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Neuromyelitis optica, a rare neuroinflammatory demyelinating disease of the CNS, is characterized by the presence of specific patho-

genic autoantibodies directed against the astrocytic water channel aquaporin 4 (AQP4) and is now considered as an astrocytopathy

associated either with complement-dependent astrocyte death or with astrocyte dysfunction. However, the link between astrocyte dys-

function and demyelination remains unclear. We propose glial intercellular communication, supported by connexin hemichannels and

gap junctions, to be involved in demyelination process in neuromyelitis optica. Using mature myelinated cultures, we demonstrate that

a treatment of 1 h to 48 h with immunoglobulins purified from patients with neuromyelitis optica (NMO-IgG) is responsible for a

complement independent demyelination, compared to healthy donors’ immunoglobulins (P50.001). In parallel, patients’ immunoglo-

bulins induce an alteration of connexin expression characterized by a rapid loss of astrocytic connexins at the membrane followed by

an increased size of gap junction plaques ( + 60%; P50.01). This was co-observed with connexin dysfunction with gap junction dis-

ruption (–57%; P50.001) and increased hemichannel opening ( + 17%; P50.001), associated with glutamate release. Blocking con-

nexin 43 hemichannels with a specific peptide was able to prevent demyelination in co-treatment with patients compared to healthy

donors’ immunoglobulins. By contrast, the blockade of connexin 43 gap junctions with another peptide was detrimental for myelin

(myelin density –48%; P50.001). Overall, our results suggest that dysregulation of connexins would play a pathogenetic role in neu-

romyelitis optica. The further identification of mechanisms leading to connexin dysfunction and soluble factors implicated, would pro-

vide interesting therapeutic strategies for demyelinating disorders.
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Introduction
Neuromyelitis optica (NMO) is a rare neuroinflammatory

demyelinating disease of the CNS that is considered an auto-

immune astrocytopathy (Kira, 2011; Ratelade and

Verkman, 2012; Jacob et al., 2013). Indeed, NMO is char-

acterized by the presence of autoantibodies (NMO-IgG)

directed against the astrocytic water channel aquaporin 4

(AQP4) and playing a key role in NMO physiopathology

(Lennon, 2005). NMO is a complex disease involving sev-

eral pathological mechanisms, as suggested by the presence

of six types of lesions referenced in patients (Misu et al.,
2013) such as: complement-dependent cell toxicity (Saadoun

et al., 2010), cytokine-mediated inflammation (Bradl et al.,

2009), inflammatory cell-mediated response (Bennett et al.,
2009) and autoantibody-mediated astrocytopathy (Hinson

et al., 2010; Marignier et al., 2010, 2016). This later mech-

anism is of particular importance in NMO. Given the con-

text of autoimmune astrocytopathy, an antibody targeting a

membrane protein can induce its internalization or intracel-

lular signalling, leading to a modification of physiological

cellular functions (Brimberg et al., 2015). We previously

showed that NMO-IgG induced, in association with AQP4

internalization, an alteration of membrane expression of glu-

tamate transporters on astrocytes associated with increased

levels of extracellular glutamate (Marignier et al., 2010,

2016). These alterations were co-observed in an original rat

model of NMO with myelin and axonal loss but the direct

link between astrocytopathy and demyelination remained

unclear.

Astrocytes are abundant glial cells known to be key ele-

ments in the maintenance of CNS homeostasis. Most astro-

cytic essential functions depend on the formation of a

neuroglial network, established and maintained by connex-

ins (Abrams and Rash, 2009). Connexins are transmem-

brane molecules assembling in hexameric units called

connexons, forming hemichannels, unopposed connexons,

or gap junction channels by the docking of two connexons

and these channels aggregate to form gap junction plaques.

Those two functions allow, respectively, exchanges with the

extracellular medium or quick cell-to-cell passage of small

metabolites and ions (e.g. ATP, glutamate, D-serine, calcium)

less than �1 kDa (Abrams and Rash, 2009; Giaume et al.,

2013). Several types of connexins (Cx) are expressed in the

CNS and their expression is particularly high in astrocytes,

which mainly express Cx43 and Cx30, and to a lesser extent

Cx26. Astrocytes are highly connected by gap junctions.

Oligodendrocytes also express a different set of connexins

composed of Cx47, Cx32 and Cx29 and can form gap junc-

tions with astrocytes. Glial connexins have many roles such

as intercellular signalling, via calcium wave propagation, ex-

change of metabolites and gliotransmission, essential for

neuronal functioning (Giaume and Venance, 1998; Giaume

et al., 2013). Moreover, connexins are actively implicated in

myelin formation and integrity since they sustain a dialogue

between astrocytes, oligodendrocytes and neurons (Cotrina

and Nedergaard, 2012; Nualart-Marti et al., 2013; Li et al.,

2014; Niu et al., 2016). Connexin expression and gap junc-

tion channel and hemichannel functions are highly regulated

under physiological conditions and can be altered under

pathological conditions by a decrease of extracellular cal-

cium levels, proinflammatory cytokines or post-translational

modifications (Retamal et al., 2007; Giaume et al., 2013;

Orellana et al., 2013; Solan and Lampe, 2014; Su and Lau,

2014).

Connexin alterations, especially astrocytic Cx43, have

been identified and linked to the severity of the disease in

multiple sclerosis and NMO (Masaki et al., 2013).

Moreover, a functional link between AQP4 and Cx43 has

been identified, supporting the hypothesis of a connexinop-

athy induced by autoantibodies directed against AQP4 in

NMO (Nicchia et al., 2005). All those observations led us to

hypothesize that a disruption of intercellular communica-

tions could be one mechanism explaining the link between

astrocytopathy and demyelination in the setting of NMO. In

this study we proposed to evaluate the potential involvement

of connexins in demyelination induced by NMO-IgG.

Materials and methods

Patient samples and IgG
purification

Plasmapheresis of 10 patients from the French cohort
NOMADMUS, diagnosed as NMO spectrum disorder
(Wingerchuk et al., 2015) were selected from NeuroBioTec bio-
bank (Lyon University Hospital). Eight patients tested positive
for anti-AQP4 immunoglobulin of type G (IgG) and negative
for anti-myelin oligodendrocyte glycoprotein (MOG) IgG, on a
cell-based assay. One patient tested positive for anti-MOG auto-
antibodies and negative for anti-AQP4 autoantibodies. One pa-
tient tested negative for both anti-AQP4 and anti-MOG
autoantibodies. IgG purification was performed as previously
described (Marignier et al., 2010, 2016). NMO-IgGs purified
from different patients were termed NMO1 to NMO10;
Patients NMO1–NMO8 tested positive for anti-AQP4 autoanti-
bodies, Patient NMO9 was double seronegative and Patient
NMO10 tested positive for anti-MOG autoantibodies. Sera
from four healthy donors were collected from ‘Etablissement
Français du Sang’ and tested negative for anti-AQP4 IgG.
Purified IgG from healthy donors were termed as CTRL-IgG.
IgG purification was performed as previously described
(Marignier et al., 2010, 2016). NMO-IgGs and CTRL-IgGs
were used individually or pooled for cell treatment.

AQP4-IgG depletion

Anti-AQP4 antibody depletion was performed as previously
described (Marignier et al., 2016). Briefly, HEK-293 cells stably
transfected with human AQP4-M23 plasmid were seeded in six-
well plates at a density of 106 cells. IgG AQP4+ was added in
each well for 20 min at 37�C, CO2 atmosphere and gentle rota-
tion. Contact with cells was performed six times to deplete IgG
directed against AQP4. Adsorbed IgG were termed NMOdep.
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Cell culture

Mixed glial cell and astrocytic cultures

Primary mixed glial cell cultures were obtained from cortices of
1-day-old rat pups; microdissection and mechanical disruption
were done as previously described (Marignier et al., 2010,
2016). To obtain a pure culture of astrocytes, cells were treated
with 1 mM of cytosine arabinoside on day in vitro (DIV) 8 and
DIV13. Cells were kept for 18 to 22 days before treatment and
were used for morphological and biochemical studies.

Myelinating culture

Primary myelinated cultures were obtained from Day 15 embry-
onic rat spinal cord as previously described (Thomson et al.,
2008). Briefly, plates and culture chambers were coated with
poly-L-lysine (13 mg/ml in sterile water). Cortical astrocytes,
from pure astrocyte culture as described above, were detached
with AccutaseVR solution (Sigma A6964) and resuspended in glial
cell culture medium at a density of 200 000 cells/ml. These
astrocytes were left to attach for 5 days before myelinating cul-
ture plating and were used to improve myelination as described
previously (Sorensen et al., 2008). Following dissection of em-
bryonic spinal cords, mechanic and enzymatic dissociation, cells
were counted, and final volume was adjusted to obtain 700 000
cells/ml in plating medium [Dulbecco’s modified Eagle medium
(DMEM) 1 g/l glucose supplemented with 1% penicillin strepto-
mycin, 25% horse serum, 25% Hanks’ balanced salt solution
(HBSS)]. Next, 200 000 cells per chamber or 400 000 cells per
well, were left to attach for at least 2 h at 37�C with 5% CO2.
Finally, differentiation medium (DMEM GlutaMAXTM 4.5 g/l
glucose supplemented with 1% penicillin streptomycin, 0.5%
N2 supplement (ThermoFisher 1750258), 10 ng/ml biotin, 50
nM hydrocortisone, 10 mg/ml insulin) was added in a propor-
tion of 40% of total volume. Half the culture medium was care-
fully replaced three times a week and insulin was omitted from
culture medium after DIV12. Cells were kept from DIV14 to
DIV28 and treated at DIV26 when myelination was optimum
(Supplementary Fig. 1L–N), to be used for biochemical and
morphological studies.

Cell treatments

Cultures were treated for 1 h to 48 h with either culture me-
dium (no treatment condition) or purified IgG from healthy
donors (CTRL-IgG) or from patients with NMO (NMO-IgG) at
a concentration of 0.4 mg/ml. For connexin activity examin-
ation, treatments with connexin modulators were used: carbe-
noxolone (50 mM) was applied 5 min before dye uptake and
scrape loading assays; GAP27, a specific mimetic peptide target-
ing the Cx43 extracellular loop (sequence SRPTEKTIFII) and
blocking Cx43 gap junction channels and hemichannels (Evans
and Leybaert, 2007) was applied 60 min before scrape loading
assay; lipopolysaccharide (LPS) at 10 ng/ml was applied 24 h
before dye uptake assay to induce hemichannels opening (De
Vuyst et al., 2007). To test the implication of connexins in de-
myelination, we co-treated myelinated cultures with GAP19
(344 mM), a mimetic peptide specific of Cx43 intracellular loop
(sequence KQIEIKKFK) blocking specifically Cx43 hemichan-
nels (Abudara et al., 2014), together with no treatment, CTRL-
IgG or NMO-IgG for 48 h or we treated myelinated cultures
with GAP27 alone (260 mM) for 48 h. GAP19 and GAP27 pep-
tides were synthetized by Pepnome Inc. with a purity of 95%.

Immunocytochemistry

Immunocytochemistry (ICC) labelling of cultured cells was per-
formed as described before (Marignier et al., 2010)
(Supplementary Table 1). For myelination evaluation, myelin
basic protein (MBP) and phosphorylated neurofilament (pNF)
were co-labelled at DIV28 after 48 h treatment. Twenty fields
per condition and per experiment were taken, by investigators
blinded for treatment condition, with a fluorescent microscope
equipped with epifluorescence (Axio Imager Z1 apotome tech-
nology, Zeiss). Image analysis was performed using ImageJ soft-
ware. The density of myelinated axons was performed by
measuring the area fraction represented by MBP or pNF immu-
noreactivity and making the ratio of the amount of MBP on
pNF. The length of myelinated segments was also measured
using the segmented line tool of ImageJ.

Transmission electron microscopy

Transmission electron microscopy (TEM) was performed at the
CIQLE facilities (Centre d’Imagerie Quantitative Lyon-Est) as
described before (Marignier et al., 2016) on myelinated cultures.
Approximately 20 fields per condition were taken to examine
gap junction plaques, characterized by a specific aspect in TEM
with a reduced intercellular space of �2–4 nm. Gap junction
channels plaque size was evaluated using the segmented line
tool of ImageJ software.

Cell fractioning assay and western blot analysis

Membrane fraction of cultured astrocytes was isolated using the
ProteoExtractV

R

subcellular proteome extraction kit (Calbiochem
539790) and following user protocol. Briefly, cells were
detached using AccutaseVR solution and centrifuged at 300g for
5 min. Then cell pellets were washed trice by addition of wash-
ing buffer followed by 5 min incubation on a wheel and 10 min
centrifugation at 300g at 4�C. For membrane fraction extraction
(cell membrane and organelles), pellets were resuspended in buf-
fer number 2 containing protease and phosphatase inhibitors,
incubated 30 min at 4�C on a wheel and centrifuged at 5500g
10 min at 4�C. Supernatant was harvested and kept at –80�C
aliquoted. Then immunoblot (western blot) was performed on
membrane fraction as described before (Varrin-Doyer et al.,
2012; Marignier et al., 2016). Briefly, proteins were separated
on SDS-PAGE gels and transferred on nitrocellulose membrane.
Then immunodetection was performed with specific primary
antibodies (for dilution see Supplementary Table 1) and anti-
IgG secondary antibodies coupled with horseradish peroxidase
(HRP). Proteins were revealed using a chemiluminescence assay
and signal analysis was performed by measuring band density
using ImageJ software.

Gap junction function

Gap junction channel coupling was assessed with scrape loading
dye transfer technic performed as described previously (Retamal
et al., 2007) on myelinated cultures. Briefly, cells were washed
in HEPES solution containing (in mM): 150 NaCl, 5.4 KCl, 1
MgCl2, 5 HEPES, 10 glucose and 2.4 CaCl2, for 5 min. Then
cells were washed in calcium-free HEPES solution for 1 min.
Fluorescent dye Lucifer yellow (Sigma 10259, 1 mg/ml in cal-
cium-free HEPES solution) was added and scrape loading was
performed using a 23-gauge needle. After 1 min, Lucifer yellow
dye was washed out three times in HEPES solution and after 8
min, acquisition of 10 fields per condition was performed with
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fluorescent microscope equipped with epifluorescence (Axio
Imager Z1 apotome technology, Zeiss) and AxioVision Rel 4.8
software. Image analysis was performed using ImageJ to deter-
mine Lucifer yellow fluorescent dye diffusion area, expressed in
arbitrary units.

Hemichannel function

Hemichannel opening was determined using dye uptake of eth-
idium bromide (EtBr). First, cells were washed in HBSS (in mM:
137 NaCl, 5.4 KCl, 0.34 Na2HPO4, 0.44 KH2PO4, 1.2 CaCl2;
pH 7.4) then EtBr 0.5 mM was applied for 10 min at 37�C.
After three washes in HBSS, cells were fixed with 4% PFA for
10 min at room temperature and washed three times in PBS.
DAPI solution was used for nucleus staining (0.1 mg/ml) was
incubated 5 min before cells were mounted in fluoropreserveVR

(Millipore) and examined with confocal microscope Leica SP5
(518 nm excitation and 605 nm emission). Images were then
analysed using ImageJ software to evaluate nuclear fluorescence
corresponding to EtBr fixation.

Data collection and statistical
analysis

Statistical analyses and graphs were established using GraphPad
Prism 5.0. Data on graphs are presented as bars of mean with
standard error of the mean (SEM) or by box and whiskers rep-
resenting minimum to maximum values and mean with a plus
symbol. Normality of distribution and equality of variances was
evaluated using respectively D’Agostino-Pearson and Bartlett’s
tests before statistical analysis to choose the appropriate para-
metric or non-parametric test to compare conditions. For mul-
tiple conditions comparison, we used either an ANOVA or
Kruskal-Wallis test followed by Dunn’s post hoc test. For all
tests, alpha risk was fixed at 5% so differences were considered
significant for P50.05. Levels of significance are indicated as:
*P50.05, **P50.01, ***P50.001.

Data availability

The data that support the findings of this study are available
from the corresponding author, upon reasonable request.

Results

NMO-IgG induce demyelination in a
myelinated culture model

To assess the implication of NMO-IgG in demyelination, we

developed a myelinated culture composed of glial cells

(astrocytes, oligodendrocytes and microglial cells) and neu-

rons with myelinated axons. The quality of the culture was

validated by labelling myelinated axons with MBP and pNF

and presented nodes of Ranvier expressing neurofascin

(NFASC) (Supplementary Fig. 1A and C). In addition, com-

paction of myelin was checked by electron microscopy

(Supplementary Fig. 1B). The presence of neuronal synapses

(Supplementary Fig. 1D), astrocytes (Supplementary Fig. 1E

and F), oligodendrocytes mature and precursors

(Supplementary Fig. 1F and G) and the presence of astrocyt-

ic and oligodendrocytic connexins (Supplementary Fig. 1O

and P) was assessed by immunofluorescence labelling. The

presence of astrocyte, oligodendrocyte, myelin and neuronal

protein was also assessed by western blot (Supplementary

Fig. 1Q). At DIV26, cultures were treated either with culture

medium (no treatment), or purified IgG from healthy donors

(CTRL-IgG) or from NMO patients (NMO-IgG) for 48 h.

NMO-IgG termed NMO1–7 tested positive for anti-AQP4

and negative for anti-MOG autoantibodies, NMO9 tested

negative for both anti-AQP4 and anti-MOG autoantibodies

and NMO10 tested positive for anti-MOG and negative for

anti-AQP4. We also used a condition with NMO-IgG

depleted in anti-AQP4 IgG (NMOdep) as a control. The co-

labelling of myelinated axons with MBP and pNF (Fig. 1A)

allowed myelin quantification. Myelin density (Fig. 1B),

expressed as the ratio of MBP on pNF immunoreactivities,

was decreased by 34%, 39%, 52%, 60%, 45%, 58%, 68%

by NMO1–7 compared to CTRL-IgG (P5 0.001), and by

35% by NMO9 compared to CTRL-IgG (P5 0.01).

NMO10 and NMOdep did not significantly change myelin

density compared to CTRL-IgG or no treatment conditions.

To evaluate the effect of NMO-IgG on myelin integrity fur-

ther, we measured the length of myelinated segments

(Fig. 1C), expressed in micrometres, which was strongly

decreased by 26%, 23%, 32%, 46%, 28% and 38% by

NMO1, 2, 4, 5, 6 and NMO7, respectively, compared to

CTRL-IgG (P5 0.01 and P5 0.001). NMO3, NMO9,

NMO 10 and NMOdep did not show significant differences

compared to CTRL-IgG (P4 0.05). Finally, the density of

axons, determined using the fraction area of pNF immunor-

eactivity, was only decreased by NMO4 and NMO10 com-

pared to no treatment (Fig. 1D: –40% P50.01). The

choice of DIV26 to treat with NMO-IgG was made because

we studied myelination over time and found that it was opti-

mum from DIV26. In fact, we performed co-labelling of

MBP and pNF from DIV14 to DIV28 and showed that mye-

lin density and myelin segment length increased over time

but reached a maximum at DIV26 with no further increase

at DIV28 (Supplementary Fig. 1L–N). We also checked the

effect of NMO-IgG on MOG (Supplementary Fig. 1H and I)

with a co-labelling with pNF and showed a decrease of mye-

linated segment length induced by NMO-IgG compared to

CTRL-IgG and no treatment conditions. We checked that

astrocyte were preserved in the culture by labelling GFAP

which immunoreactivity is not altered after 48 h treatment

with NMO-IgG (Supplementary Fig. 1J and K). In addition,

the number of microglial cells labelled with Iba1 was

increased after NMO-IgG treatment (data not shown).

NMO-IgG induces a dynamic
modification of Cx43 membrane
expression

Our hypothesis was that, by targeting AQP4 on astrocytes,

NMO-IgG could induce connexin alteration and lead to
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subsequent demyelination. We first focused on Cx43, the

main astrocytic connexin, and assessed its expression in glial

cell culture with co-immunolabelling Cx43 and AQP4 after

1 h or 24 h treatment with CTRL-IgG or NMO-IgG (NMO:

pool of igG from three patients; Fig. 2A). Results showed

that NMO-IgG induced an increase in AQP4 particle size

and the partial co-localization of AQP4 and Cx43 after 1 h

treatment (higher magnification). The co-labelling Cx43 and

Rab11, an endosomal marker, showed a partial co-localiza-

tion after 1 h treatment with NMO-IgG and not with

CTRL-IgG (Fig. 2B). After 24 h, NMO-IgG increased Cx43

particle size and this was associated with a decrease of

AQP4 immunoreactivity (higher magnification). To quantify

this alteration, we performed a particle analysis of Cx43

(Fig. 2D) particle size showing an increase in Cx43 particle

size induced by NMO-IgG compared to no treatment

Figure 1 Demyelination is induced by NMO-IgG without complement addition. (A) Co-immunolabelling with the myelin marker

MBP (in green) and axon marker phosphorylated neurofilament (pNF, in magenta) after 48 h treatment with culture medium (no treatment, NT),

CTRL-IgG (CTRL) or NMO-IgGs (from nine different NMO patients: NMO1–7, 9 and 10) or NMO-IgG depleted in anti-AQP4 autoantibodies

(NMOdep) (B) Myelinated axon density, expressed by the ratio of the amount of MBP on pNF area fraction, is strongly decreased by NMO3–7

and increased by CTRL when compared to no treatment. NMO1–7 and NMO9 strongly decrease myelin density when compared to CTRL. (C)

Myelinated segment length is strongly decreased by NMO1, 2 and 4–7 compared to no treatment and CTRL. (D) The pNF area fraction is only

decreased by NMO4 compared to no treatment. Box and whiskers represent median and interquartile range (IQR) with minimum and maximum

values; the plus symbol indicates mean; Kruskal-Wallis analysis and Dunn’s post hoc test *P5 0.05, **P5 0.01, ***P5 0.001; n = 4 cultures, each

condition in duplicate.
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Figure 2 Astrocytic Cx43 membrane expression is altered by NMO-IgG. (A) Confocal microscope imaging of Cx43 and AQP4 co-

immunolabelling after 1 h or 24 h treatment of a glial cell culture with CTRL-IgG (CTRL) or NMO IgG (NMO: from a pool of IgG from Patients

NMO1–3) showing an increase of Cx43 spot size and a decrease of AQP4 immunoreactivity induced by NMO-IgG after 24 h. (B) Co-immunolab-

elling of Cx43 and endosomal marker Rab11 in an astrocytic culture showing partial co-localization of Cx43 and Rab11 around nuclei after 1 h

treatment with NMO-IgG. (C) Connexins expression in astrocyte using cell fractioning and western blot analysis of membrane/organelle fraction

after 1 h or 24 h treatment with no treatment (NT), CTRL-IgG (CTRL) and NMO-IgG (NMO: from a pool of IgG from Patients NMO1–3). Pan-

cadherin is a loading control for membrane/organelle fraction that was used to perform a semi-quantitative analysis of AQP4, Cx43, phosphory-

lated Cx43 (on Ser368) and Cx30 expressions (ratio above bands). AQP4, Cx43, pCx43 and Cx30 expression are decreased after 1 h in NMO

condition compared to CTRL. After 24 h, AQP4 expression is still decreased whereas Cx43, pCx43 and Cx30 expressions are increased in

NMO condition compared to CTRL. (D) Analysis of Cx43 spot size after 24 h treatment with no treatment, CTRL-IgG (CTRL) and NMO-IgG

(NMO: summative data of Patients NMO1, 2, 4 and 5 IgG) in a myelinated culture showing increased Cx43 spot size in NMO condition com-

pared to CTRL and no treatment conditions. (E) Measurement of gap junction plaque size on electron microscopy pictures after 24 h treatment
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( + 26.4%, P5 0.01) and CTRL-IgG ( + 25.6% P5 0.05).

We also performed a cell fractioning assay on an astrocytic

culture to study the expression of AQP4, and astrocytic con-

nexins Cx43 and Cx30 after either 1 h or 24 h treatment

with no treatment, CTRL-IgG or NMO-IgG (NMO: pool of

IgG from three patients). We analysed their expression in

the membrane fraction (comprising cell membrane and

organelles) by western blot (Fig. 2C). Pan-cadherin was used

as loading control to perform a semi-quantitative analysis of

AQP4, Cx43, phosphorylated Cx43 on Serine 368 (pCx43)

and Cx30 expressions (ratio above bands). AQP4, Cx43,

pCx43 and Cx30 expression in the membrane fraction are

decreased by 50%, 82% and 40%, respectively, after 1 h

treatment with NMO-IgG compared to CTRL-IgG. After 24

h, AQP4 expression is still decreased by 79% while Cx43,

pCx43 and Cx30 expressions are increased by 79%, 71%

and 69%, respectively, by NMO compared to CTRL-IgG.

We then evaluated the presence and the size of gap junction

plaques between astrocytes by electron microscopy in a mye-

linated culture treated 24 h with either no treatment, CTRL-

IgG or NMO-IgG (Fig. 2E and F: summative data from

three NMO patients’ IgG). Astrocytes were identified by the

abundance of filaments and by the light grey colour of their

cytoplasm. Gap junction plaque size was increased by

NMO-IgG ( + 60%, P5 0.01) when compared to CTRL-

IgG (Fig. 2E). Altogether, these results show a quick subcel-

lular reorganization of AQP4 and Cx43 induced by NMO-

IgG, followed by AQP4 loss and increase of Cx43 and

Cx30 at cell membrane, associated with larger size of gap

junction plaque.

NMO-IgG induces connexin
dysfunction

Since altered expression of connexin could lead to its dys-

function, we studied gap junction and hemichannel function

in glial cultures. Gap junction function was assessed by per-

forming scrape loading dye transfer technic on a myelinated

culture treated 24 h in no treatment, CTRL-IgG or NMO-

IgG conditions (Fig. 3A). We measured the area of diffusion

of Lucifer yellow (a fluorescent dye crossing from one cell to

another through gap junctions; Fig. 3A), reflecting the

amount of gap junction coupling between cells. Dye diffu-

sion area was decreased by NMO-IgG (–57% NMO: sum-

mative data of two pools of three patients’ IgG, P5 0.001)

compared to CTRL-IgG after 24 h treatment (Fig. 3B). To

make sure of the implication of connexins, we blocked either

all connexins using carbenoxolone or specifically Cx43 gap

junctions using the mimetic peptide GAP27, and found, re-

spectively, a drastic reduction of dye diffusion (–83%

P5 0.001 compared to CTRL-IgG) and a decrease of dye

diffusion (–44% P5 0.001 compared to CTRL-IgG) com-

parable to NMO-IgG condition (P4 0.05). We also used an

astrocytic culture to study connexins gap junction coupling

and showed similar results with decreased dye diffusion area

induced by NMO-IgG (IgG from Patients NMO1 and

NMO2) compared to CTRL-IgG and no treatment after 24

h treatment (Fig. 3C and D). We also used LPS, a bacterial

component known to induce inflammation and reduce gap

junction coupling (Retamal et al., 2007), that also decreased

dye diffusion area compared to no treatment and CTRL-

IgG. Likewise, GAP27, also induced a similar effect to

NMO-IgG. We then focused on astrocytic Cx43 and oligo-

dendrocytic Cx47 as they form heterotypic gap junctions be-

tween astrocyte and oligodendrocytes. In the myelinated

cultures, Cx43–Cx47 gap junctions, showed by the presence

of a partial co-localization with confocal microscopy, were

strongly decreased by NMO-IgG (Fig. 3E).

We also studied hemichannel function and performed

EtBr uptake assay on a glial cell culture treated 24 h with

no treatment, CTRL-IgG or NMO-IgG. To validate hemi-

channel functionality in our cell models, we used LPS to

induce hemichannel opening and carbenoxolone to block

connexins. EtBr fluorescence was measured in each nu-

cleus of astrocytes (Fig. 3F). EtBr uptake in astrocytes was

increased by NMO-IgG (NMO: summative data of two

pools of three patients’ IgG) and LPS compared to CTRL-

IgG (Fig. 3G). As expected, carbenoxolone had no effect

compared to no treatment and CTRL-IgG. To ensure that

increase of EtBr uptake was not due to cell death, we per-

formed propidium iodide assay of cell death by flow

cytometry and showed comparable number of dead cells

in NMO-IgG (7.21%), CTRL-IgG (9.65%) and no treat-

ment (10.9%) conditions after 24 h treatment

(Supplementary Fig. 2A). A study of the release of glutam-

ate in the supernatant of mixed glial cell culture showed a

transient increase in glutamate release after 10 min

induced by NMO-IgG (summative data of four patients’

IgG) compared to CTRL-IgG (Supplementary Fig. 2B).

This glutamate release was strongly reduced by carbenox-

olone in both conditions demonstrating the involvement

of connexins in glutamate release. Altogether these results

show a severe alteration of glial connexin gap junction

and hemichannel functions under NMO-IgG treatment

that could be responsible for a toxic microenvironment

and participate in NMO-IgG induced demyelination.

Figure 2 Continued

with no treatment, CTRL-IgG (CTRL) and NMO-IgG (NMO: summative data of Patients NMO2, 4 and 5 IgG) showing an increase in NMO con-

dition compared to no treatment and CTRL. (F) Electron microscopy imaging of gap junction plaques (delimited by yellow arrows) in a myelin-

ated culture after 24 h treatment with CTRL-IgG (CTRL) or NMO-IgG (NMO: NMO4 chosen for illustration). Box and whiskers represent

median value with IQR and minimum maximum values; mean is represented by a plus symbol. Scatter dot plot represent median value with IQR.

Kruskal-Wallis ANOVA and Dunn’s post hoc test *P5 0.05, **P5 0.01; n = 1 culture for immunofluorescence assays, n = 2 independent experi-

ments for electron microscopy, n = 1 experiment for western blot.
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Blockade of Cx43 hemichannels
prevents NMO-IgG-induced
demyelination

To test the direct implication of connexin alteration on de-

myelination induced by NMO-IgG, we treated myelinated

cultures for 48 h with either no treatment, CTRL-IgG or

NMO-IgG or those three conditions co-treated with the mi-

metic peptide GAP19 that blocks specifically astrocytic

Cx43 hemichannels. GAP27 mimetic peptide was also used

alone to test the effect of Cx43 gap junction and hemichan-

nel blockade on myelin integrity. Co-immunolabelling of

MBP and pNF (Fig. 4A) and evaluation of myelin density

and length of myelinated segments showed a decrease

induced by NMO-IgG (summative data of two pools of

three patients’ IgG) compared to CTRL-IgG (Fig. 4B: –40%,

P5 0.001; Fig. 4C: –32%, P5 0.001). But more interest-

ingly, myelin was preserved in NMO-IgG treated condition

co-treated with GAP19 (Fig. 4A). Density of myelin was not

significantly reduced by NMO-IgG compared to CTRL-IgG

when co-treated with GAP19 (Fig. 4B) and myelin segment

length was increased by NMO-IgG with GAP19 compared

to CTRL-IgG with GAP19 (Fig 4C: + 27%, P50.001). By

contrast, GAP27 peptide had a deleterious effect on myelin,

comparable to NMO effect, inducing a drastic reduction of

myelin density and myelinated segment length compared to

Figure 3 Gap junctional coupling decrease and hemichan-

nel opening are induced by NMO-IgG. (A) Fluorescence

images of scrape loading dye transfer assay showing Lucifer yellow

diffusion (area delimited by yellow line) from the scrape (white dot

line) in a myelinated culture treated 24 h with either no treatment

(NT), CTRL-IgG (CTRL) or NMO-IgG (NMO) or treated 5 min

with connexin inhibitor carbenoxolone (CBX 50 mM); or treated 30

min with GAP27, a mimetic peptide blocking Cx43 gap junction

channel. (B) Dye diffusion area is strongly decreased in NMO (sum-

mative data of two pools of IgG from Patients NMO1–3 and

NMO4–6) and GAP27 conditions and is almost abolished by carbe-

noxolone compared to CTRL and no treatment conditions (n = 2

cultures with each condition in duplicate). (C) Fluorescence images

of scrape loading dye transfer assay showing Lucifer yellow diffusion

(area delimited by yellow line) from the scrape (white dot line) in

an astrocytic culture treated 24 h with either no treatment, CTRL-

IgG (CTRL) or NMO-IgG (NMO) or lipopolysaccharide (LPS) a

bacterial component inducing inflammation, or treated 30 min with

GAP27. (D) Dye diffusion area is strongly decreased in NMO (sum-

mative data of IgG from Patients NMO1 and 2), GAP27 and LPS

conditions compared CTRL and no treatment conditions (n = 1 cul-

ture). (E) Confocal image of co-immunofluorescent labelling of

Cx43 and Cx47 in a myelinated culture model showing the pres-

ence of Cx43-Cx47 gap junctions in CTRL-IgG condition after 24 h

treatment (yellow arrowheads). NMO-IgG induce an increase of

Cx43 spot size (white arrows) and a disruption of Cx43-Cx47 gap

junctions. (F) Confocal microscopy imaging of EtBr (red) and DAPI

(blue) after EtBr uptake experiment in mixed glial cells treated 24 h

with no treatment, CTRL-IgG (CTRL), NMO-IgG (NMO) or lipo-

polysaccharide (LPS) or 5 min with carbenoxolone (50 mM). (G)

Measurement of EtBr immunoreactivity in astrocyte nuclei showing

an increase induced by NMO (Summative data of two pools of IgG

from Patients NMO1–3 and NMO4–6) and LPS conditions com-

pared to CTRL. EtBr uptake is expressed as a percentage of no

treatment condition showed by the dotted red line (n = 1 culture

with each condition in duplicate). Bars represent mean values ±

SEM. Kruskal-Wallis analysis of variances and Dunn’s post hoc ana-

lysis ***P5 0.001.
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CTRL-IgG (Fig. 4B: –49%, P5 0.001; Fig. 4C: –34%,

P5 0.001). GAP19 peptide alone did not have any effect on

myelin density or segment length (Fig. 4, no treatment GAP19).

Quantification of axon density (pNF labelling) did not show

significant differences between all conditions (Fig. 4D).

Discussion
Here we propose that that glial intercellular communication,

supported by connexins hemichannels and gap junctions, are

involved in the demyelination process in NMO. We showed

an alteration of both expression and function of astrocytic

connexins Cx43 and Cx30 in cell culture model after NMO-

IgG exposure, with a rapid but transient loss of those con-

nexins at membrane followed by an increased size of gap

junction plaques. This was associated with connexin dys-

function, with decreased gap junction coupling in neuroglial

syncytium, decrease of astrocytic Cx43 and oligodendrocytic

Cx47 gap junctions, and increased connexin hemichannel

opening. These alterations are suggested to be responsible

for demyelination induced by NMO-IgG, since blocking

Cx43 hemichannels with a specific peptide prevented the

complement-independent demyelinating effect of NMO-IgG

on myelinated culture.

Figure 4 Modulation of Cx43 functions impacts demyelination induced by NMO-IgG. (A) Co-immunolabelling of axons (pNF, in ma-

genta) and myelin (MBP, in green) on a myelinated culture at DIV28 after 48 h treatment with either no treatment (not shown), CTRL-IgG (CTRL)

or NMO-IgG (NMO) and in co-treatment with the Cx43 hemichannel blocker GAP19, or treated solely with the Cx43 gap junction and hemichan-

nel blocker GAP27. (B) Evaluation of myelin density showing a decrease induced by NMO (summative data of two pools of IgG from Patients

NMO1–3 and NMO4–6) compared to control condition, which is prevented by a co-treatment with GAP19. (C) Evaluation of myelin segment

length showing a decrease induced by NMO compared to control condition and an increase in NMO with GAP19 co-treatement compared to no

treatment and control co-treated with GAP19 conditions. GAP27 alone strongly decreases both density and length of myelin segments compared

to no treatment (B and C). (D) Evaluation of pNF density by the area fraction of pNF immunoreactivity showing no statistical differences between

conditions. Kruskal-Wallis analysis of variances and Dunn’s post hoc analysis *P5 0.05, **P5 0.01, ***P5 0.001. Box and whiskers represent me-

dian with IQR and minimum maximum values, mean is represented by a plus symbol; n = 2 culture with each condition in duplicate.
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There could be numerous potential mechanisms respon-

sible for the alteration of astrocytic connexins’ expression

and function, induced by NMO-IgG. We found that NMO-

IgG induces a quick and persistent loss of AQP4 associated

with a quick reorganization of subcellular expression of

Cx43 followed by increased plaque size. Thus NMO-IgG

could induce a co-endocytosis of AQP4 and Cx43 and

undergo lysosomal degradation (Falk et al., 2014). The

increased plaque size remains intriguing. However, even in

large plaques, the percentage of opened channels is only up

to 10–20% (Solan and Lampe, 2018). Thus, given that

NMO-IgG decrease gap junction coupling, the concomitant

presence of larger gap junction plaques in NMO-IgG treated

culture does not reflect an increased activity. In addition,

any modification of Cx43 molecular environment, notably

inflammation, can affect its function. Thus, apart from direct

action of NMO-IgG on AQP4, a proinflammatory environ-

ment can decrease gap junction activity and increase hemi-

channel activities in astrocytes (De Vuyst et al., 2007;

Retamal et al., 2007; Orellana et al., 2013). Interestingly, it

has been shown that NMO-IgG can induce a specific im-

mune response of astrocytes characterized by the activation

of proinflammatory cytokines and chemokines genes (Howe

et al., 2014). Thus, NMO-IgG could trigger astrocytic con-

nexin dysfunction through a proinflammatory environment.

Finally, we cannot exclude that alteration of astrocytic con-

nexins could be driven by auto antibodies not directed

against AQP4 but targeting other membrane molecules, such

as Cx43 itself. However, no antibodies directed against con-

nexins were found in NMO patients with demyelinating

lesions characterized by Cx43 loss and preserved astrocytes

(Masaki et al., 2013).

If we consider that alteration of glial connexins is impli-

cated in the astrocyte dysfunction and concomitant demye-

lination in NMO, the factors responsible for demyelination

remain to be identified. Many signalling molecules, such as

gliotransmitters and ions, which are released by connexin

hemichannels (Giaume et al., 2013), can be suspected. We

show here, through an EtBr uptake study, that NMO-IgG

increased astrocyte hemichannel activity. This effect was

blocked by carbenoxolone and would likely be blocked by

GAP19 peptide as it has been shown (Abudara et al., 2014).

Interestingly, blocking Cx43 hemichannel activity by GAP19

peptide preserved myelin integrity in the myelinated culture

treated by NMO-IgG. In addition, we show that NMO-IgG

induces rapid release of glutamate from astrocytes. This idea

is supported by our previous work showing the cell toxicity

of molecules released by NMOIgG- treated astrocytes

(Marignier et al., 2010). ATP and glutamate are good candi-

dates as they could be over-released by astrocytes with ele-

vated Cx43 hemichannel activity, and they are known to be

toxic for oligodendrocytes and myelin (Orellana et al.,
2013). In addition, hemichannels are activated by glutamate

(De Vuyst et al., 2007). The reported downregulation of glu-

tamate transporters expression induced by NMO-IgG

(Hinson et al., 2008; Geis et al., 2015; Marignier et al.,

2016) and elevated extracellular glutamate level may be a

major trigger of connexin hemichannel dysfunction and

have harmful effects on oligodendrocytes. By contrast,

blocking Cx43 gap junction channels and hemichannels, by

GAP27, had a deleterious effect on myelin integrity. The low

level of hemichannel activity in basal conditions in our cellu-

lar study model suggests that GAP27 primarily blocked

Cx43 gap junction activity, participating in demyelination.

The loss of trophic support from astrocytes towards oligo-

dendrocytes, as well as ions homeostasis disruption, could

be also implicated in NMO-IgG-induced demyelination. In

fact, not only astrocytes are coupled to one another, but

they form gap junction channels with oligodendrocytes

(Nualart-Marti et al., 2013). Since Cx43 is essential for

Cx47 expression and stability (May et al., 2013), one may

hypothesize that the dysregulation of Cx43 precedes that of

Cx47, which could contribute to oligodendrocyte injury and

demyelination. One may note that other astrocyte and oligo-

dendrocyte connexins, notably Cx30 and Cx32, have been

involved in demyelination process in multiple sclerosis (Li

et al., 2014; Markoullis et al., 2014). We show here that the

mimetic peptide GAP27, which can block Cx43 and Cx32

gap junctions (Evans and Leybaert, 2007), induced strong

demyelination in the myelinated culture model, even stronger

than that induced by NMO-IgG.

Although complement activation obviously plays a major

role in NMO spectrum disorder pathophysiology, as recently

highlighted by the dramatic effect of eculizumab on relapse

prevention (Pittock et al., 2019), our findings, pointing out a

complement-independent astrocytopathy in NMO, are sup-

ported by robust evidences. Several in vitro studies found

that antibody-induced AQP4 modulation led to various

changes from increase blood–brain barrier permeability facil-

itating inflammatory cell infiltration, to water balance dis-

ruption and glutamate excitotoxicity (Marignier et al., 2010;

Takeshita et al., 2017). Detailed study of NMO pathology

showed area with astrocyte lacking AQP4 staining, in the

absence of complement activation and granulocyte infiltra-

tion (Misu et al., 2013; Saji et al., 2013). Finally, two recent

animal models of NMO support the intrinsic role of AQP4-

IgG. Geis et al. (2015) found that repeated local administra-

tion of human AQP4-IgG can induce a potentially reversible

rat spinal cord disorder; and using an intraperitoneally pas-

sive transfer of human AQP4-IgG to mice with breached

blood–brain barrier, Yick et al. (2018) demonstrated spinal

cord pathologies, including AQP4 and astrocyte loss, demye-

lination, and axonal injuries; both in absence of comple-

ment. However, whether these complement-independent

mechanisms contribute to early development of NMOSD le-

sion before complement activation (Geis et al., 2015; Yick

et al., 2018), or are associated with a more chronic deleteri-

ous effect, is still unclear. Connexinopathy could be involved

at both stages. Loss of perivascular Cx43 at the astrocyte

endfeet of the blood–brain barrier may increase recruitment

of inflammatory cells into the CNS (Boulay et al., 2015),

and thus facilitate the early development of lesion formation.

Astrocytic connexins dysfunction could drive the recently

proposed smoldering disease process independent of clinical
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attacks, responsible of continuous and sometimes deteriorat-

ing neuropsychological symptoms, including cognitive im-

pairment (Oertel et al., 2019). This inter-attack deterioration

has been attributed to antibody-mediated AQP4 modulation

(Saji et al., 2013), as AQP4 expression plays an important

role in regulating long-term synaptic plasticity (Scharfman

and Binder, 2013). However, these neuropsychological

symptoms could also be the consequence of prolonged con-

nexin dysfunction. In fact, alteration of connexin may inter-

fere with neuronal function. Astrocytes are known for their

role in tripartite synapse and are part of the neuroglial net-

work, sustained by connexins, which is crucial for synaptic

plasticity and cognitive functions (Rouach et al., 2008;

Pannasch et al., 2011; Dallérac and Rouach, 2016).

Evidence of cognitive impairments in NMO patients with

cortical lesions, characterized by neuronal loss but no de-

myelination, could involve astrocyte dysfunction, since

AQP4 expression is decreased without astrocyte loss (Saji

et al., 2013). It would be interesting to test the effect of

NMO-IgG on neuronal activity and synaptic plasticity in

presence of NMO-IgG as they trigger connexin dysfunction.

Overall, our study highlights the potential crucial role

of neuroglial interactions in NMO and shows how astro-

cytic connexin dysfunction could lead to deleterious

effects on oligodendrocytes and myelin, as proposed by

Cotrina and Nedergaard (2012). Prevention of demyelin-

ation by connexin inhibitors, as demonstrated on our

myelinated culture model, should be further validated

in vivo. In fact, in other diseases, treatment with connex-

ion modulators was recently shown interesting outcomes

in patients (Charvériat et al., 2017). This opens modula-

tors of connexins as a promising therapeutic alternative in

neurological disorders.
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