Constructs—Purified human
monoclonal NMO-IgG rAb-53 was generated as described (8),
with a measles virus-specific rAb (2B4) used as an isotype-
matched control. Fluorescent labeling of rAb-53 with Cy3
(rAb-53-Cy3) and of a Myc antibody (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) was done using the Amersham Biosci-
ences Cy3 Ab Labeling Kit (GE Healthcare). DNA constructs
encoding full-length human AQP4 (M1 and M23 isoforms)
were generated by PCR amplification using whole brain cDNA
as template. For some studies a Myc epitope (NH,-EQKLI-
SEEDL-COOH) was inserted in the second extracellular loop
by PCR amplification using the nontagged constructs as tem-
plate, as described (18). PCR fragments were ligated into mam-
malian expression vector pcDNA3.1 and sequenced. IgGs from
NMO patient serum and from normal human serum were puri-
fied using the Melon™ Gel IgG purification kit (Thermo
Scientific).

Cell Culture and Transfections—Chinese hamster ovary cells
(CHO-K1; ATCC CCL-61), Fischer rat thyroid epithelial cells
(FRT; ATCC CRL-1468), and human glioblastoma cells (U87-
MG; ATCC HTB-14) were cultured at 37 °C in 5% CO,/95% air
in F12 Ham’s medium, F12 Coon’s modified medium, and
DMEM H21 (Sigma-Aldrich), respectively, containing 10%
FBS, 100 units/ml penicillin, and 0.1 mg/ml streptomycin. Cells
were grown on glass coverslips and transfected with DNAs in
antibiotic-free medium using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. Stable AQP4-ex-
pressing clones were selected following enrichment in Geneti-
cin (Invitrogen) and plating in 96-well plates at low density.
Primary astrocyte cultures were generated from cortex of wild-
type and AQP4-null neonatal mice, as described (19). After
8-10 days in culture, cells were treated for 2 weeks with 0.25
mM dibutyryl cAMP (Sigma-Aldrich) to induce differentiation.
Immunocytochemistry showed that >95% of cells were posi-
tive for the astrocyte marker GFAP.

NMO-IgG Internalization Assay—Cells were grown on cov-
erglasses until confluent. Cells were washed twice with PBS
supplemented with 6 mm glucose and 1.1 mg/ml sodium pyru-
vate (PBS™) and incubated for 20 min in PBS™ containing 1%
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BSA atroom temperature. Cells were subsequently labeled with
rAb-53-Cy3 (10 ug/ml) at 4 °C for 1 h. Following extensive
washing with cold PBS™, cells were chased at 37 °C for specified
times. Coverglasses were mounted in an open chamber, and
fluorescence was measured using an inverted epifluorescence
microscope (Eclipse TE2000-E, Nikon) with a Nikon oil immer-
sion 100X, NA 1.49 Apo TIRF objective lens. Fluorescence
images were obtained before and after addition of the dark
quencher bromocresol green (final concentration 4 mm) in the
cell-bathing solution (29). In some experiments, AQP4-ex-
pressing cells were chased for 3 h at 37 °C and labeled with the
lysosomal marker lysosensor green (1:4,000; Invitrogen) for 5
min. In another set of experiments, cells were fixed, permeabi-
lized, and stained with a rabbit antibody against the early endo-
some antigen 1 (EEA1) (1:100; Abcam, Cambridge, MA). As a
positive control of internalization, astrocytes were incubated
for 1 h at 37 °C with 6 um Texas Red hydrazide (Invitrogen), a
dye preferentially internalized by astrocytes (21), or with 0.1
mg/ml fluorescein-transferrin (Invitrogen).

Quantification of Cell Surface AQP4—AQP4-transfected
cells and mouse primary astrocytes were grown on coverglasses
until confluent and incubated for specified times with 50 pug/ml
rAb-53 at 37 °C. Cells were then washed extensively in cold
PBS™ and blocked for 20 min in 1% BSA at 4 °C. Remaining
AQP4 at the cell surface was labeled with 50 ug/ml rAb-53 at
4 °Cfor 1 h. Subsequently, rAb-53 was labeled by incubation for
1 h at 4 °C with goat anti-human IgG-conjugated Alexa Fluor
555 (1:200, Invitrogen), and the plasma membrane was stained
using a fluorescent lectin, wheat germ agglutinin (WGA)-con-
jugated Alexa Fluor 488 (1:400; Invitrogen). Cells were then
washed in cold PBS™ and fixed for 15 min in 4% paraformalde-
hyde (PFA). Surface AQP4 was quantified as the (background-
subtracted) ratio of red (surface AQP4) to green (plasma mem-
brane) fluorescence using Image]J. In some experiments, surface
AQP4 in astrocytes was measured using the same assay follow-
ing exposure for 24 h to 5 mg/ml IgG purified from NMO or
control sera. Before labeling of surface AQP4 with rAb-53,
bound IgG at the cell surface were removed by acid wash in 0.2
M glycine, pH 2.5, for 15 s. In another set of experiments, astro-
cyte cultures were fixed and permeabilized following exposure
to rAb-53 and stained with a rabbit anti-EAAT2 antibody
directed against a C-terminal epitope (1:100; Cell Signaling
Technology).

Glutamate Uptake Assay—EAAT2 expression in mouse pri-
mary astrocytes was verified by immunoblotting cell lysates
using a rabbit anti-EAAT2 antibody (1:1,000; Cell Signaling
Technology) and a HRP-conjugated anti-rabbit antibody
(1:10,000; Santa Cruz Biotechnology). Mouse primary astrocyte
cultures were grown in 24-well dishes and preincubated with 50
pg/ml rAb-53 or control IgG for 24 h at 37 °C. Cells were sub-
sequently washed in PBS and incubated at 37 °C in 120 mm
NaCl, 25 mm Tris, 5 mm KCI, 1 mm KH,PO,, 1 mm MgSO,, 2
mM CaCl,, 10 mM p-glucose, pH 7.4, containing 200 um gluta-
mate and the corresponding antibody. In some measurements
120 mm NaCl was replaced with 120 mm choline chloride to
determine Na™-dependent glutamate uptake. After 1 hat37 °C,
medium was removed, and glutamate concentration was quan-
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tified using a Glutamate Assay Kit (BioVision, Mountain, View,
CA) according to the manufacturer’s protocol.

In Vivo Injection of NMO-IgG—For brain injection, mice
were anesthetized using 2,2,2-tribromoethanol (250 mg/kg
intraperitoneally; Sigma-Aldrich) and mounted onto a stereo-
taxic frame. A midline scalp incision was made, and a burr hole
of diameter 1 mm was drilled in the skull 1 mm to the right and
1 mm posterior to bregma. A 30-g needle attached to a 50-ul
gas-tight glass syringe (Hamilton, Reno, NV) was inserted 3 mm
deep to infuse 5 ug of rAb-53-Cy3 or unlabeled rAb-53 in a
volume of 5 ul (~1 pl/min). In some experiments, 5 ul of 12 um
Texas Red hydrazide or 5 ul of control antibody 2B4 (1 mg/ml)
was injected into the brain by the same method. rAb-53 injec-
tions were also performed in AQP4-null mice. In some experi-
ments, 150 ug of purified IgG from NMO or control sera was
injected in the same volume. At specified times after injection,
mice were anesthetized and perfused through the left cardiac
ventricle with 10 ml of PBS and then 10 ml of PBS containing 4%
PFA. Brains were postfixed for 2 h in 4% PFA and dehydrated
overnight in 30% sucrose at 4 °C. Tissues were embedded and
frozen in O.C.T. compound (Sakura Finetek, Torrance, CA) for
sectioning and immunostaining. Brains injected with rAb-53-
Cy3 were postfixed in 4% PFA for 2 h, dehydrated in 70% etha-
nol, and embedded in paraffin.

Tissue Immunofluorescence—Ten-um-thick frozen sections
or 5-um-thick paraffin sections were blocked for 1 h in PBS
containing 10% goat serum (blocking buffer) and incubated for
1 h at room temperature with the following primary antibodies
diluted in blocking buffer: rabbit anti-AQP4 (1:50; Santa Cruz
Biotechnology), mouse anti-GFAP (1:100; Millipore), or rat
anti-CD31 (1:50; BD Biosciences). Sections were washed with
PBS and incubated for 1 h with the corresponding goat IgG-
conjugated Alexa Fluor secondary antibodies (1:200; Invitro-
gen). Unlabeled rAb-53 and purified serum IgGs were detected
using goat anti-human IgG-conjugated Alexa Fluor 555 or 488
(1:200; Invitrogen). Sections were then washed with PBS and
mounted in Vectashield medium (Vector Laboratories, Burlin-
game, CA). Sections were imaged using a laser scanning confo-
cal microscope equipped with a Nikon 100X, NA 1.49 Apo
TIRF objective lens.

RESULTS

rAb-53 Is Internalized in AQP4-transfected cells and Tar-
geted to Lysosomes—NMO-IgG cellular processing was studied
using a purified, recombinant monoclonal human antibody
(rAb-53) generated from paired heavy and light chain
sequences cloned from cerebrospinal fluid plasma blasts of a
NMO patient (8). This antibody binds strongly to human and
mouse AQP4 and causes antibody-dependent complement-
mediated lysis and cellular cytotoxicity (8, 22). Antibody
rAb-53 also binds the two major isoforms of AQP4, M1 and
M23, which are expressed in astrocytes, with greater affinity for
AQP4-M23 (22). The M23 isoform of AQP4 forms supramo-
lecular assemblies in cell plasma membranes called orthogonal
arrays of particles, whereas M1 does not (23). To image its
internalization, rAb-53 was labeled with the red fluorophore
Cy3 (rAb-53-Cy3) under conditions that do not affect its bind-
ing to AQP4. A dark quencher of Cy3 fluorescence (29), bro-
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mocresol green, was used to distinguish surface-bound from
internalized rAb-53-Cy3 because it does not permeate into cells
and reduces by >98% the fluorescence of Cy3.

CHO cells stably expressing human AQP4-M23 were labeled
with rAb-53-Cy3 at 4 °C, washed, and chased at 37 °C (Fig. 14).
Fig. 1B shows localization of rAb-53-Cy3 exclusively at the cell
surface at O time, just after 4 °C labeling, as seen by its mem-
brane expression pattern and loss of fluorescence following
quencher addition. Binding of rAb-53-Cy3 was AQP4-depen-
dent, as no fluorescence was seen in nontransfected cells (data
not shown). At 15-min and 1-h chase times there was progres-
sive rAb-53-Cy3 internalization that was essentially complete
by 1 h, as seen by the lack of effect of quencher. At 15-min chase
time rAb-53-Cy3 (red) colocalized with the early endosomal
marker EEA1 (green) (Fig. 1C, left) and at 3 h with a lysosomal
marker (green) (Fig. 1C, right). Binding of rAb-53-Cy3 to
AQP4-M23 in transfected cells thus results in its efficient endo-
cytosis and targeting to lysosomes.

Surface AQP4 Is Decreased in AQP4-transfected Cells
Exposed to NMO-IgG—The efficient cellular internalization of
AQP4-bound NMO-IgG is predicted to reduce AQP4 surface
expression in the steady state if NMO-IgG-induced AQP4
internalization exceeds AQP4 exocytosis. AQP4-M23-trans-
fected cells were incubated with a high concentration of rAb-53
at 37 °C allowing binding and internalization of the antibody
and AQP4. At specified times, cells were washed, cooled to 4 °C
to block endocytosis, and the remaining AQP4 at the surface
was labeled using rAb-53 and a red fluorescent secondary anti-
body (Fig. 24). The cell surface was labeled green with a fluo-
rescent conjugate of the lectin WGA. Fig. 2B shows rapid
reduction in cell surface AQP4 (red) following 37 °C chase in
the presence of rAb-53, with >50% reduction in surface AQP4
at 15 min as quantified by the red-to-green fluorescence ratio
(Fig. 2D). Cell surface AQP4 was not reduced in studies done
using a control (non-NMO) antibody (Fig. 2, C and D).

NMO-IgG Internalization in Transfected Cells Is Specific and
Isoform- and Cell Type-independent—To determine whether
NMO-IgG endocytosis is AQP4 isoform- and cell type-specific,
measurements of rAb-53-Cy3 internalization were done, as in
Fig. 1, but for CHO cells transfected with the M1 isoform of
AQP4, and for U87 (of human astrocyte origin) and FRT (epi-
thelial cell type) cells transfected with AQP4-M23. rAb-53-Cy3
was efficiently internalized in the AQP4-M1-expressing CHO
cells (Fig. 3A) as well as in the AQP4-M23-expressing U87 (Fig.
3B) and FRT (Fig. 3C) cells. Thus, rAb-53 internalization in
transfected cells is not specific to AQP4 isoform or cell type.

To investigate whether the rapid internalization of NMO-
IgG is antibody-specific, we measured the internalization of a
Cy3-labeled anti-Myc antibody in CHO cells expressing an
epitope-tagged AQP4 in which a Myc sequence was inserted
into the second extracellular loop of AQP4. We showed previ-
ously that the Myc insertion does not affect AQP4 cellular proc-
essing or water permeability (18). In contrast to the results for
rAb-53-Cy3, no detectable internalization of the Myc antibody
was found (Fig. 3D), indicating specificity for NMO-IgG
internalization.
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FIGURE 1. Rapid endocytosis of rAb-53 in CHO cells stably transfected with AQP4. A, schematic of internalization assay. CHO cells stably expressing AQP4
(M23 isoform) were labeled with rAb-53-Cy3 at 4 °C, washed, and chased at 37 °C for specified times. Fluorescence of rAb-53-Cy3 remaining at the cell surface
was quenched with the dark quencher bromocresol green. B, rAb-53-Cy3 fluorescence before and after addition of quencher at the indicated chase times.
Micrographs are representative of four separate sets of experiments. C, colocalization (arrowheads) of rAb-53-Cy3 (red) with the early endosome marker EEA1

(green) at 15-min chase and with a lysosomal marker (green) at 3-h chase.

NMO-IgG, AQP4, and EAAT2 Are Not Internalized in Pri-
mary Astrocyte Cultures—To determine whether NMO-IgG is
internalized in a more relevant cell type to NMO pathology, we
measured internalization in primary, well differentiated cul-
tures of mouse astrocytes. Fig. 44 shows binding of rAb-53-Cy3
(red) to AQP4 (green) on astrocytes from wild type (+/+) mice.
No binding was seen on astrocytes from AQP4 null (—/—) mice.
Internalization of rAb-53-Cy3 was assayed as described above.
Following labeling at 4 °C, rAb-53-Cy3 was localized at the cell
surface, as fluorescence was absent after quencher addition
(Fig. 4B, left). After a 1-h chase, little antibody was internalized
as nearly all fluorescence was quenched (Fig. 4B, middle). We
verified active endocytosis in the astrocytes studied here by
incubation for 1 h at 37 °C with Texas Red hydrazide, a fluid
phase marker of endocytosis, and fluorescein-transferrin, a
marker of receptor-mediated endocytosis (Fig. 4B, right).

Cell surface AQP4 on astrocytes was also measured following
rAb-53 exposure. Cell surface AQP4 was not reduced signifi-
cantly as quantified by red-to-green fluorescence ratios (Fig.
4C).

We also studied the cellular localization of the Na™-depen-
dent glutamate transporter EAAT2, which is expressed endog-
enously in astrocytes (24). By confocal immunofluorescence of
fixed, permeabilized cells using an EAAT?2 antibody directed
against an intracellular epitope, EAAT2 was seen mainly at the
plasma membrane (Fig. 4D, left). Following incubation with
rAb-53 for 3 h at 37 °C, the plasma membrane localization of
EAAT?2 was not changed (Fig. 4D, right). Inmunoblotting con-
firmed EAAT?2 antibody specificity (Fig. 4D, bottom). As a func-
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tional measure of EAAT2 plasma membrane expression, Na™-
dependent glutamate uptake was measured in astrocytes
following incubation with rAb-53 or control IgG. Na™-depen-
dent glutamate uptake was not reduced significantly in the rAb-
53-incubated astrocytes (Fig. 4E). Together, these results indi-
cate that exposure of astrocytes to NMO-IgG does not cause
internalization of itself, nor of AQP4 or EAAT?2.

Little Internalization of NMO-IgG and AQP4 in Mouse Brain
in Vivo—To study the cellular processing of NMO-IgG in vivo,
confocal microscopy was used to determine the localization of
rAb-53-Cy3 after direct injection into brain parenchyma. Fig.
5A shows the spatial distribution of rAb-53-Cy3 in brain at 3 h
after injection, showing diffusion up to 2 mm from the injection
site. Localization of the rAb-53-Cy3 was assessed in an area
(white square) near the needle tract. Fig. 5B (left) shows perivas-
cular colocalization of rAb-53-Cy3 and AQP4 in brain of wild-
type mice at 3 h after injection. Selective antibody localization
was not seen for control (non-NMO) IgG (middle) nor for rAb-
53-Cy3 in brain of AQP4 knock-out mice (right). Fig. 5C shows
similar perivascular localization of rAb-53-Cy3 and AQP4 at 20
min and 1, 3, and 24 h after injection, suggesting little cellular
internalization in astrocytes in brain.

Colocalization studies support the conclusion that rAb-53-
Cy3 and AQP4 are not internalized in astrocytes in brain in
vivo. Fig. 6A shows costaining for the astrocytic cytoplasmic
marker GFAP (green) and rAb-53-Cy3 (red) at different times
after injection. At each time point rAb-53-Cy3 was localized to
astrocyte foot processes surrounding blood vessels, whereas
GFAP stained the whole astrocyte bodies, whose extensions
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FIGURE 2. Reduced cell surface AQP4 in AQP4-transfected CHO cells fol-
lowing rAb-53 exposure. A, schematic of assay. CHO cells stably expressing
AQP4 (M23 isoform) were incubated for specified times with rAb-53 at 37 °C,
washed, cooled to 4°C, and assayed for cell surface AQP4 by addition of
rAb-53 and fluorescent secondary antibody. Plasma membrane was stained
green with fluorescent WGA. B, cells stained for surface AQP4 (red) and
plasma membrane (WGA, green) following incubation with rAb-53 for the
indicated times. C, experiments as in B except that cells were incubated with
a control (non-NMO) IgG. D, quantification of surface AQP4 from ratio of
(background-subtracted) red-to-green fluorescence (R/G, mean = S.E. (error
bars), n = 10; *, p < 0.01). Results are representative of two sets of
experiments.

project into the perivascular space. Staining with the endothe-
lial marker CD31 (green) revealed a linear pattern of fluores-
cence surrounded by rAb-53-Cy3 fluorescence (Fig. 6B), sup-
porting the localization of rAb-53-Cy3 on astrocyte end feet at
the blood-brain barrier adjacent to endothelial cells.

Studies were also done in which brain was injected with rAb-
53-Cy3 together with a fluid phase endocytosis marker, Texas
Red hydrazide, which is internalized selectively by astrocytes
(21). Fig. 6C shows a cytoplasmic pattern of Texas Red fluores-
cence in astrocytes at 3 h, with staining of astrocyte processes
extending to the perivascular space. In contrast, rAb-53 labeled
with a secondary anti-human antibody (green) was seen only in
a perivascular pattern. NMO-IgG is thus not internalized by
AQP4-expressing astrocytes in vivo, but remains largely in
astrocyte foot processes at the blood-brain barrier.
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FIGURE 3. Specificity of rAb-53 internalization in AQP4-transfected cell
cultures. A-C, Cy3 fluorescence before and after addition of quencher, show-
ing internalization of rAb-53-Cy3 at 1-h chase in CHO cells expressing
AQP4-M1 (A), U87 cells expressing AQP4-M23 (B), and FRT cells expressing
AQP4-M23 (C). D, same internalization assay (1-h chase) in CHO cells express-
ing AQP4-M23 containing a Myc epitope inserted in its second extracellular
loop and with a Cy3-labeled anti-Myc antibody. Results are representative of
three sets of experiments.
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Little Internalization of AQP4 in Mouse Brain following Injec-
tion of NMO Patient NMO-IgG—To validate the findings
obtained with the recombinant monoclonal rAb-53, we studied
effects of purified IgG from human NMO and control sera.
Treatment of astrocyte cultures for 24 h with NMO-IgG did not
affect surface AQP4 expression (Fig. 7A) or EAAT2 localization
(Fig. 7B). IgG from NMO patient sera was also injected into
mouse brain; however, its localization cannot be determined
because NMO-IgG represents only a small fraction of total IgG.
Staining the brain sections with a secondary green anti-human
antibody allowed localization of the area of IgG diffusion (Fig.
7C). AQP4 localization in this area (white square) was deter-
mined at different times after injection. AQP4 remained dis-
tributed in a perivascular pattern at 20 min and 24 h after injec-
tion, both for control and NMO-IgG (Fig. 7D). Thus, as found
with recombinant antibody, serum NMO-IgG does not cause
AQP4 internalization in astrocyte cultures or mouse brain in
vivo.

DISCUSSION

Although NMO-IgG binding to AQP4 in transfected cell cul-
tures caused internalization of itself and AQP4 by an endocytic
mechanism, little or no internalization was found in astrocyte
cultures or in brain. We found that NMO-IgG is internalized in
several transfected cell lines expressing M1- or M23-AQP4.
These results agree with previous work showing internalization
of AQP4 in HEK 293 cells transfected with a GFP-AQP4 chi-
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rAb-53 (done as in Fig. 2). Right, quantification of surface AQP4 (mean = S.E. (error bars), n = 10). D, top, confocal microscopy showing EAAT2 (red) and GFAP
(green) staining of astrocytes before and after incubation with rAb-53. Bottom, EAAT2 immunoblot of mouse brain and spinal cord, and astrocyte cultures. E,
glutamate uptake in astrocytes preincubated for 24 h with rAb-53 or control IgG (mean = S.E, n = 3). Results are representative of two separate sets of

experiments.

mera (12). Interestingly, endocytosis of NMO-IgG and AQP4 in
cell cultures was rapid and selective, as internalization was not
seen of a Myc antibody upon binding to Myc-tagged AQP4.
NMO-IgG internalization, like that of many ligands when
bound to their receptors (25), probably involves transduction of
the extracellular binding signal to the cytoplasmic endocytosis
machinery.

The minimal internalization of NMO-IgG and AQP4 in pri-
mary astrocyte cultures found here differs from conclusions of
two previous studies (13, 14), where micrographs were reported
of a few, fixed/permeabilized cells that were stained for AQP4
after exposure to NMO serum. It is difficult with the prior
methods to localize AQP4 confidently, especially in cultured
astrocytes that are quite flat, heterogeneous, and have complex
morphology. Here, using sensitive, quantitative assays of
NMO-IgG-Cy3 internalization and AQP4 surface expression,
done on many cells in multiple cell cultures, we found little or
no NMO-IgG or AQP4 internalization. The lack of internaliza-
tion in primary astrocytes was not a consequence of a generally
low level of endocytosis because rapid internalization was
found for Texas Red hydrazide, a marker of fluid phase endo-
cytosis, and fluorescein-transferrin, a marker of receptor-me-
diated endocytosis. These findings in astrocyte cell culture are
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supported by the minimal internalization of NMO-IgG and
AQP4 in mouse brain in vivo. The localization of rAb-53-Cy3
and AQP4 after intracerebral injection of antibody was strictly
perivascular and quite different from that of astrocyte cell bod-
ies as stained by GFAP or internalized Texas Red hydrazide.

The minimal internalization of NMO-IgG and AQP4 on
astrocytes in vivo and the tight binding of NMO-IgG to AQP4
(22) result in prolonged exposure of NMO-IgG at the cell sur-
face. Exposure of NMO-IgG at the astrocyte surface is pre-
dicted to exacerbate NMO pathology, as it would promote the
binding and activation of complement and cytotoxic leuko-
cytes. The inefficient endocytosis of NMO-IgG and AQP4 in
astrocyte cultures and in vivo may be related to astrocyte-spe-
cific factors, perhaps the putative macromolecular cell mem-
brane complex containing AQP4, a-syntrophin, dystrophin,
and dystroglycans (26), as well as to AQP4 polarization to astro-
cyte end feet (26, 27), which do not occur in transfected cell
culture models.

Loss of AQP4 immunoreactivity is a prominent feature of
NMO lesions that is not seen in multiple sclerosis or other
neuroinflammatory diseases (28). The proposed mechanisms
of AQP4 loss include its endocytosis and targeting for lyso-
somal degradation and astrocyte loss following complement
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FIGURE 5. rAb-53 binding to AQP4 in vivo following intracerebral injec-
tion in mouse brain. A, spatial distribution of rAb-53-Cy3 (red) in brain at 3 h
afterinjection. AQP4 stained green. White line, needle track; yellow dashed line,
area of rAb-53-Cy3 diffusion; white square, area where micrographsin Band C
were obtained. B, confocal fluorescence microscopy showing perivascular
colocalization of rAb-53-Cy3 (red) with AQP4 (green) at 3 h after injection in
wild-type mice (+/+). Controls included injection of (non-NMO) IgG in wild-
type mice and rAb-53-Cy3 in AQP4-null mice (—/—). C, localization of rAb-53-
Cy3 (red) at 20 min and 1, 3, and 24 h after injection, showing perivascular
localization with AQP4 (green). Micrographs are representative of studies
done on 3-4 mice at each time point.

and cell-mediated cytotoxicity. The parallel loss of GFAP and
AQP4 supports the second mechanism, as does our finding of
minimal AQP4 internalization iz vivo even following exposure
to large amounts of NMO-IgG in the form of a pathogenic
recombinant monoclonal antibody or of IgG from human
NMO sera. Moreover, if coinjected into brain with human com-
plement, the NMO-IgG as used here produces NMO-like
lesions with loss of AQP4, GFAP, and myelin, leukocyte infil-
tration, and deposition of activated complement (7). However,
intracerebral injection of NMO-IgG without complement does
not cause loss of AQP4 immunoreactivity (7). A therapy-rele-
vant consequence of our findings is that NMO pathology is
predicted to be reduced by maneuvers that lower expression of
AQP4 on the astrocyte surface or promote its internalization
following NMO-IgG binding, perhaps by interfering with
polarization mechanisms.

We found no significant internalization of glutamate trans-
porter EAAT?2 on astrocytes after exposure to high concentra-
tions of NMO-IgG, both by EAAT2 immunofluorescence and
by functional assay of glutamate uptake. EAAT2 and AQP4
cointernalization were previously demonstrated in AQP4-
transfected HEK-293 cells (13). Perhaps AQP4 overexpression
in HEK-293 cells produced interactions between EAAT2 and
AQP4 that do not occur in astrocytes. In the same study (13),
the reported reduction in EAAT2 and AQP4 expression in spi-
nal cord of NMO patients may be related to astrocyte loss
rather than cointernalization of AQP4 and EAAT2. Although
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FIGURE 6. Perivascular astrocyte surface localization of rAb-53 in vivo
following intracerebral injection. A, confocal microscopy showing rAb-53-
Cy3 (red) in brain stained for GFAP (green) and nuclei (blue) at 20 minand 1, 3,
and 24 h after injection. Arrowheads in merge image indicate astrocytes
stained for GFAP whose processes extend to the perivascular space. B, confo-
cal microscopy showing rAb-53-Cy3 (red) and the endothelial marker CD31
(green) at 3 h after injection. Arrowheads indicate rAb-53-Cy3 surrounding
CD31. C, confocal microscopy at 3 h after injection of Texas Red hydrazide (a
dye internalized by astrocytes, red) and rAb-53 (stained with a secondary
anti-human antibody, green). Arrowheads indicate astrocyte foot processes
extending to the perivascular space.

we think it unlikely, our data do not rule out the involvement of
glutamate excitotoxicity in NMO because impaired glutamate
uptake might occur by astrocyte loss rather than EAAT?2 inter-
nalization. Mice deficient in EAAT2 show lethal spontaneous
seizures and increased susceptibility to acute cortical injury due
to elevated levels of glutamate in brain (20). EAAT2 internal-
ization, if it occurred, would be predicted to produce a seizure
phenotype, which is not found clinically in NMO. We conclude
that EAAT?2 up-regulation by ceftriaxone would not have ther-
apeutic utility in NMO.

In conclusion, our data challenge two widely cited mecha-
nisms of NMO disease pathogenesis: NMO-IgG-induced
AQP4 internalization and NMO-IgG-induced EAAT?2 inter-
nalization. The continued exposure of NMO-IgG-bound
AQP4 at the astrocyte cell surface in NMO is likely an impor-
tant mechanism in NMO pathogenesis because it provides a
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continued focus for cytotoxic complement and leukocyte
interactions.
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