
LONGITUDINALLY EXTENSIVE NMO SPINAL CORD
PATHOLOGY PRODUCED BY PASSIVE TRANSFER OF NMO-IgG
IN MICE LACKING COMPLEMENT INHIBITOR CD59

Hua Zhang and A.S. Verkman
Departments of Medicine and Physiology, University of California, San Francisco, CA

Abstract

Spinal cord pathology with inflammatory, demyelinating lesions spanning three or more vertebral

segments is a characteristic feature of neuromyelitis optica (NMO). NMO pathogenesis is thought

to involve binding of immunoglobulin G anti-aquaporin-4 autoantibodies (NMO-IgG) to

astrocytes, causing complement-dependent cytotoxicity (CDC) and secondary inflammation,

demyelination and neuron loss. We investigated the involvement of CD59, a glycophosphoinositol

(GPI)-anchored membrane protein on astrocytes that inhibits formation of the terminal C5b-9

membrane attack complex. CD59 inhibition by a neutralizing monoclonal antibody greatly

increased NMO-IgG-dependent CDC in murine astrocyte cultures and ex vivo spinal cord slice

cultures. Greatly increased NMO pathology was also found in spinal cord slice cultures from

CD59 knockout mice, and in vivo following intracerebral injection of NMO-IgG and human

complement. Intrathecal injection (at L5-L6) of small amounts of NMO-IgG and human

complement in CD59-deficient mice produced robust, longitudinally extensive white matter

lesions in lumbar spinal cord. Pathology was most severe at day 2 after injection, showing loss of

AQP4 and GFAP, C5b-9 deposition, microglial activation, granulocyte infiltration, and

demyelination. Hind limb motor function was remarkably impaired as well. There was partial

remyelination and recovery of motor function by day 5. Our results implicate CD59 as an

important modulator of the immune response in NMO, and provide a novel animal model of NMO

that closely recapitulates human NMO pathology. Upregulation of CD59 on astrocytes may have

therapeutic benefit in NMO.
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1. INTRODUCTION

Neuromyelitis optica (NMO) is an autoimmune inflammatory disease of the central nervous

system that produces demyelinating lesions in spinal cord and optic nerve, and, to a lesser

extent, in brain [1, 2]. Most NMO patients are seropositive for autoantibodies against

aquaporin-4 (AQP4), a water-selective channel expressed in astrocytes throughout the

central nervous system, as well as in epithelial cells in some peripheral organs including

kidney and stomach [3]. Immunoglobulin G anti-AQP4 antibodies, called NMO-IgG (or

AQP4-IgG), are pathogenic in NMO by a mechanism that involves binding to astrocyte

AQP4, complement-dependent cytotoxicity (CDC), antibody-dependent cell-mediated

cytotoxicity (ADCC), and inflammation with a prominent granulocyte and macrophage

response, which leads to secondary oligodendrocyte injury, demyelination and neuronal

injury [4-8].

Complement plays a central role in NMO pathogenesis. NMO lesions show prominent

vasculocentric deposition of activated complement [9-13]. NMO-IgG and complement

produce CDC in AQP4-expressing cell cultures, and characteristic NMO pathology in ex

vivo spinal cord slice and optic nerve cultures [14]. Intracerebral injection or continuous

infusion of NMO-IgG and complement in mice produces characteristic NMO pathology

[15-17]. An open-label trial (NCT00904826) of a monoclonal antibody, eculizumab, which

binds to C5 and inhibit its cleavage by C5 convertase, showed benefit in NMO, reducing the

recurrence rate in NMO patients with severe disease [18].

Motivated by the central role of complement and CDC in NMO pathogenesis, we postulated

that complement inhibitor proteins might modulate the immune response in NMO, and

perhaps explain, in part, the marked NMO pathology seen in spinal cord and optic nerve

compared with brain and peripheral AQP4-expressing tissues. The major membrane-

associated complement regulatory proteins in humans include CD59, CD55 (alternative

name DAF, decay acceleration factor), CD46 (alternative name MCP, membrane cofactor

protein) and CD35 (type 1 complement receptor) [19]. CD59 is a phosphoinositol-linked

glycoprotein that inhibits the terminal membrane attack complex consisting of complement

proteins C5b through C9 [20]. CD55 prevents the formation of C3–C5 convertases and

accelerates the degradation of these preformed enzymes. CD35 and CD46 act as cofactors

that inactivate C3b and C4b through factor I [19]. As described in the discussion section,

loss-of-function mutations in complement inhibitor proteins cause human diseases.

Here, we investigated the role of CD59 in NMO pathogenesis. CD59 is the major

complement inhibitor protein in human astrocytes and glioma cell lines [19, 21-23]. In mice,

there are two isoforms of CD59, CD59a and CD59b, with only CD59a in the CNS where it

is expressed mainly in astrocytes but weakly in oligodendrocytes and neurons [24]. We

studied the role of CD59 in NMO using primary astrocyte cultures, ex vivo spinal cord slice

cultures, and in vivo mouse models of NMO, including a novel intrathecal injection model.

CD59 function was investigated using a specific neutralizing monoclonal antibody and

CD59 knockout mice. We found remarkably increased NMO-IgG-dependent cytotoxicity

and NMO pathology in CD59 knockout mice, with the development of longitudinally
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extensive NMO pathology, as found in human NMO. The data implicate CD59 as an

important determinant in NMO pathogenesis and hence a novel therapeutic target in NMO.

2. MATERIALS AND METHODS

2.1. Mice

In vivo studies were performed on 8-to-10-week-old, weight-matched BALB/c wild-type

and CD59−/− mice (CD59atm1Song/tm1Song, purchased from MMRRC, Davis, CA) [25]. For

behavioral testing, litter-matched wild-type and CD59−/− knockout mice were compared.

Mice were maintained in air-filtered cages and fed normal mouse chow in the University of

California, San Francisco (UCSF) Animal Care facility. All procedures were approved by

the UCSF Committee on Animal Research.

2.2. Cell culture

Primary astrocyte cultures were prepared from cortex of wild-type and CD59−/− neonatal

mice, as described [26]. Briefly, the cerebral hemispheres were isolated and cortical tissue

was minced and incubated for 15 min at 37 °C in 0.25% trypsin-EDTA. Dissociated cells

were centrifuged at 500 g for 5 min and resuspended in Dulbecco’s Modified Eagle Medium

(DMEM) containing 10% FBS and 1% penicillin/streptomycin in T75 flasks and grown at

37 °C in a 5% CO2 incubator. After cell confluence (8-10 days), flasks were shaken in a

rotator at 180 rpm overnight to purify astrocytes. The medium was replaced with DMEM

containing 3% FBS and 0.25 mM dibutyryl cAMP (Sigma-Aldrich, St. Louis, MO) to

induce differentiation. Cultures were maintained for up to an additional 2 weeks with twice

weekly media changes. Immunocytochemistry showed that >95% of the cells stained for the

astrocytic marker, glial fibrillary acidic protein (GFAP, Millipore, Billerica, MA).

2.3. Antibodies and sera

Recombinant monoclonal NMO antibody rAb-53 (referred to as NMO-IgG) was generated

from a clonally expanded plasma blast population from cerebrospinal fluid of an NMO

patient, as described and characterized previously [27, 28]. Briefly, antibody variable heavy

and light chains were PCR-amplified from CD138+ plasma cells; one such recombinant

antibody with high-affinity AQP4 binding, rAb-53, was generated using an IgG1 constant

region. rAb-53 has been showed to produce NMO pathology in vivo and in vitro [7, 17, 28].

NMO serum was obtained from seropositive individuals who met the revised diagnostic

criteria for clinical disease. Non-NMO (seronegative) human serum was used as control. In

some studies IgG was purified from NMO or control serum using a Protein A-resin

(GenScript, Piscataway, NY) and concentrated using Amicon Ultra Centrifugal Filter Units

(Millipore).

2.4. Complement-dependent cytotoxicity (CDC)

Astrocyte cultures were trypsinized and re-plated onto 96-well microplates at a density of

20,000 cell/well and grown for 48 h. In some studies a CD59 neutralizing antibody (7A6,

binding to CD59a, 10 μg/mL, provided by Dr. B.P. Morgan, Cardiff University, UK) or

phosphatidylinositol-specific phospholipase C (PI-PLC, 0.5 U/mL, Invitrogen, Carlsbad,

CA) were added 1 h prior to experiments. Human complement (Innovative Research, Novi,
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MI) and NMO-IgG were then added in Hank’s buffer, and cells were incubated at 28 °C for

2 h. Cytotoxicity was measured by the Alamar Blue assay (Invitrogen).

2.5. NMO-IgG binding

Astrocyte cultures were trypsinized and re-plated onto 96-well microplates at low density

and grown for 48 h. As described [29], cells were incubated for 30 min in live cell blocking

buffer (phosphate-buffered saline (PBS) containing 6 mM glucose, 1 mM sodium pyruvate,

1 % BSA) and then incubated for 2 h with NMO-IgG in blocking buffer. Cells were then

rinsed in PBS, fixed in 4 % paraformaldehyde for 15 min, and permeabilized with 0.1 %

Triton X-100. Cells were incubated for 60 min with 0.4 g/ml of a polyclonal, C-terminal-

specific rabbit anti-AQP4 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and then

for 30 min with 4 g/ml goat anti-human IgG-conjugated Alexa Fluor 488 and 4 g/ml goat

anti-rabbit IgG-conjugated Alexa Fluor 555 (Invitrogen) in blocking buffer. Red and green

fluorescence was imaged on a Nikon Eclipse TE2000S inverted epifluorescence microscope

(Nikon, Melville, NY). Binding affinity was determined by nonlinear regression of

background-subtracted green/red fluorescence intensity ratios [29].

2.6. In vivo intracerebral injection model

As described [17], mice were implanted with an osmotic minipump (Alzet 1003D,

Cupertino, CA) with the needle positioned in the right lateral brain (from the bregma,

medial-lateral +1.5 mm and dorsal-ventral +0.5 mm, 2.5 mm below the dura). NMO-IgG

and human complement were dissolved in PBS and delivered for 3 days at 0.5 μg per day

and 16.7 μl of per day, respectively. Control mice were implanted identically with an

osmotic minipump that delivered control IgG and complement. Mice were perfused through

the cardiac ventricle with 4% paraformaldehyde in saline and frozen sections of brain were

cut at 10-μm thickness.

2.7. Ex vivo spinal cord slice model of NMO

Transverse slices of cervical spinal cord from 7-day old wild-type and CD59−/− mice were

cut at 300-μm thickness using a vibratome (S1000, Leica, Wetzlar, Germany) and placed in

ice-cold Hank’s balanced salt solution (HBSS, pH 7.2), as described [14]. Slices were placed

on transparent membrane inserts (Millipore, Millicell-CM 0.4-μm pores, 30 mm diameter) in

6-well plates containing 1 ml culture medium, with a thin film of culture medium covering

the slices. Slices were cultured in 5 % CO2 at 37 °C for 7 days in 50 % MEM, 25 % HBSS,

25 % horse serum, 1 % penicillin-streptomycin, 0.65 % glucose and 25 mM HEPES. Slices

were then incubated with rAb-53 (10 μg/mL) and human complement (5 %), with or without

the CD59a neutralizing antibody (7A6, 10 μg/mL) or PI-PLC (0.5 U/mL).

2.8. L5-L6 spinal cord intrathecal injection model

For intrathecal injection, mice were anesthetized using isoflurane. The spinal cord was

punctured between L5 and L6 vertebra using a 28-gauge insulin needle to break the dura,

which produced a tail flick indicating needle contact with nerve bundles at L6 [30]. A 30-

gauge flat needle attached to 10 μl gas-tight glass syringe (Hamilton, Reno, NV) was

inserted at the same position to infuse 10 μg of recombinant NMO-IgG or control IgG and 5
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μL human complement in a total volume of 10 μl (at 10 μl/min). In some experiments 50 μg

of IgG purified from NMO (or non-NMO) patient serum and 5 μL of human complement in

a total volume of 10 μl was injected. In some experiments, Evans blue was injected to study

diffusion. Mice were perfused with 4% paraformaldehyde in saline and frozen sections of

spinal cord were cut transversely or longitudinally at 10-μm thickness.

2.9. Motor function behavioral analysis

Established ledge and hind limb clasping tests were used to score motor function. In the

ledge test, mice were placed on the ledge of the cage, as described [31]. A wild-type mouse

will typically walk along the ledge without losing balance, and lower itself back into the

cage gracefully using its paws (scored as 0). Degrees of impairment include loss of footing

while walking along the ledge, but otherwise good coordination (score 1), ineffective use of

hind legs and landing on its head rather than its paws when descending into the cage (score

2), and falling from ledge while walking or attempting to lower itself, or shaking and

refusing to move despite encouragement (score 3). Hind limb clasping has been used as a

marker of disease progression in mouse models of neurodegeneration caused by

demyelination and axon pathology [32]. The mouse is grasped by the tail near its base and

lifted for 10 seconds. The hind limbs are consistently splayed outward away from the

abdomen in a normal mouse (scored 0). Degrees of impairment include retractions of one

hind limb toward the abdomen for >50% of the time suspended (score 1), partial retraction

of both hind limbs toward the abdomen for >50% of the time suspended (score 2), and entire

retraction of its hind limbs for >50% of the time suspended (score 3). The scores from the

ledge and hind limb tests were summed and averaged. The assessments were performed

blinded to mouse genotype and treatment condition. Each test was repeated 3 times. Some

mice were subjected to footprint analysis [33] in which the hind limbs were covered by ink

and the mouse was allowed to walk across a narrow strip of paper. Stride length was

reported as the mean of 4-5 sequential steps.

2.10. Immunofluorescence

Cultured astrocytes and spinal cord slice cultures were fixed with 4% paraformaldehyde for

15 min and incubated in blocking solution (PBS containing 1% BSA and 0.2% Triton

X-100) for 1 h. Frozen sections of brain and spinal cord were post-fixed with 4%

paraformaldehyde for 5 min and incubated in blocking solution for 1 h. Slides were then

incubated for 2 h with antibodies against GFAP (1:1000; Millipore), AQP4 (1:200, Santa

Cruz Biotechnology), ionized calcium binding adaptor molecule 1 (Iba1; 1:1000, Wako,

Richmond, VA), C9neo (1:100, Santa Cruz Biotechnology), myelin basic protein (MBP,

1:100, Santa Cruz Biotechnology), CD45 (1:10; BD Biosciences, San Jose, CA), anti-

neutrophil (Ly6G antibody; 1:100; eBioscience, San Diego, CA), anti-eosinophil (Siglec F

antibody; 1:50; BD Biosciences), albumin (1:100, Santa Cruz Biotechnology), cleaved

Caspase-3 (Asp175) antibody (1:100, Cell Signaling, Danvers, MA), CD59 (7A6, 5 μg/mL),

CD55 (clone RIKO-3, LifeSpan BioSciences, Seattle, WA), βIII tubulin (Tuj1, 1:500,

Millipore) and Olig2 (1:200, Millipore), followed by the appropriate species-specific Alexa

Fluor–conjugated secondary antibody for 1 h (5 g/ml each, Invitrogen). In some experiment,

CD59 (7A6) antibody was biotinylated (Miltenyi Biotec Inc, Auburn, CA) and detected by

streptavidin-Alexa Fluor® 555 Conjugate (Invitrogen) to reduce background. After rinsing
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in PBS, sections were mounted with VectaShield (Vector Laboratories, Burlingame, CA).

Immunofluorescence was visualized on a Leica fluorescence microscope or Nikon confocal

microscope.

2.11. Immunoblot

Mice tissues were isolated and homogenized in RIPA buffer (Cell Signaling) containing

serine protease inhibitor (Sigma). Homogenates were centrifuged at 1500 g for 5 min and

the supernatant was collected and stored at −80 °C. Protein concentration was measured

using the Bio-Rad Protein Assay Kit II (Bio-Rad Laboratories, Hercules, CA). Proteins were

resolved on 12% BT SDS-PAGE gels (Invitrogen) and electrotransferred to a nitrocellulose

membrane. The membrane was incubated with rabbit anti-AQP4 or rabbit anti-CD59

antibody (Santa Cruz Biotechnology) or anti-β-actin antibody (GE Healthcare, Piscataway,

NJ) followed by horseradish peroxidase-linked anti-rabbit IgG or anti-mouse IgG (1:10.000,

GE Healthcare), and visualized by enhanced chemiluminescence (GE Healthcare).

3. RESULTS

3.1. CD59 expression in mouse central nervous system and peripheral tissues

Immunofluorescence showed CD59 expression throughout mouse brain, spinal cord and

optic nerve, with more in white than gray matter in brain and spinal cord (Fig. 1a). Spinal

cord sections showed partial CD59 co-localization with astrocyte marker AQP4 and

oligodendrocyte marker MBP in white matter (Fig. 1b); high magnification showed CD59

expression on astrocytes and oligodendrocytes in white matter (Fig. 1c). In spinal cord grey

matter, CD59 is coexpressed with AQP4 at relatively low density, with little CD59 on

astrocyte end-feet where AQP4 is enriched; CD59 was not seen on neurons or microglia

(Fig. 1c). In kidney, CD59 was seen in multiple cell types with enrichment in collecting duct

epithelial cells where AQP4 is expressed (Fig. 1d). CD59 was also expressed strongly in

skeletal muscle, where AQP4 is weakly expressed. Immunoblot analysis of tissue

homogenates showed high AQP4 expression throughout the CNS, greater in homogenates of

spinal cord and optic nerve than brain, with relatively little AQP4 in kidney and skeletal

muscle homogenates (Fig. 1e). Though AQP4 expression is high in kidney collecting duct

cells as seen in Fig. 1d, the collecting duct makes up only a small part of total kidney

homogenate, which is the reason for the lack of detection by immunoblot. CD59 expression

was low in homogenates of spinal cord, hippocampus and optic nerve, and relatively high in

kidney and skeletal muscle.

3.2. CD59 protects astrocytes from NMO-IgG and complement-dependent cytotoxicity

AQP4 and CD59 were strongly expressed at the plasma membrane in well-differentiated

primary astrocyte cultures from wild-type (CD59+/+) mice (Fig. 2a). CD59

immunofluorescence was not seen in astrocytes from CD59−/− mice. The CD59+/+ and

CD59−/− astrocytes showed no CD55 expression. AQP4 expression and binding of NMO-

IgG to AQP4 were comparable in the CD59+/+ and CD59−/− astrocyte cultures (Fig. 2b).

The CD59−/− astrocyte cultures were remarkably more susceptible to CDC than the CD59+/+

cultures, as measured using an Alamar blue assay following incubation with NMO-IgG and
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human complement (Fig. 2c). Increased susceptibility was also seen following treatment of

CD59+/+ astrocyte cultures with a CD59 neutralizing antibody [34], or with PI-PLC, which

cleaves all membrane-bound GPI proteins including CD59 and CD55 (Fig. 2d) [35, 36]. PI-

PLC treatment did not further increase CDC in the CD59−/− astrocyte cultures (Fig. 2d),

supporting the conclusion that CD59 is the major complement inhibitor protein on mouse

astrocytes.

3.3. CD59 protects against NMO pathology in ex vivo spinal cord slice cultures

CD59 function was also studied in an ex vivo spinal cord slice culture model in which

NMOIgG and complement exposure produces loss of AQP4, GFAP and myelin [14].

Vibratome-cut spinal cord slices from 7-day-old CD59+/+ and CD59−/− mice were cultured

for 7 days, then submaximal NMOIgG and human complement were added for 24 h, after

which slices were immunostained for markers of NMO pathology. Fig. 3a shows AQP4,

GFAP and MBP immunofluorescence, together with lesion scores (0: no pathology; 4:

severe pathology). Marked loss of AQP4 and GFAP was seen in the CD59−/− slices, with

little pathology in the CD59+/+ slices under the conditions of the experiment. Treatment of

CD59+/+ slice cultures with the mCD59a neutralizing antibody or with PI-PLC greatly

increased NMO-IgG and complement-dependent pathology.

As CD59 prevents membrane attack complex formation, we confirmed increased C9neo

deposition on the CD59−/− spinal cord slice cultures. In CD59+/+ slice cultures C9neo

deposition was seen at 6 h with little at 2.5 h, whereas in the CD59−/− slice cultures C9neo

deposition was seen at 2.5 h, and was quite marked at 6 h (Fig. 3b). Greater C9neo

deposition was also seen in the CD59+/+ slice cultures treated with CD59 neutralizing

antibody or PI-PLC. PI-PLC did not further increase C9neo deposition in the CD59−/− slice

cultures. At 6 h there was little effect on AQP4 staining in both the CD59+/+ and CD59−/−

slice cultures (not shown), whereas AQP4 staining was reduced at 24 h as seen in Fig. 3a.

3.4. CD59 deficiency increases NMO pathology in brain produced by intracerebral infusion
of NMO-IgG and complement

We postulated that the increased susceptibility of CD59-deficient astrocyte cultures to CDC,

and of spinal cord slice cultures to NMO pathology, would translate to increased NMO

susceptibility in vivo. In a first set of studies submaximal NMO-IgG and human complement

was infused continuously into mouse brain over 3 days (Fig. 4a). Under these conditions

small lesions with loss of AQP4 and MBP were seen in brains of CD59+/+ mice, which were

much larger in brains of CD59−/− mice (Fig. 4b). In control studies infusion of complement

and control-IgG did not produce NMO pathology in the CD59+/+ or CD59−/− mice. Staining

with an anti-human secondary antibody (Fig. 4a, top row of micrographs) showed

comparable areas of NMO-IgG deposition in this model. CD59−/− mice showed areas of

parallel AQP4 and MBP loss, whereas CD59+/+ mice showed less loss of MBP than AQP4

(Fig. 4c, d). Greater inflammation was seen in the CD59−/− mice, as judged from CD45-

positive leukocytes and Iba1-positive microglia/macrophages in the lesion (Fig. 4c).
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3.5. Intrathecal administration of NMO-IgG and complement produces longitudinally
extensive white-matter lesions in CD59-deficient mice

A major pathological feature in spinal cord in human NMO is demyelinating pathology

spanning three or more vertebral segments. NMO-IgG and human complement were

injected intrathecally between L5 and L6 levels (Fig. 5a, left). As shown by the Evans blue

diffusion (Fig. 5a, middle), the injected dye diffused to the lumbar spinal cord subarachnoid

space by 1 hour and throughout the cerebral ventricles by 24 hours. Notably, lesions were

seem mainly in the lumbar spinal cord and not in brain, which might due to limited diffusion

limit of NMO-IgG and/or human complement. Fig. 5a (right) shows longitudinally extensive

spinal cord pathology (over 3 segments) in a CD59−/− mouse at 2 days after NMO-IgG and

complement injection, as seen by loss of AQP4 near the pia matter and at multiple locations

in white matter. CD59+/+ mice showed no pathology with the same amount of injected

NMO-IgG and human complement, indicating a major protective role of CD59 in this

model. High magnification immunofluorescence of human IgG and AQP4 in Fig. 5b shows

greater antibody deposition and AQP4 loss in spinal cord slices from CD59−/− than CD59+/+

mice. Administration of NMO-IgG or human complement individually did not cause

pathology in CD59−/− mice or CD59+/+ mice. Longitudinally extensive loss of AQP4 and

GFAP in white matter, as well as albumin extravasation, was seen in CD59−/− mice (Fig.

5c), indicating blood-spinal cord barrier disruption. Transverse sections also showed

extensive damage to pia matter and much of the white matter, with loss of AQP4 and GFAP

in the lesions, and reactive astrocytes with increased GFAP staining near the lesions (Fig.

5c). High magnification (right panels in Fig. 5c) showed reduced MBP in CD59−/− mice

with destruction of the normal nerve pattern near the dorsal horn. The pathology in spinal

cord white matter lesions is similar to that reported in human NMO lesions [12, 14, 37].

CD59−/− mice showed loss of AQP4, GFAP and MBP, motor neuron apoptosis (cleaved

caspase 3), deposition of NMO-IgG and C9neo, and infiltration of macrophages/microglia,

neutrophils and eosinophils in the spinal cord white matter (Fig. 5d). Fig. 5e indicates

significantly reduced MBP and AQP4 in the L5 segment of spinal cord white matter in the

CD59−/− mice at day 2.

Behavioral studies showed impaired motor function in the CD59−/− mice receiving

intrathecal NMO-IgG and complement. At day 2, gait abnormalities were seen as assessed

from footprint pattern analysis during ambulation along a narrow corridor (Fig. 6a). Control

mice ambulated in a straight line with a regular alternating gait, whereas the CD59−/− mice

receiving NMO-IgG and complement showed shorter average stride length. CD59+/+ mice

receiving NMO-IgG and complement showed no difference in stride length. The ledge test,

which assesses hind limb weakness, showed progressive impairment in motor function

beginning by day 2, with partial recovery at day 5 (Fig. 6b). Only minor motor impairment

was seen in identically treated CD59+/+ mice and in CD59−/− mice treated with control IgG.

Similar studies done in CD59−/− mice administered purified IgG from human NMO sera

together with complement also showed impairment in motor function (Fig. 6c).

To characterize the time course over which NMO pathology develops, CD59−/− and

CD59+/+ mice receiving NMO-IgG or control antibody were sacrificed at 1 and 5 days after

intrathecal administration of NMO-IgG and complement. Fig. 6d shows early astrocyte
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damage at day 1 with loss of AQP4 and abnormal GFAP morphology in white matter.

Marked inflammation was seen as infiltration of neutrophils and macrophages/microglia;

however, myelin was preserved at 1 day. Partial recovery was seen at day 5 with increased

AQP4 and GFAP expression (Fig. 6e, top). Loss of myelin and aggregated microglia/

macrophage were seen in the lesions, with few neutrophils and eosinophils (data not shown).

Interestingly, more grey matter lesions were seen at day 5, with loss of AQP4 and an

abnormal pattern of GFAP expression near blood vessels (Fig. 6e, bottom). Microglia near

the lesion were activated, but no loss of MBP was seen. Fig. 6f shows early AQP4 loss at

day 1 in spinal cord white matter, which was greater at day 2, with partial recovery at day 5.

Reduced MBP was seen at days 2 and 5. At day 5, remyelination was seen as increased

number of Olig 2-positive oligodendrocyte precursor cells in white matter where the myelin

was lost (Fig. 6g).

3.6. Increased CD59 expression in wild-type mice following NMO-IgG and complement
administration

We investigated the possibility that CD59 up-regulation might occur following induction of

spinal cord NMO pathology, which may be a compensatory protective response. Fig. 7a

shows a robust increase in CD59 immunofluorescence in white matter of lumbar spinal cord

in CD59+/+ mice. Immunoblot also showed increased CD59 in lumbar spinal cord of mice

receiving NMO-IgG and complement but not in control mice receiving NMO-IgG only or

complement together with control IgG (Fig. 7b). In the brain infusion model, up-regulation

of CD59 was seen near lesions, both on oligodendrocytes and astrocytes (Fig. 7c).

4. DISCUSSION

The major findings of this study are: (i) greatly increased cytotoxicity and NMO pathology

produced by NMO-IgG and complement following CD59 inactivation; (ii) development of

longitudinally extensive NMO pathology in CD59-deficient mice following a single

intrathecal injection of NMO-IgG and complement; and (iii) up-regulation of CD59 around

NMO lesions. CD59 is a 77-amino acid membrane glycoprotein that regulates the terminal

components of the complement pathway by inhibiting formation of the cytolytic membrane

attack complex. The membrane attack complex, which is formed by the assembly of C5b,

C6, C7, C8 and multiple C9 molecules, is inhibited by CD59 [20]. We found here that

functional inactivation of CD59 by a neutralizing antibody or by the enzyme PI-PLC greatly

increased astrocyte susceptibility to CDC, as did CD59 deletion in mice, which translated to

more severe NMO pathology following passive transfer of NMO-IgG in mice and

development of human-like spinal cord pathology. In mice, there are two CD59 isoforms –

CD59a and CD59b. CD59a in mice resembles human CD59 as it is broadly distributed and

functions to regulate assembly of the membrane attack complex. CD59b, encodes a CD59-

like protein expressed only in testis [38]. Our study here applies to mouse CD59a, as CD59a

deficient mice and CD59a neutralizing antibody were used.

Complement can be activated by 3 pathways – the classical, alternative, and lectin pathways

[19, 39]. Complement dysregulation can produce inappropriate overactivation and

autoimmune disease [39]. The classical complement pathway is of primary importance in

Zhang and Verkman Page 9

J Autoimmun. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



NMO [1]. Mutations affecting complement regulators, including factor H, factor I, factor B

and CD46, are associated with atypical hemolytic-uremic syndrome, membranoproliferative

glomerulonephritis, dense-deposit disease, C3 glomerulonephritis and the HELLP syndrome

of pregnancy [40].

CD59 deficiency in humans causes paroxysmal nocturnal hemoglobinuria in which chronic

hemolysis results from hypersensitivity of erythrocytes to complement-mediated lysis.

CD59 deficiency in this disease can result from mutation in the PIGA (phosphatidylinositol

N-acetylglucosaminyltransferase subunit A) gene on the X chromosome, which impairs GPI

anchor function and CD59 cell surface expression [41]. A point mutation in CD59 was also

reported as the etiology of chronic hemolysis and childhood relapsing immune-mediated

polyneuropathy [42]. With regard to CNS-related diseases, CD59−/− mice show worse

outcome in models of Alzheimer’s disease, brain traumatic injury, focal cerebral ischemia

and experimental allergic encephalomyelitis [24, 43-46]. CD59 deficiency has not been

reported in NMO. Our study suggests that astrocyte CD59 is protective against NMO-IgG

induced pathology. The relatively high expression of CD59 in optic nerve and spinal cord

white matter may play a protective role in NMO. We speculate that down-regulation of

CD59 expression might trigger NMO disease. CD59 expression is altered in some bacterial

and viral infections, including hepatitis B [47] and the bacterial toxin intermedilysin [48];

several papers speculate without direct evidence that bacterial or viral infections are risk

factors in NMO [49]. Hyper-glycation of K41 in CD59 in type I diabetes produces loss of

function [42, 50]. Several case reports describe the co-existence of the other autoimmune

disorders with NMO, including insulin-dependent diabetes mellitus [51] and diabetes-related

peripheral neuropathy [52].

CD59 expression is relatively low in whole brain, as found here and in prior studies [38, 53].

However, CD59 is highly expressed on human peripheral blood leukocytes and erythrocytes,

as well as on endothelial cells, Schwann cells and some epithelial cells including salivary

gland acinar cells, bronchial epithelium, renal tubules and brain ependymal cells [38]. CD59

may thus play a protection role prevent NMO pathology in peripheral, AQP4-expressing

tissue. In addition to CD59, the major membrane-associated complement regulatory proteins

in humans include CD55, CD46 and CD35. CD55 and CD46 are relatively low in brain [54];

CD35 is absent in neurons and astrocytes [53]. CD55 was not detectable in mouse astrocyte

in our study here, and we did not study CD35 or CD46.

Modulation of complement inhibitor protein expression or activity has potential therapeutic

utility. The reported benefit of eculizumab in a small, open-label clinical trial supports the

utility of complement inhibition in NMO [18], as does our recent report demonstrating the

potential utility of a C1q-neutralizing monoclonal antibody [55]. The data here suggest

increased CD59 activity may reduce CDC and downstream inflammatory demyelination in

NMO. However, whether pharmacological up-regulation of CD59 would be beneficial is

unclear based on the mouse data here showing up-regulation of CD59 following induction of

NMO pathology. It was reported that cytokines, including TNF-α, IL-1β and IL-6, cause up-

regulation of CD55 and CD59 in human hepatoma cells [56] and human vascular endothelial

cells [57], suggesting that the up-regulation of CD59 found here might be caused by

increased cytokines in NMO lesions. In some tumor cell lines, sublytic membrane attack
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complex activation was reported to cause CD59 up-regulation by calcium-dependent PKA

and ERK signaling pathways [58, 59]. A soluble form of CD59, sCD59, has been shown to

have benefit in models of macular degeneration [60] and hepatic vascular endothelial

disease [61]. sCD59 fusions with membrane-binding peptide or Fc fusions protein have

shown benefit in a rat model of rheumatoid arthritis and a mouse model of AMD [62, 63].

Intrathecal injection is widely used in rat models in the pain field to locally administer

various agents to the L4-L6 spinal cord [64], but this approach has been used less frequently

in mice because of its technical difficulty and limitations in injected volume. The first

application, reported in the 1980s, was of intrathecal injection of morphine in mice [30]. We

adapted the method by injecting small amounts of human complement and NMO-IgG

between the L5 and L6 intervertebral space, with a greater than success in >80% of mice.

Injection of the same volume (10 μL) of vehicle did not produce pathology or motor deficit.

The diffusion of injected dye was slow due to the small cerebrospinal fluid space in spinal

cord, but after 24 h dye diffused into brain ventricles. The NMO pathology here was found

primarily in the lumbar area, which is probably related to the relatively high concentration of

complement. Though little NMO pathology was seen in wild-type mice, robust,

longitudinally extensive pathology was produced in CD59−/− mice following intrathecal

administration of NMO-IgG and complement. This model thus provides a potentially useful

animal model of NMO spinal cord disease. Prior models in which spinal cord pathology is

seen involve NMO-IgG administration to rats with pre-existing neuroinflammation produced

by EAE [27, 65]. In mice, intrathecal injection of complement and NMO-IgG from the

cisterna magna in wild-type mice produced minor ependymal damage after 7 days but no

spinal cord pathology [66].

In conclusion, our results implicate CD59 as an important determinant in NMO

pathogenesis, as it is a major regulator of NMO-IgG and complement-dependent

cytotoxicity in astrocytes, the initiating pathogenic process leading to inflammation,

oligodendrocyte injury and demyelination. CD59 up-regulation thus provides a novel and

potentially efficacious approach to reduce NMO pathology.
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Highlights

• CD59 is an important modulator of the immune response in NMO.

• CD59 inactivation greatly increases NMO-IgG cytotoxicity and NMO pathology

in mice.

• A single intrathecal injection of NMO-IgG in CD59 null mice produced

longitudinally extensive spinal cord pathology, as seen in human NMO.

• Upregulation of CD59 expression may be a new therapeutic option in NMO
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Fig. 1. CD59 expression in mice
a. CD59 and AQP4 immunofluorescence in brain cortex, optic nerve and spinal cord of

CD59+/+ and CD59−/− mice. GM grey matter, WM white matter. CD59 antibody isotype

control shown on the right. b. AQP4, MBP and CD59 immunofluorescence in spinal cord

white matter. c. High magnification of spinal cord white matter and grey matter showing

CD59 immunostaining with different cell markers - AQP4, MBP, Tuj1 and Iba1. Arrows

indicates co-expression, arrowheads astrocyte end-feet, V vessel. d. CD59 and AQP4

immunofluorescence in kidney and skeletal muscle of CD59+/+ and CD59−/− mice. e. CD59,

AQP4 and β-actin immunoblot of brain and peripheral tissue homogenates.
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Fig. 2. CD59 neutralization or deletion protects against NMO-IgG- and complement-dependent
cytotoxicity in astrocyte cultures
a. AQP4, CD59 and CD55 immunofluorescence in primary astrocyte cultures from CD59+/+

and CD59−/− mice. Insert shows CD55 staining of mouse lung as positive control. b. NMO-

IgG binding to astrocyte cultures shown as normalized ratio of NMO-IgG to AQP4

fluorescence (‘relative binding’), as a function of NMO-IgG concentration (S.E., n=6 ).

Differences not significant. c. CDC (by Alamar blue assay) in cultures incubated with 5%

(left) or 2% (right) human complement and NMO-IgG (0-20 μg/ml) (S.E., n=6, * P < 0.05,

comparing with CD59+/+ astrocytes). d. (top) Experimental protocol. MAC, membrane

attack complex. (middle) CDC in CD59+/+ astrocyte cultures without and after treatment

mCD59a neutralizing Ab (CD59 Ab, 10 μg/mL, S.E., n=6, # P < 0.05, comparing with the

untreated group) or PI-PLC (0.5 U/mL) (S.E., n=6, * P < 0.05, comparing with the untreated

group). (bottom) CDC in control and PI-PLC-treated CD59−/− astrocyte cultures (S.E., n=6).
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Fig. 3. CD59 neutralization or deletion protects against NMO-IgG-dependent CDC and
demyelination in ex vivo spinal cord slice cultures
a. Vibratome-cut spinal cord slices from CD59+/+ and CD59−/− mice were cultured on a

porous support for 7 days, followed by addition of NMO-IgG (5 μg/mL) and submaximal

human complement (5%), CD59 Ab (10 μg/mL) or PI-PLC (0.5 U/mL). (left) AQP4, GFAP

and MBP immunofluorescence of spinal cord slices. (right) Summary of pathology scores

(S.E., 5 slices per condition, * P < 0.001). b. (left) C5b-9 immunofluorescence after 1, 2.5

and 6 h incubation with human complement (5 %) and NMO-IgG (10 μg/mL), with or

without CD59 Ab (10 μg/mL) or PI-PLC (0.5 U/mL). (right) C9neo / AQP4

immunofluorescence ratios (S.E., 6 slices per condition, * P < 0.01).
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Fig. 4. Greatly increased NMO pathology in CD59−/− mice following intracerebral infusion of
NMO-IgG and human complement
a. Diagram of the mini-pump infusion model. b. NMO-IgG (‘human IgG’ using anti-human

secondary antibody), AQP4 and MBP immunofluorescence at 3 days after continuous

infusion of NMO-IgG and complement in CD59+/+ and CD59−/− mice. White line indicates

the needle track and dashed line the lesion area (representative of 6 mice per group). c.
Higher magnification showing AQP4, MBP, CD45 and Iba1 immunofluorescence in the

lesion and in contralateral brain. Dashed line indicates the boundary of AQP4 loss. L: lesion

area. d. Summary of areas of AQP4 and MBP loss, and relative MBP vs. AQP4 loss (S.E.,

n=6, * P < 0.05).
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Fig. 5. Longitudinally extensive white-matter lesions in CD59−/− mice after intrathecal injection
of NMO-IgG and human complement
a. (left) Diagram of the intrathecal injection model: 10 μg of recombinant NMO-IgG (or

control IgG) and 5 μL human complement in total volume of 10 μL was injected. (middle)

Evan’s blue dye diffusion at 1 and 24 h after intrathecal injection at L6 (representative of 5

mice per time point). (right) Diagram of spinal cord showing lesion volume along with

transverse sections (arrows indicate lesion). Scale bar: 200 μm. Representative of 3 mice per

group. b. Human IgG and AQP4 immunofluorescence in transverse spinal cord sections of

CD59+/+ and CD59−/− mice treated as indicated. Dashed line indicates the edge of white
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matter, solid line the interface between white and grey matter, and arrow the lesion. c.
AQP4, GFAP, and albumin immunofluorescence in longitudinal (left) and transverse (right)

spinal cord sections in CD59+/+ and CD59−/− mice at 2 days after receiving NMO-IgG and

human complement. Dashed line indicates the edge of white matter and arrow the lesion.

High magnification of boxed regions shown at the right. Representative of 5 mice per group.

d. High magnification showing AQP4, GFAP, MBP, C9neo, human IgG, cleaved caspase3/7

(apoptotic cell marker), Siglec-F (eosinophil marker), Ly6G (neutrophil marker) and Iba1

(macrophage/microglia marker) immunofluorescence. WM: white matter. Dashed line

indicates the edge of white matter, solid line interface between white and grey matter, white

arrow the lesion, white arrowhead infiltrating cells, and yellow arrow apoptotic motor

neurons. e. AQP4 and MBP immunofluorescence in L5 spinal cord sections, showing

relative intensity normalized to control CD59+/+ or CD59 −/− sections. For each mouse, 3

different sections were averaged (S.E., n=5-6 mice, * P < 0.05).
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Fig. 6. Progression of NMO pathology in CD59−/− mice following intrathecal injection of
NMOIgG
a. Hind paw stride length at day 2 (S.E., 6-8 mice per group, * P < 0.01). b. Motor scores in

CD59+/+ and CD59−/− mice, treated with control or NMO-IgG and human complement

(S.E., 6-8 mice per group, * P < 0.01). c. Motor scores in CD59−/− mice receiving two NMO

sera (or control serum) and human complement at 3 days (S.E., n=4, * P < 0.01). d. AQP4,

GFAP, MBP, Iba1 and Ly6G immunofluorescence at 1 day after intrathecal injection

(representative of 5 mice). Dashed line indicates the edge of white matter, solid line the

interface between white and grey matter, white arrowhead infiltrating cells. e. AQP4, GFAP,

MBP and Iba1 immunofluorescence in white and grey matter at 5 days after intrathecal

injection. Solid line indicates interface between white and grey matter, yellow arrow

reactive astrocytes, white arrowhead aggregated microglia/macrophage, white arrow the
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lesion (representative of 5 mice per group). f. AQP4 and MBP immunofluorence in L5

spinal cord sections at different days after intrathecal injection, showing relative intensity

normalized to control CD59+/+ or CD59 −/− sections. For each mouse, 3 different sections

were averaged (S.E., n=5-6 mice, * P < 0.05). g. (left) Olig2 and MBP immunofluorescence

in white matter at day 5. White arrow indicates the lesion. (right) Olig2-positive cells in each

group (S.E., 5 mice studied with 5 contiguous sections analyzed per mouse, * P < 0.01).
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Fig. 7. CD59 up-regulation in CD59+/+ mice following induction of NMO pathology
a. (left) Expression of CD59 and AQP4 at the L4 level at 2 days after intrathecal injection of

control or NMOIgG and human complement, showing micrographs from two mice.

CD59−/− mouse shown as control (representative of 5 mice per group). b. CD59 and β-actin

immunoblot of spinal cord homogenates of three CD59+/+ mice. Data representative of 3

sets of experiments (S.E. n=3, * P < 0.05). c. (left) Diagram of brain infusion model. (right)

CD59 and AQP4 immunofluorescence in boxed regions. Dashed line indicates the edge of

AQP4 loss, L lesion area (representative of 5 mice per group).
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