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 Highlights 

 

 MAG activation in Oligodendrocytes induces extracellular glutamate uptake. 

 MAG activation in Oligodendrocytes results in a PLC/PKC-mediated activation of Nfr2 

leading     to an antioxidant response. 

 MAG activation results in neuroprotection against glutamate-mediated toxicity in vivo. 
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Abstract 

 

BACKGROUND: Myelin-associated glycoprotein (MAG) is a key molecule involved in the 

nurturing effect of myelin on ensheathed axons. MAG also inhibits axon outgrowth after injury. In 

preclinical stroke models, administration of a function-blocking anti-MAG monoclonal antibody 

(mAb) aimed to improve axon regeneration demonstrated reduced lesion volumes and a rapid 

clinical improvement, suggesting a mechanism of immediate neuroprotection rather than enhanced 

axon regeneration. In addition, it has been reported that antibody-mediated crosslinking of MAG 

can protect oligodendrocytes (OLs) against glutamate (Glu) overload by unknown mechanisms. 

PURPOSE: To unravel the molecular mechanisms underlying the protective effect of anti-MAG 

therapy with a focus on neuroprotection against Glu toxicity. RESULTS: MAG activation (via 

antibody crosslinking) triggered the clearance of extracellular Glu by its uptake into OLs via 

high affinity excitatory amino acid transporters. This resulted not only in protection of OLs but also 

nearby neurons. MAG activation led to a PKC-dependent activation of factor Nrf2 (nuclear-

erythroid related factor-2) leading to antioxidant responses including increased mRNA expression 

of metabolic enzymes from the glutathione biosynthetic pathway and the regulatory chain of 

cystine/Glu antiporter system xc
-
 increasing reduced glutathione (GSH), the main antioxidant in 

cells. The efficacy of early anti-MAG mAb administration was demonstrated in a preclinical 

model of excitotoxicity induced by intrastriatal Glu administration and extended to a model of 

Experimental Autoimmune Encephalitis showing axonal damage secondary to demyelination. 

CONCLUSIONS: MAG activation triggers Glu uptake into OLs under conditions of Glu 

overload and induces a robust protective antioxidant response. 

 

 Introduction 

 
 

 Identifying novel strategies to promote glutamate (Glu) clearance represents an 

important therapeutic approach to induce neuroprotection after injury. Glu overload and oxidative 

stress are key processes common to many neurodegenerative diseases including stroke and multiple 

sclerosis (MS) (Piani et al., 1991; Stover et al., 1997; Pitt et al., 2000; Offen et al., 2004; 

Srinivasan et al., 2005; Pampliega et al., 2011; Kostic et al., 2013; Hohlfeld and Kerschensteiner, 

2016; Macrez et al., 2016; Morales-Pantoja et al., 2016). High levels of extracellular Glu results in 

excessive stimulation of Glu receptors and subsequent excitotoxicity. Additionally, high Glu causes 
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receptor-independent toxicity via blockage of cystine uptake by the cystine/Glu antiporter system 

xc-, a critical step towards the production of reduced glutathione (GSH), the main antioxidant 

element in cells (Oka et al., 1993; Takahashi et al., 2003). The homeostasis of Glu is maintained 

via fast uptake by high affinity sodium-dependent excitatory amino acid transporters (EAATs) 

expressed by glial cells that remove and detoxify Glu from extracellular space (Nedergaard et al., 

2002). Astrocytes are key regulators of this process, but oligodendrocytes (OLs) also express Glu 

transporters and are thought to be the predominant glutamate metabolizing cells in human brain 

white matter (Pitt et al., 2003; Werner et al., 2001). Targeting a single glycoprotein expressed by 

myelinating cells with a critical role in bidirectional communication between myelin and axons 

(Quarles, 2007), Myelin-associated glycoprotein (MAG), exerts neuroprotection in animal models. 

Preclinical studies using a well characterized anti-MAG mAb (capable to block the inhibitory 

effect of MAG on axon regeneration) demonstrated clinical improvement in experimental stroke 

models (Irving et al., 2005; Thompson et al., 2006). The relatively rapid recovery observed in 

these experimental models suggest a neuroprotective effect instead of promoting a regenerative 

process (Barbay et al., 2015; McKerracher and Rosen, 2015). Moreover antibody-mediated 

crosslinking of MAG in OLs leads to its activation and further protects them from death caused by 

extracellular Glu overload (Marta et al., 2004; Irving et al., 2005). Recently, the crystal structure 

of MAG was solved and the structural analysis identified key aminoacids or intracellular domains 

determining its homodimerization, which confirmed its potential impact on its bidirectional 

activity (Pronker et al., 2016, Myllykoski et al., 2018). While there is, therefore, considerable 

evidence to support the notion that targeting OLs via MAG exerts early neuroprotection, the 

current underlying molecular mechanisms have yet to be fully established. In addition, clinical 

trials using a humanized version of this mAb failed to demonstrate clinical benefits in stroke 

patients (Cramer et al., 2013, 2017), and the explanation of the efficacy differences between 

human and preclinical models remains to be unveiled. Answering these questions will provide 

knowledge to better understand the potential role of OLs in neuroprotection in order to develop 

novel therapeutic strategies. We hypothesize that the acute protection associated t o  anti-MAG 

therapy is related to the triggering of signaling cascades resulting in extracellular Glu clearance 

by OLs. We addressed these questions by investigating the mechanisms and molecular 

pathways leading to neuroprotection by OLs using in vitro and in vivo models of Glu toxicity. We 

unmask a novel capacity of OLs to uptake Glu in conditions of Glu overload and to activate a 

robust antioxidant response with the potential to be exploited therapeutically. Also, our data 

demonstrate that activation of MAG not only protects OLs but blocks the detrimental consequences 

of Glu overload on other resident cells of the CNS, leading to neuroprotection.  
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Results 

 

Antibody-mediated activation of MAG increases GSH content in OLs and prevent Glu-

mediated mitochondrial oxidative stress. 

Crosslinking MAG using a well characterized anti-MAG mAb prevents Glu-mediated 

toxicity in OLs (Irving et al., 2005). Glu-mediated toxicity in these cells is mostly exerted via 

oxidative stress (Oka et al., 1993; Rosin et al., 2004; Irving et al., 2005); therefore, we first studied 

whether MAG activation in OLs could affect the concentration of GSH, the main cellular anti-

oxidant element. Primary OL cultures were analyzed for their intracellular level of GSH by confocal 

microscopy using the fluorescent dye mBCl. Treatment of OL cultures for 24 h with 2 mM Glu 

significantly reduces GSH content while treatment with 2 μg/ml anti-MAG mAb induces ≈40% 

increase in GSH concentration (F=17.74 p=0.0001). No changes in GSH were observed in 

cultures treated with a similar dose of control mAb. Combined treatment with Glu and anti-

MAG mAb resulted in a compensatory effect preventing Glu mediated-GSH depletion (Figure 1a-

b). A time-course study indicated a robust increase in GSH within 10 h of treatment of OLs with 

anti-MAG mAb (≈80% of GSH levels determined at 24 h. under similar conditions) (F=6.71, 

p=0.005) (Figure 1c). Direct evidence of an antioxidant response triggered by MAG activation in 

mature OL cultures was obtained by transfection with a cDNA plasmid containing the sequence for 

mitoHyper, a selective H2O2 biosensor. Antibody–mediated activation of MAG in OL cultures for 

24 h resulted in a significant reduction of mitochondrial H2O2 compared to control mAb-treated 

cultures (T=-2.53 p=0.021) (Figure 1d-e). Further studies in OL cultures using 

tetramethylrhodamine (TMRE), a live mitochondrial potential dye; showed that exposure to Glu 

resulted in increased fluorescence intensity (increased  mitochondrial potential) suggesting early 

stages of cell death (Kumari et al., 2012), while anti-MAG treatment prior to Glu exposure 

prevented mitochondrial potential hyperpolarization, with   cultures   depicting   fluorescence   

intensities   even   below   IgG-treated   controls (H=58.52;*p≤0.05) (Figure 1f-g). 

 

 

Antibody-mediated activation of MAG promotes extracellular Glu uptake in OLs. 

 Since GSH is a tripeptide synthesized by conjugation of the amino acids Glu, cysteine and 

glycine, we next analyzed whether the protective effect of MAG relies on Glu uptake. The 
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antibody-mediated increase in GSH was prevented by pretreatment of OL cultures for 24 h with 

pharmacological inhibitors of cystine/Glu antiporter System xc
-
 (0.6 mM aminoadipic acid; 

AAA) (F=28.73 p<0.0001) and excitatory amino acid transporters (EAATs, 300 μM of L-trans-

pyrrolidine-2,4-dicarboxylate; PDC) (F=2.91 p=0.035), which function in a concerted manner to 

maintain Glu homeostasis (Lewerenz et al., 2006) (Figure 2a). We then studied Glu flux across 

the OLs plasma membrane using a library of FRET-based Glu biosensors. OL cultures were 

transfected with pDisplay FLIPE 1m, a Glu biosensor with expression restricted to plasma 

membrane allowing extracellular Glu analysis. Then OLs were exposed for 24 h to anti-MAG 

mAb and further challenged for 1 h with 2 mM Glu. We observed that anti-MAG treatment 

resulted in a reduction of extracellular Glu (F= 4.82, p=0.003), suggesting its active uptake by OLs 

(Figure 2b-c). Cold colors indicated low FRET activity (high extracellular Glu) and warm colors 

represent high FRET activity (low extracellular Glu). This Glu flux was also confirmed by using 

FLIPE 10u, a Glu biosensor with expression restricted to the cytoplasm. OL cultures transfected 

with FLIPE 10u, treated with anti-MAG mAb for 24 h and further challenged with 2 mM Glu for 

30 min displayed increased intracellular Glu when compared to control mAb-treated OLs 

(F=17.72, p≤0.0001). Combined treatment of OLs with 300 μM PDC 1 h before anti-MAG 

treatment abolished Glu uptake (Figure 2d-e) (F=3.55, p=0.016). This effect was statistically 

significant when analyzing FRET activity either in OLs soma (H= 8.11 p=0.043; data not 

shown) or processes (F=17.72, p<0.0001). Active uptake of Glu was corroborated by using 

enzyme–based quantification of extracellular Glu by fluorimetry. While no change in extracellular 

Glu was observed at 1 h after anti-MAG treatment, a robust Glu uptake in OL cultures was 

observed at 24 h of anti-MAG treatment, which exhibit similar extracellular Glu values to IgG 

treated control cultures (*, p≤0.0001; #, p≤0.05). (Figure 2f-g). The discrepancy between the time-

course of FRET-based and enzyme-based measurements most probably reflects net changes in the 

concentration of the membrane environment surrounding the biosensor (early) versus bulk 

(late) Glu concentrations at 1 and 24 h, respectively. 

 

MAG activation results in a PKC-dependent phosphorylation/translocation of the 

transcription factor nuclear erythroid-related factor 2 (Nrf2) and further activation of 

antioxidant response elements (ARE) signaling pathway. 

 In another set of experiments, we studied the mechanisms underlying the protective effect 

of MAG against Glu overload. OL cultures were treated with anti-MAG antibody and expression 

of the active form of a key regulator of cellular anti-oxidant response signaling pathways, 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 8 

transcription factor nuclear erythroid-related factor 2 (Nrf2) phosphorylated at serine 40 (Nrf2-

serine-40), was analyzed by confocal microscopy. We observed an increased nuclear 

translocation/activation of Nrf2-serine-40 10 h after MAG activation compared to control-treated 

cultures (F=5.75, p<0.002) (Figure 3a-b). This result was confirmed by Western blot in cell 

homogenates from OL cultures. Anti-MAG treatment significantly increased the amount of Nrf2-

serine-40 compared to control mAb-treated cultures (ratios of 5.1 to 6.9 for high and low MW 

Nrf2-serine-40 when normalized against control IgG, respectively) (Figure 3c). Nrf2 

phosphorylation/activation at serine 40 is mediated by protein kinase C (PKC) activity (Huang et 

al., 2002; Bloom and Jaiswal, 2003, Lau et al, 2013). Similarly. the cytoplasmic region of MAG 

predominantly expressed in the CNS binds to and activates the PKC activator phospholipase Cγ 

(PLCγ) in vitro (Kirchhoff et al., 1993; Jaramillo et al., 1994). Therefore, we hypothesized that 

MAG could induce the activation of the ARE signaling pathway in a PKC-dependent manner. 

We observed that combined treatment for 24 h with anti-MAG mAb and 50 nM of calphostin, a 

pharmacological inhibitor of PKC, blocked GSH increase in OLs (F= 23.63 p≤0.0001) further 

confirming this hypothesis (Figure 3d). We also confirmed the involvement of Nrf2/ARE signaling 

pathway on the protective effect of MAG by studying the mRNA expression of genes containing 

ARE sequences susceptible to the regulation by Nrf2. These included critical enzymes from GSH 

biosynthesis such as glutathione reductase (GSR), and the catalytic (Gclc) and the regulatory 

(Gclm) subunits of the glutamate-cysteine ligase, a rate-limiting enzyme in GSH synthesis; as well 

as the regulatory light chain of system xc- antiporter (xCT). Gene expression was quantified by 

rtPCR and normalized against the expression of the ribosomal protein l13A (rpl13A). Treatment 

of OLs with anti-MAG mAb resulted in a significant increase of GSR (F=29.04 p<0.05), Gclc 

(F=25.34 p=0.015), Gclm (F=53.91 p=0.005) and xCT (F=24.5 p=0.015) mRNA expression (Figure 

3e). Increased system xCT protein expression was further confirmed by quantification of 

immunofluorescence in OL cultures exposed to anti-MAG mAb (F=5.3 p=0.026) (Figure 3f and 

Supplementary Figure 1). We then quantified the mRNA expression of EAATs, which we 

previously described to be involved in MAG-mediated Glu uptake. Under similar experimental 

conditions the analysis of the mRNA expression for Glu transporters GLAST, GLT1 and EAAC1 

(mouse homolog’s of human EAAT1, 2 and 3 respectively) did not display significant changes 

at 24 h (data not shown) or at 10 h after anti-MAG treatment (GLT1 T=0.18 p=0.564, GLAST 

T=0.06 p=0.708, EAAC1 T=0.03 p=0.258) (Figure 3g). 

 

MAG activation induces a signaling cascade via phosphoinositides. 
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 PKC activation secondary to MAG activation may be downstream of phospholipase Cγ 

(PLCγ) activity through the phosphatidylinositol 4,5-bisphosphate (PIP2)/diacylglycerol (DAG) 

activation pathway. Plasma membrane levels of PIP2 were monitored by transfection of OL 

cultures with a FRET-based PIP2 biosensor and the FRET efficiency analyzed at different times. 

Antibody-mediated MAG activation led to a transient increase in PIP2 (peak at 15 min) (H=12.7 

p=0.016), suggesting increased synthesis/recruitment of PIP2 and subsequent degradation to inositol 

triphosphate and DAG via PLCγ activity (Figure 4a). A time course study for DAG using a FRET-

based biosensor confirmed an increase in DAG levels starting at 40 min and lasting for at least 60 

min after anti-MAG treatment (H= 12.91 p=0.004) coincident with the reduction in PIP2 levels 

(Figure 4b). Pre-treatment of OL cultures for 1 h with 10 μM U-73122, a pharmacological inhibitor 

of PLCs, blocked changes in phosphoinositides upon anti-MAG treatment. OLs expressing the 

PIP2 biosensor and further exposed to anti-MAG mAb for 60 min after treatment with U-

73122 prevented PIP2 hydrolysis resulting in a net increase of its concentration in plasma 

membrane (H=12.69 p=0.005) (Supplementary Figure 2). Similarly, OLs expressing the DAG 

biosensor and further treated with U-73122 for 40 minutes did not display an increase in DAG 

when exposed to anti-MAG mAb (H=9.98 p=0.018) (Supplementary Figure 2). Altogether our 

results confirm that mAb-mediated activation of MAG results in the stimulation of PLC and 

subsequent activation of DAG signaling pathways corroborating previous in vitro observations 

showing binding to and activation of PLCγ by the intracellular portion of MAG (Jaramillo et al., 

1994). 

 

Treatment with anti-MAG mAb protects neurons against Glu-mediated toxicity in organotypic 

cultures. 

 The ability of MAG activation on OLs to increase Glu uptake and enhance an antioxidant 

response resulted in protection not only of OLs but also of neighboring cells in the CNS. This was 

demonstrated using cerebellum organotypic cultures, which conserve their 3D-like architecture and 

express abundant MAG in oligodendrocytes cell bodies and their myelin process (Supplementary 

Figure 3). Cerebellum slices were cultured for 5 days and then treated for 24 h with anti-MAG 

mAb or control mAb prior to exposure with 2mM Glu to induce toxicity. The presence of active 

apoptosis in the cultures was analyzed by confocal microscopy using antibodies against active 

caspase-3 while granule neurons were identified using anti-NeuN Abs. Treatment with anti-MAG 

mAb blocked neuronal apoptosis (F=9.93 p=0.001), indicating the protective effect of Glu clearance 

by OLs in the CNS (Figure 5). 
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Treatment with anti-MAG mAb exerts a neuroprotective effect in a mouse model of Glu-

mediated excitotoxicity. 

 The benefits of anti-MAG treatment have been demonstrated in animal models of stroke, 

where a mechanism of action involving improvement on axon regeneration has been proposed 

(Irving et al., 2005; Thompson et al., 2006). However, excitotoxicity plays a major role in disease 

progression during the first hours post-infarct and different studies identified Glu as target to 

promote neuroprotection in the “penumbra” area depicting impairment of function (Dirnagl et al., 

1999). For this reason, we tested whether in vivo anti-MAG treatment promotes neuroprotection in 

an acute model of excitotoxicity induced by Glu. Mice (n=16) were cannulated in the striatum and 

immediately injected with 1 μl of 5 mg/ml anti-MAG mAb or control mAb (n=8 each group). 

Twenty-four h later, mice received a 0.5 μl injection of 1 M Glu, which saturates the uptake capacity 

of Glu in the injected area promoting excitotoxic damage (Estrada-Sánchez et al., 2009). 

Volumetric quantification of Glu-mediated neuronal toxicity was assessed in the striatum 24 h 

after Glu overload by staining brain with Fluoro Jade C, a specific marker for neurodegeneration. 

Our data show a strong protective effect of anti-MAG mAb, which lesion volume reduced by 

≈60% with respect to mice administered control mAb (F=12.71, p=0.007) (Figure 6a). In a 

second experiment we tested whether anti-MAG mAb treatment could be beneficial in reducing 

lesion volumes if administered 1 hr after Glu challenge, an average time in which stroke patients 

currently received a thrombolytic therapy. Surprisingly, anti-MAG treatment after induction of 

Glu-toxicity was as effective in reducing lesion volume as the antibody treatment performed prior to 

Glu administration (F=7.62 p=0.028) (Figure 6b), corroborating the in vivo neuroprotective effect 

of anti-MAG treatment against Glu excitotoxicity. 

 

Treatment with anti-MAG mAb has an axonoprotective effect in a mouse model of 

experimental autoimmune encephalomyelitis (EAE). 

 Increasing evidence indicates that altered Glu homeostasis is involved in the 

pathophysiology of MS (Hohlfeld and Kerschensteiner, 2016), a chronic neurodegenerative 

inflammatory demyelinating disease of CNS, and high concentration of Glu in spinal fluid is 

currently proposed as a marker of disease progression (Macrez et al., 2016). Therefore,  the 

potential therapeutic benefit of mAb-mediated MAG activation was tested in a murine model of 

Experimental Autoimmune Encephalomyelitis (EAE) induced by immunization with a MOG-
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derived peptide and characterized by chronic inflammatory demyelination associated with 

extensive axonal damage (Jones et al., 2008). Treatment consisted of four intraperitoneal injections 

of 100 μg of anti-MAG mAb (or control mAb) at days 3, 5, 7 and 9 post immunization (n=5 each 

group). Animals were tested for clinical symptoms of the disease starting a day 10 post 

immunization using a motor assessment scale. Treatment with anti-MAG mAb delayed onset (+2 

days), clinical zenith (+4 days) and significantly reduced clinical symptoms (-0.59 mean 

clinical score) respect to control mAb-treated animals (F=3.02, p≤0.0001) (Figure 7a). 

Morphometric analysis of spinal cord axons showed ≈50% reduction in axon count in control mAb-

treated mice when normalized against naive mice (non-EAE) (F=5.08, p=0.025) (Figure 7b-d). In 

contrast, mice receiving anti-MAG mAb displayed ≈25% reduction in axon counts; 

however, this difference was not significantly different from non-EAE group (Figure 7b, e). We 

observed a good linear correlation between either the mean clinical score or the highest 

clinical score and axon count, further highlighting our findings (Pearson correlation values: 

axon count/mean clinical score P=-0.94; axon count/highest clinical score P=-0.98) (Figure 7i-

J). Altogether our data are consistent with an in vivo axonoprotective role of anti-MAG treatment 

against Glu toxicity.  
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Discussion 

 

 In recent years, a large body of evidence has uncoupled oligodendroglial functions in 

axonal support and myelination, clearly demonstrating a protective role of myelin on axons it 

ensheats (Morrison et al., 2013; Simons and Nave, 2016). One molecule responsible for these 

effects is MAG, a minor component of the nervous system preferentially expressed on the 

periaxonal layer of myelinated axons that is involved in bidirectional communication between 

axons and myelinating cells (Quarles, 2007; Lopez et al., 2011; Lopez, 2014). However, little is 

known about how signaling generated in axons could have an impact on myelinating cells via MAG. 

In the nervous system MAG exists predominantly as two isoforms identified as S-MAG (short) 

and L-MAG (long) that arise from an alternative splicing that produces two proteins with 

identical extracellular and transmembrane domains but that differ in the length of their cytosolic 

tails (Lai et al. 1987; Salzer et al. 1987; Frail and Braun 1984); while the difference in their 

cytosolic domains is traduced in unique signaling capacities (Kursula et al. 1999a, Kursula et al. 

1999b, Kursula et al. 2000, Kursula et al. 2001; Jaramillo et al. 1994; Umemori et al. 1994). MAG 

expression is regulated temporally and spatially in the nervous system; with L-MAG 

predominating during CNS development and during myelination whereas S-MAG accumulates at 

later stages (Inuzuka et al. 1991; Ishiguro et al. 1991; Tropak et al. 1988). Similarly, both 

isoforms of MAG are expressed in rat OLs cultures (Yim et al. 1995). Previous reports have 

identified that antibody crosslinking-dependent activation of MAG in OLs (using a mAb targeting a 

conformational epitope located in the extracellular Ig domains 1-3 from MAG triggers specific 

intracellular signaling events including activation of Fyn kinase, induces cytoskeletal 

rearrangements, and suggested a protective effect against Glu toxicity (Poltorak et al.1987; 

Meyer-Franke et al. 1995; Marta et al., 2004; Irving et al., 2005). Recently, the crystal structure of 

the extracellular portion of MAG was solved; identifying a symmetry-related dimer maintained 

via interaction between domains 4 and 5 (Pronker et al. 2016). This was further confirmed by 

Myllikoski et al., who found that L-MAG dimerize via a high affinity heterotetramer   formation 

between its cytosolic domain with DLC8/DYNLL1 (Myllykoski et al. 2018). Overall, considering 

the flexibility of the Fab fragments from IgG Abs, it is possible to hypothesize that anti-MAG 

therapy could exert protection via dimerization of L-MAG and/or stabilization of preassembled L-

MAG dimers leading to a multimeric signaling complex in lipids rafts. Whether the anti-MAG mAb 

favors MAG dimerization through its cytoplasmic domains (dependent or independently from 
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DLC8) leading to a high avidity docking platform need to be further explored and is beyond the 

current scope of the manuscript. Also, whether the antibody mimics binding to the neuronal surface 

or whether MAG activation occurs at the myelin and/or cell body of oligodendrocytes are 

interesting question that needs further investigation.  However, it is important to highlight that 

circulating anti-MAG Abs (either mAbs or polyclonal) are the pathognomonic feature of a human 

peripheral neuropathy denominated “anti-MAG neuropathy” characterized by demyelination and 

loss of node of Ranvier in the presence of an impaired blood nerve barrier; being these findings 

replicated in experimental models of the disease using passive immunizations with disease-

associated and experimental anti-MAG Abs (Dalakas 2008). This is an important question that 

needs to be further solved. A 150Kd IgG anti-MAG Ab is not able to pass neither the blood brain 

barrier or access the periaxonal space due to its large size. We hypothesized that in either stroke 

patients or in experimental models, Abs access the nervous tissue and engage MAG once the initial 

axonal damage is initiated and permeability/integrity of brain barrier is compromised. In vivo, anti-

MAG therapy diminished lesion volumes and tissue sparing following middle cerebral artery 

occlusion (MCAO) and promote functional recovery following experimental traumatic brain injury 

(Irving et al., 2005; Thompson et al., 2006), but the underlying mechanisms of action remained 

elusive. In the present study, we identify that antibody-mediated activation of MAG in mature 

OL cultures triggers the uptake of extracellular Glu, which results in protection against Glu-

mediated toxicity to OLs and neighboring cells. Expression of ionotropic and metabotropic Glu 

receptors is downregulated on mature OLs (Deng et al., 2004; Benarroch, 2009). In addition, 

mature OLs show resistance to NMDA and AMPA/kainate-mediated toxicity (Wosik et al., 2004; 

Guo et al., 2012). One of the major causes of Glu-driven OL toxicity and death is oxidative 

stress as a result of inhibition of cystine import that leads to GSH depletion (Oka et al., 1993; Rosin 

et al., 2004; Irving et al., 2005). System xc- and Glu transporters are known to work synergistically 

in order to increase intracellular GSH, the major antioxidant in the mammalian CNS 

(Lewerenz et al., 2006), by increasing intracellular concentrations of its metabolic precursors Glu 

and cysteine. Interestingly, activation of MAG raised GSH levels in OLs in a system xc- and 

EAAT-dependent manner. The transcription factor Nrf2 plays a central role linking MAG 

activation with the initiation of antioxidant responses. We observed that mAb-mediated MAG 

activation increased nuclear Nrf2-ser40 levels in a PKC-dependent manner through activation of 

phosphoinositide signaling pathways. Moreover, anti-MAG treatment of OLs enhanced the 

mRNA expression of xCT, the regulatory subunit chain of system xc-, as well as critical enzymes 

from GSH biosynthesis, all bearing the ARE consensus sequence recognized by Nrf2, while 

not affecting EAATs expression. Overall, MAG activation exerted protection of OLs by 
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modulating highly toxic extracellular Glu concentrations, an effect achieved through increased Glu 

uptake via EAATs and its further release through antiporter System xc-. Glu recycling through 

the plasma membrane of OLs increases the supply of intracellular cysteine and Glu required 

for the first step of GSH biosynthesis, which is further boosted by increased expression of its 

rate-limiting enzyme. An open question remains as to whether this mechanism accounts for the 

protection observed on neurons after anti-MAG mAb treatment in in vivo paradigms. It has been 

described that oligodendroglial exosomes can protect neurons from oxidative stress (Frühbeis et 

al., 2013). As GSH is consistently higher in glia than in neuronal cells (Chatterjee et al., 1999), it 

is possible to speculate that anti-MAG stimulated OLs could protect neurons via exporting GSH 

through exosomes.  

Recently, the anti-MAG mAb used in this study has been humanized (GSK249320), modified 

to reduce potential interactions with the human immune system, and its efficacy tested in stroke 

patients (Cramer et al., 2013, 2017). Based on the success observed in different preclinical studies 

(Barbay et al., 2015; Cash et al., 2016), it is proposed that anti-MAG therapy should promote 

clinical recovery by blocking the inhibitory activity of MAG on axon regeneration, therefore 

allowing functional recovery in the CNS. However, despite ruling out a toxic effect of this mAb in 

human healthy volunteers (Abila et al., 2013), anti-MAG treatment failed to succeed as a 

restorative therapy in patients with Stroke. The question then arises as to why anti-MAG treatment 

in humans did not reproduce the preclinical effects. Although animal models may not accurately 

reflect the complex scenario observed in stroke patients, it could be argued that the proposed 

mechanisms of actions for the anti-MAG treatment have not been well documented. First, 

despite extensive research, the inhibitory role of MAG on axon regeneration in vivo has not 

been convincingly demonstrated (Lee et al., 2010). Secondly, preclinical studies do not 

conclusively support the concept of increased axon regeneration but rather evidence a 

neuroprotective mechanism (e.g. significant reduction of lesion volumes and motor function 

improvement as soon as 24 h after lesion in the MCAO model in the absence of increased 

sprouting in the lesioned area 7 days post-injury) (Irving et al., 2005; Thompson et al., 2006; 

McKerracher and Rosen, 2015). Our results confirm the neuroprotective effect of anti-MAG 

therapy in a model of excitotoxicity induced by intracranial delivery of Glu (reduction of lesion 

volumes at 24 h), clearly demonstrating neuronal protection against Glu overload by OLs. Animal 

models of stroke such as MCAO support the notion of Glu-mediated excitotoxicity as the main 

pathophysiological mechanism during the first hours of clinical onset (Dirnagl et al., 1999). 

However, in stroke patients anti-MAG therapy was administered intravenously within the first 72 
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h after the initiation of clinical symptoms. Although the therapy failed to promote clinical 

improvement, a trend toward improvement of gait velocity was reported in these patients (Cramer et 

al., 2013, 2017). One can speculate that the efficacy of anti-MAG therapy in human clinical 

trials failed due to a delayed treatment that impeded Glu reuptake before it caused significant 

damage. If so, our data provide evidence to revise the clinical protocols in order to improve the 

efficacy of anti-MAG mAb for treatment of stroke.  

Another important clinical derivation of our results is the further understanding of the 

pathophysiological mechanisms of Glu-mediated neurodegenerative processes associated with 

demyelinating diseases. One such example is the human disease MS, a chronic degenerative 

disease of the CNS in which Glu overload plays a central role on pathology and where virtually all 

aspects of glutamate homeostasis are pathologically altered (Kostic et al., 2013). In MS patients, 

high Glu concentrations generated by infiltrating macrophages and microglial cells correlate with 

clinical disability (Pampliega et al., 2011; Hohlfeld and Kerschensteiner, 2016; Macrez et al., 

2016). Moreover, multivoxel spectroscopy in 343 MS patients demonstrated that high Glu 

concentrations correlated with the rate of decline of brain volume loss, MSFC, and PASAT in 

affected patients finding a clinical correlation between Glu and disease progression (Azevedo 

et al., 2014). Key enzymes of Glu metabolism and Glu transporters are present predominantly 

on OLs and to a much lesser extent on astrocytes, suggesting that OLs contribute to maintain Glu 

homeostasis in white matter (Werner et al., 2001; Haroon et al., 2017). Also, the relative lack of 

Glu transporters, especially EAAT-2, in astrocytes from white matter places OLs in a key 

position for maintaining Glu homeostasis (Pitt et al., 2003). MR spectroscopy analysis in MS 

lesions detected high levels of Glu in normal appearing white matter and active plaques of 

demyelination showing axonal damage; while there is evidence of altered Glu homeostasis by OLs 

(Macrez et al., 2016). Interestingly, there is a reduced expression of MAG in the acute phase of 

active plaque formation (Stys et al., 2012). The dysfunction or loss of OLs that characterizes MS 

could reduce the ability of white matter to uptake Glu, resulting in Glu toxicity on neurons and glial 

cells. We tested the efficacy of anti-MAG mAb in the EAE model showing demyelination 

associated with extensive axonal damage, where it was reported that treatment with AMPA/kainite 

antagonists results in substantial disease amelioration, by reducing axonal damage and 

increasing OLs survival (Pitt et al., 2000; Smith et al., 2000). Anti-MAG therapy initiated before the 

acute phase of axon degeneration and lasting until first clinical symptoms demonstrated efficacy 

in delaying clinical onset, reduced maximal clinical scores and reduced the extent of axonal 

damage in the spinal cord. Interestingly, increased axonal loss in an EAE model was found in 
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MAG-null mice, which was interpreted as a lost of the direct axonoprotective properties of 

MAG on axons (Jones et al., 2013). However, anti-MAG therapy, which blocks MAG 

interactions with its axonal receptors, resulted in axonoprotection, further supporting the 

concept of a protective role of OLs via MAG activation. Altogether, anti-MAG therapy appears as 

a promising treatment to mitigate disease progression in chronic forms of MS characterized by 

axonal atrophy.  

Overall, a new mechanism of oligodendroglial protection against Glu toxicity driven by MAG 

activation was discovered. These studies add knowledge to the function of MAG in OLs and also 

describe the molecular mechanisms underlying anti-MAG mAb therapy, distinct from axon 

growth promotion. Its participation in regulating extracellular Glu concentrations and Glu 

metabolism as well as increasing anti-oxidative defenses place MAG as a promising therapeutic 

target to mitigate the devastating consequences of Glu toxicity in the CNS. Mechanisms of action, 

signaling pathways and timing insights could help guide precise clinical trials to fight MS and 

stroke. 
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Materials and Methods 

 

1. Primary OL cultures. 

 Mature primary OL cultures were established by in vitro differentiation of OLs progenitor cells 

(OPCs) isolated from new born rats as described (Mecha, 2011), with some minor modifications. 

Briefly, forebrains of P0-P2 neonatal pups were harvested in DMEM. After meningeal removal, 

tissues were mechanically dissociated and cells pellet by centrifugation, resuspended in growth 

media (DMEM/F12, 10% normal horse serum (NHS), 1% glutamine, 15mM glucose, and 1% 

pen/strep) and seeded on poly-D-lysine coated 75 cm
2
 tissue culture flasks. After 11 days of culture 

(37ºC, 5% CO2), OPCs were detached by overnight shaking at 260 rpm. Filtered cell suspension 

(40 µm nylon mesh) was transferred to a petri dish and non-adherent cells collected after 24 h by 

centrifugation at 1000 rpm x 10 min. OPCs were seeded dropwise on each 12mm poly-D-lysine-

coated glass coverslips, at 50.000 cells/coverslip. Media was replaced within 1:30 h. with freshly-

prepared OLs differentiation media (DMEM/F12, 1% N1 supplement, 1% glutamax, 15 mM 

glucose,1% fetal bovine serum, 1% pen/strep, 10 nM biotin, 5 ng/ml PDGF-AA, and 5 ng/ml 

bFGF). Growth factors were depleted 2 days after plating and cells were further cultured for 4 days 

to obtain mature OLs. 

2. Cerebellar organotypic cultures 

Cerebella were removed from 7-day old rat pups and placed on ice-cold dissection media 

(HBSS, 4.3mM sodium bicarbonate, 10mM Hepes, 33.3mM D-glucose, 5.8mM magnesium 

sulfate, 0.03% bovine serum albumin and (1%) pen/strep and sectioned (250 μm) using a tissue 

chopper. Sections were transferred onto cell culture inserts (millicell-PCF 0.4 μm, Millipore, 

USA) and cultured for a week in media consisting of 50% DMEM supplemented with 25% 

HBSS, 25% NHS, 25 mM Hepes, 35 mM D-glucose, 2 mM glutamine and 1X pen/strep. Cultures 

were maintained for 4 days at 37°C in a 5% CO2 incubator until treatment. 

3. Culture treatment 

Anti-MAG monoclonal antibody (Millipore Cat# MAB1567 RRID:AB_2137847, named anti-

MAG mAb) (Poltorak et al., 1987; Meyer-Franke et al. 1995) and its isotype control anti-C-

Myc (DSHB Cat# 9E10, RRID:AB_2266850) were generated from their hybridoma. Dosage of 

anti-MAG treatment (2 µg/ml) was based on a previous report showing protection of OLs against 

Glu toxicity (Irving et al., 2005). To induce Glu toxicity, 8.6 mg/ml L-Glutamic-acid was dissolved 
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in DMEM and used at a final concentration of 2 mM. Based in a pilot dose-response curve we 

set the concentration of xCT inhibitor L-2 Aminoadipic acid (AAA) as 0.6 mM which was effective 

without affecting OLs viability. Glu transporter inhibitor L-trans-pyrrolidine-2,4-dicarboxilic acid 

(PDC) was used at a concentration of 300 µM and selective PKC inhibitor Calphostin-C was used 

50 nM as described elsewhere (Baron et al., 2000; DeSilva et al., 2009). PLC inhibitor U-73122 was 

used at 10 µM concentration, based on activity range previously described in OLs (Deng et al., 

2004; Gudz, 2006). All inhibitors were applied 60 min before antibody. 

4. Glutathione analysis 

Analysis of intracellular GSH content in primary OL cultures was determined by using 

Monochlorobimane (mBCl) (Keelan et al., 2001). Cultures were treated with 60 mM mBCl for 20 

min and then fixed with 4% Paraformaldehyde (PFA) and 0.2% glutaraldehyde for 10 min, 

further counterstained with the mature OL marker O4 (to delineate OLs cell bodies and 

processes), and examined under fluorescence microscopy. Mean fluorescent intensities of mBCl in 

OLs bodies were calculated using Fiji software using raw images. 

5. FRET analysis 

5.1 Glutamate biosensors 

Relative Glu quantification in OLs was determined by using FRET-based biosensors as described 

(Okumoto et al., 2005). Plasmids pDisplay FLIPE-1m and pcDNA3.1 FLIPE-10u (#13548 and 

#13542, Addgene, USA) were used to monitor extracellular and intracellular Glu changes, 

respectively. This family of biosensors display FRET activity under control condition (no 

glutamate) and respond with different affinities to glutamate exposure (1M for FLIPE-1m and 

10μM for FLIPE-10u) by reducing FRET activity proportionally to its concentration. Plasmids were 

transfected using lipofectamine 2000 (Thermo Fisher Scientific, USA) and OLs were culture for 24 h 

to allow their expression. Then OLs were treated with control or anti-MAG mAb as described above 

for additional 24 h before being challenged with 2 Glu at different times. Then OL cultures were 

fixed with 4% PFA, mounted and processed for radiometric FRET map calculation. These 

sensors respond to Glu with a reversible concentration-dependent decrease in FRET efficiency. 

Images were acquired with either a Spinning Disk Olympus DSU microscope (60 x m 1.42 

NA immersion objective) (for extracellular Glu) or an Olympus Fluoview 1000 spectral 

microscope (60 x m 1.42 NA immersion objective) (intracellular Glu) and images processed as 

described (Palandri et al., 2015). Briefly, CFP and YFP images were acquired while exciting the 

donor. The following filter sets were used: 457 and 514 nm Argon multiline laser of 40 mw 
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model 35-IMA 040-220 of CVI MellesGriot. Fiji software was used to perform image 

analysis. All images were first drift-corrected and background-subtracted. FRET image, that has 

the largest signal-to-noise ratio and therefore provides the best distinction between the cell and 

the background, was thresholded to generate a binary mask with a value of zero outside the cell 

and a value of one inside the cell. After multiplication by this mask, the FRET image was 

divided by the CFP image to yield a ratio image reflecting glutamate presence on OLs. 

5.2 PLC activation analysis 

PLC activation in OLs was determined by using two FRET-based biosensors that recognize either its 

substrate (phosphatidylinositol 4,5-bisphosphate (PIP2), Frubby biosensor (Mavrantoni et al., 

2015) or its enzyme product diacylglycerol (DAG), DIGDA biosensor (Nishioka et al., 2008). 

Plasmids were kindly provided by Dr. Halaszovich, Philipps-Universität-Marburg, Germany. OLs 

were transfected with FRET sensors for 24 h, and then exposed to control mAb or anti-MAG mAb 

as described above. Confocal images were taken with an Olympus Fluoview-1000 spectral 

microscope as previously described (Palandri et al., 2015). Once the FRET/CFP ratio was 

obtained, FRET efficiency in OLs plasma membrane was determined in a linear 4-pixel-wide ROI 

selection that includes the cell membrane and five random equidistant processes (distant 10 µm 

from soma) using Fiji software at different time points. 

6. Quantification of extracellular Glutamate  

Extracellular Glu was measured by fluorimetry of NADH generated by exogenous glutamate 

dehydrogenase (Sigma) as described (Chanaday et. al, 2015). Media from mature OLs cultures 

treated for 24 h with IgG or anti-MAG (2µg/ml) and further exposed to 2mM Glu for 1h or 24h 

were collected for extracellular Glu determination. Media were diluted in PBS and 1mM NAD+ 

and 25 units/ml glutamate dehydrogenase were added to a final volume of 200µl. The mix was 

incubated in a thermostated cuvette maintained at 37 °C in an ISS Chronos fluorescence lifetime 

spectrometer (Champaign, IL, USA). After 10 min of incubation, NADH production was 

measured at 450nm (using an excitation of 350nm). A calibration curve with different glutamate 

concentrations (ranging from 5µM to 200 µM) was used to calculate the extracellular glutamate 

concentration. 

7. Nrf2 and xCT expression analysis  

The active form of Nrf2 (phosphorylated at serine 40, Nrf2-ser40) was quantified in OL cultures 

by double-labeled immunofluorescence using specific Abs for Nrf2-ser40 (Bioss Inc Cat# bs-

2013R, RRID:AB_10855428) and MAG (anti-MAG mAb) and further 2-(4-Amidinophenyl)-6-
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indolecarbamidine dihydrochloride (Dapi) counterstain. OLs were imaged using confocal 

microscopy and the nuclear translocation/activation of Nrf2-ser-40 determined by scanning the 

whole cell volume using 1µm depth steps. Z projection of the Nrf2-ser40 channel stack was 

obtained using Fiji software. In MAG positive cells, a ROI delineating the nuclei was created using 

the Dapi channel and used on collapsed Nrf2-ser-40 images to obtain the mean intensity value of 

nuclear translocation. Surface expression of xCT in OLs was carried out in a similar manner. 

Mean fluorescence intensities of Z projection of 1µm confocal slices were analyzed using a ROI 

for OLs soma and processes.  

8. rtPCR 

Total RNA was extracted from OL cultures using Trizol (Thermo Fisher Scientific) isolated 

according to manufacturer's protocol and further treated with DNAse I. Reverse transciption 

reactions (using 1.5 µg of RNA) were performed using a commercially available kit 

(Superscript III First-Strand Synthesis System, Invitrogen) with random hexamers. Primer sets were 

designed using Primer3plus software (RRID:SCR_003139), allowing specific amplification of 

Rattus norvegicus Glutathione reductase, system xCT, catalytic and modulatory subunits of Glu-

cysteine ligase, Glu transporter GLAST, GLT1 and EAAC1. We chose Ribosomal protein l13a 

(Rpl13a) as the housekeeping gene according with previous comparative work of housekeeping 

genes suitable for OL cultures (Nelissen et al., 2010). All primers sets are shown in 

Supplementary Table 1. rtPCR was performed in an optical 48-well plate (Applied Biosystems, 

USA) with Step OneTM Real Time PCR System (Applied Biosystems) and universal cycling 

conditions (10 min a 95 °C, 40 cycles of 15 s at 95 °C and 60 s at 60 °C). Each 15 µl reaction 

contained 1X SYBR Green Master Mix (Applied Biosystems), 400 nM gene-specific forward and 

reverse primers, 1X nuclease-free water and pre-diluted cDNA. Primer efficiency was determined 

by a standard curve of 1:3 serial dilutions starting from pure cDNA. CT values of the samples are 

positioned within the dynamic linear range of the calibration curve. Amplification was followed 

by a melting curve analysis to check PCR product specificity and primer dimers absence. Data 

were analyzed using the ΔΔCt method (Livak and Schmittgen, 2001). mRNA expression levels and 

associated errors were calculated as described by manufacturer instructions (Applied Biosystems 

User Bulletin).  

 

9. HyPer analysis 

OL cultures were transfected with a mammalian expression vector encoding mitochondria-
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targeted HyPer (pHyPer-dMito, cat FP942, evrogen). Upon treatment with Abs, OLs were fixed 

and cultures were excited at 488 and 405nm. The emission was collected at 500-520 nm 

wavelength range in both c ases. Fluorescence emission from excitation at 488 nm was divided by 

fluorescence emission at 405nm excitation (488:405), as a measure of H2O2 content (Belousov et 

al., 2006). To generate a H2O2 map, the ratio 488:405 was divided by the binary mask of OL 

mitochondria. Images were acquired using a Olympus-FV1000 confocal microscope using a 60X 

oil/1.4 N.A. objective. 

 

10. TMRE analysis 

To assess mitochondrial potential, primary OL cultures were plated into 25 mm rounded glass 

coverslips at a density of 100,000 cells/coverslip. After differentiation into mature OLs, cultures 

were treated with anti-MAG mAb (2 µg/ml) or control IgG. 24 hours after antibody treatment, 

cultures were treated with 2mM Glu. OL mitochondrial membrane potential was measured at 24 

hours after Glu treatment by incubating cultures with tetramethylrhodamine (TMRE), a live dye 

mitochondrial potential probe (Thermofisher T669, final concentration 10nM) in DMEM-F12 for 

10 minutes. After incubation, media was replaced with OL differentiation media without phenol 

red and cells were imaged using a Spinning Disk Olympus DSU microscope, with a 60 ×/1.42 

NA immersion objective, Ex/Em: 549/575 and 1um steps. At least 15 image stacks were obtained 

per condition and all conditions were repeated 3 times. Stacks were processed using Fiji Software. 

The mean intensity of each cell was obtained using a maximum projection of stacks and a threshold 

for mitochondria. 

11. Animal Models 

All of the reported experimental protocols developed at Instituto de Investigación Médica Mercedes 

y Martin Ferreyra-INIMEC-CONICET-Universidad Nacional de Córdoba were approved by the 

appropriate animal care and use committees at our institute, following the National Institutes of 

Health guidelines for the care and use of laboratory animals. Treatments were randomly 

administered among animals and all cages contained animals with different treatments. The 

investigators were blind to the treatment assignments. 

 

11.1 Excitotoxicity model 

11.1.1 Surgery 
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Twelve week-old C57Bl/6 male mice were anesthetized with ketamine and xilazine (90 mg/kg and 

10 mg/Kg, respectively) and placed on a rat stereotaxic frame with a mouse adapter; a cannula 

was positioned near the left striatum (coordinates AP + 0.8 mm, L -1.5 and V −1.2) according to 

the mouse brain atlas (Franklin and Paxinos, 2008). Antibody administration was carried out in 

two different ways. On the pre-lesion treatment, mice were anesthetized with isofluorane after 48 h 

of surgery recovery, and either control mAb or anti-MAG mAb (1µl, 5µg/µl, 1µl/min) were injected 

into the left striatum using a 30G (AP +0.8 mm, L -1.5 and V −3.2). Five min after the injection, 

the needle was gently withdrawn. 24 h later, the same procedure was used to inject Glu 

solubilized in distilled water. A dose of 500 nmol of Glu in 0.5 µl was selected based on literature 

indicating as an effective dose to generate a significant lesion in striatum (Estrada-Sánchez et al., 

2009). In the post-lesion treatment, similar dose of Abs were injected 1 h after Glu challenge. Mice 

were allowed to recover from anesthesia and placed in individual cages with water and food ad 

libitum. 

 

11.1.2 Histology, Fluoro Jade C, and lesion volume quantification 

 

Twenty-four h after intrastriatal injection of Glu, mice were anesthetized with isofluorane and 

transcardially perfused with 4% PFA. Brains immediately removed and postfixed overnight and 

further cryoprotected. Brains were embedded in Tissue-Tek® O.C.T. (Sakura Finetek, USA) and 

consecutive series of 40 μm cryostat coronal sections from striatum obtained and mounted in 

gelatin-coated glass slides. For lesion volume reconstruction and analysis, 120µm-spaced serial 

brain sections were stained with Fluoro Jade C (FJC) as described (Schmued et al., 2005). 

Damaged brain areas (FJC+) were obtained using an epifluorescence microscope. For each slice, 40x 

photomicrographs were taken, merged and analyzed with Fiji software (RRID:SCR_002285) using 

Volumest, a volume calculator plug-in. 

 

12. Experimental Autoimmune Encephalomyelitis 

12.1. Two months old male C57BL/6 mice maintained in a pathogen-free environment were 

immunized subcutaneously at the tail base with 100μl of mouse MOG35–55-derivedpeptide (NH2-

MEVGWYRSPFSRVVHLYRNGK-COOH; synthesized at the Synthesis & Sequencing Core 

Facility-JHU, Baltimore, MD) emulsified in complete Freund's adjuvant (CFA) supplemented with 

8 mg/ml of heat-killed Mycobacterium tuberculosis (H37 RA; Difco-BD, Sparks, MD). 

Pertussis toxin (250 ng; Calbiochem, Gibbstown, NJ) was injected intravenously on the day of 

immunization and again two days later. Mice were assessed daily for clinical evidence of the 
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disease and their motor performance scored at 10 days post-immunization. Motor assessment 

scoring was as follows (Jones et al., 2008): 0, no deficit; 0.5, partial loss of tail tone or slightly 

abnormal gait; 1.0, complete tail paralysis or both partial loss of tail tone and mild hind limb 

weakness; 1.5, complete tail paralysis and mild hind limb weakness; 2.0: tail paralysis with 

moderate hind limb weakness (evidenced by frequent foot dropping between bars of cage top 

while walking); 2.5, no weight-bearing on hind limbs (dragging) but with some leg movement; 3.0, 

complete hind limb paralysis with no residual movement; 3.5, hind limb paralysis with mild 

weakness in forelimbs; 4.0, complete quadriplegia but with some movement of head; 4.5, 

moribund; 5.0, dead. Fractional scores result either from calculating the mean of scores from a 

group of animals or from assigning fractional scores for partial but distinct phenotypes; for 

example, when the distal tail droops while the tail can be raised overall, a score of 0.5 is 

assigned and when one leg is dragging but the other bears a large fraction of the body's weight 

(allowing the mouse to actually walk), a score of 2.5 or 2.75 (between 2.0 for one leg and 2.5 

or 3.0 for the other) is assigned. 

 

12.2. Axon counting 

After 30 days post-immunization, mice were anesthetized with an overdose of isoflurane and 

perfused with 4% PFA and 2.5 % glutaraldehyde. The spinal columns were postfixed overnight at 

4°C, then C3-C5 cervical sections isolated and further fixed with 1% osmium tetraoxide and 

embedded in Epoxipropyl ether of glycerol. Semi-thin 1µm sections of C5 spinal segments were 

cut and stained with toluidine blue, and further imaged using a light microscope (Zeiss, Jena, 

Germany) equipped with a Leica LC200 video camera (Heerbrugg, Switzerland) x 40 

magnification, 1.42 NA air objective were merged to reconstitute the dorsal column and adjacent 

areas. The axons in the medial dorsal column on the spinal cord at C5 were manually quantified. 

The dorsal columns are reproducibly damaged in this model of EAE (though the rostral–caudal 

level of damage was less predictable) and C5 was chosen to include ascending fibers from both the 

upper and lower limbs in the count (Jones et al., 2008). Using Fiji software an inverted triangular 

ROI was drawn within the gracile fasciculus: a line from the spinal canal to the dorsal surface was 

bisected to indicate the dorsal half of the column (height of the triangle) and a line perpendicular to 

this was drawn on both sides from the most medial part of the column to the ends of gracile 

fasciculus on the dorsal surface as described (Nguyen et al., 2009). Axon count was performed 

using cell counter plugin for Fiji. Only clearly visible, intact, myelinated axons > 1μm diameter 

were included. 
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13. Immunofluorescence.  

Organotypic cultures were fixed for 1 h in 4% PFA and washed three times with PBS. After 

antibody retrieval (10mM Sodium Citrate 0.05% Tween-20 pH 6 at 60ºC for 30 min) cultures were 

incubated for 6 h at RT with blocking solution (1mmol/L HEPES, 2% NHS, 10% FBS, 1% BSA, 

0.25% Triton x-100 in HBSS). Primary antibodies (anti-NeuN, Millipore Cat# MAB377 

RRID:AB_2298772, 1:1000, anti-cleaved caspase-3, 1:500, Cell Signaling Cat 9661 

RRID:AB_2341188) were added in blocking solution. After 48 h of incubation at 4 °C, cultures 

were washed 3 times in PBS and incubated with secondary antibodies (Alexa Fluor 488-Donkey 

Anti-Rabbit, 1:1000, Cy3-Donkey Anti-Mouse, 1:1000; Jackson Immunoresearch Laboratories) in 

PBS for 24 h at 4°C and then incubated with Dapi 3µM, washed and mounted in Mowiol
®
 4-88 

(SIGMA, USA). Primary OL cultures were fixed for 20 min at 37°C in 4% PFA and 

permeabilized 10 min with 0.2% Triton X-100. Permeabilization steps were omitted when studying 

membrane proteins. After incubation with blocking solution (10% NHS in PBS) for 1 h, OLs 

were incubated with primary antibodies (anti-O4, Neuromics, MO15002, 1:500, anti x-CT, 

Abcam, ab60171, 1:500, anti-Ser-40-Nrf2, Bioss, bs-2013R, 1:200, anti-MAG mAb clone 513, 

1:300) overnight in 5% NHS in PBS at 4º C. Then cultures were incubated with secondary 

antibodies (Cy3-donkey anti-mouse, 1:1000; Alexa Fluor 488-donkey anti Mouse, Cy3-donkey 

anti-Rabbit, 1:1000, Alexa Fluor donkey anti-Goat, 1:1000; JIL) for 1 h at RT in blocking buffer 

(PBS, 5% NHS, 0.1% Triton X-100) for 4 h and then mounted with Mowiol
®
 4-88.  

 

14. Statistical Analyses  

All in vitro experiments were carried out three times on independent conditions. All values are 

shown as the mean ± SEM. Data analysis was performed using standard statistical 

packages (InfoStat software, RRID:SCR_014310) in all experiments. The investigators 

quantifying images were blind to the treatment assignments. All the data sets were tested for 

normal distribution and variance homogeneity. Normally distributed data was analyzed by 

Student’s t-test or one-way analysis of variance (ANOVA) followed by David Garcia-Callejas 

(DGC) post hoc test. Non-parametric distribution data sets were analyzed with Kruskal-Wallis test. 
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Figure legends 

Figure 1: Antibody-mediated activation of MAG in OLs induces an increase in intracellular 

glutathione concentration and reduces mitochondrial oxidative stress and prevents 

mitochondrial potential hyperpolarization induced by Glu.  

1a. Rat primary OL cultures were treated with anti-MAG mAb (clone 513) or control mAb (clone 

9E10) for 24 h and then exposed to 2 mM glutamate Glu for additional 24 h. The intracellular level 

of GSH was then quantified using mBCl by confocal microscopy. Treatment for 24 h with 2 mM Glu 

reduces basal GSH levels (*DGC p<0.05). Anti-MAG treatment substantially increases GSH 

(#DGC p<0.05; n= 404 cells) and is able to prevent GSH depletion when exposed to Glu 

overload. Graph represents average data from three independent experiments. 1b. Representative 

images of GSH levels in OLs treated with control mAb or anti-MAG mAb. Upper panel: mBCl 

fluorescence (blue channel) and mature OL marker O4 (red channel). Lower panel: mBCl 

fluorescence intensity in a pseudocolor thermal map (warm colors=high GSH, cold colors= low 

GSH). 1c. Time course study on GSH changes in OLs after anti-MAG administration. * GSH 

reaches a ≈40% increase after 10 h of treatment (n= 434 cells). 1d. Primary OL cultures were 

transfected with a vector containing a H2O2 biosensor (mitoHyper) to monitor its mitochondrial 

concentration. Cultures were then treated with anti-MAG mAb or control mAb for 24 h. Anti-MAG 

treatment reduces basal mitochondrial H2O2 by a ≈30%, *p<0.05. Graph represents average data 

from three independent experiments (n=30 cells). 1e. Representative pseudo-color thermal map of 

H2O2 concentrations (HyPer ratio) in OLs estimated by ratiometric measurement of the 

excitation/emission pairs 405/515 and 488/515. Cold colors indicate low H2O2 levels and warm 

colors represent high H2O2 levels. 1f. Primary OL cultures were treated with anti-MAG mAb 

and/or 2 mM Glu as described in 1a for 24 h and then stained with tetramethylrhodamine (TMRE), a 

live mitochondrial potential dye, and further imaged using a spinning disc microscope. Exposure 

to Glu resulted in increased fluorescence intensity (increased mitochondrial potential) 

suggesting early stages of cell death (Kumari et al., 2012), while anti-MAG treatment prior to Glu 

exposure prevented mitochondrial potential hyperpolarization, displaying fluorescence intensities 

below control cultures. (H=58.52, *p≤0.05, n=553 cells). 1g. Representative images from OL 

cultures treated with TMRE described above. 

 

Figure 2: Antibody-mediated activation of MAG promotes extracellular Glu uptake in OLs.  

2a. The System xc- pharmacological inhibitor aminoadipic acid (AAA) and PDC, an inhibitor of 

EAATs prevent GSH increases triggered by MAG activation. Graph represents average data from 
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three independent experiments (*DGC p < 0.05, n= 1023). 2b. Antibody-mediated activation of 

MAG in OLs modulates extracellular Glu concentrations. Rat primary OL cultures were 

transfected with a pDisplay vector containing a FRET-based glutamate biosensor (FLIPE 1m) to 

monitor its extracellular levels. Cultures were then treated with anti-MAG mAb or control mAb for 

24 h and then exposed to 2 mM Glu for 1 h. Glu challenge produces a decrease on FRET ratio, 

while 24 h pretreatment with anti-MAG mAb raises FRET ratio to normal levels, indicating 

decreased Glu concentration on the surrounding OLs microenvironment. Symbols indicate 

statistical comparison with control untreated cultures (*DGC p <0.05, n= 116 cells). Graph 

represents average data from three independent experiments. 2c. Images represent the pseudo-

color thermal map of FRET activity from data shown in 2b. Cold colors indicated low FRET 

activity (high extracellular Glu) and warm colors represent high FRET activity (low extracellular 

Glu). 2d. Antibody-mediated activation of MAG in OLs increases Glu uptake via EAAT 

transporters. Rat primary OL cultures were transfected with a pcDNA3.1 vector containing a 

FRET-based Glu biosensor (FLIPE 10u) to monitor its intracellular levels. Cultures were then 

treated with anti-MAG mAb or control mAb for 24 h and then exposed to 2 mM Glu for 30 

min. Antibody-mediated MAG crosslinking/activation increases intracellular Glu concentration 30 

min after Glu challenge. MAG-driven Glu internalization is hampered in PDC (EAAT inhibitor) 

treated OL cultures. Graph represents average data from three independent experiments (* DGC p < 

0.05, n= 256 cells). 2e. Pseudocolor thermal maps from confocal images of primary OLs transfected 

with Flipe 10u biosensor (warm colors: high FRET, low glutamate; cold colors: Low FRET, high 

glutamate). 2f-g. Quantification of extracellular Glu concentration by fluorimetry in OL cultures 

treated with anti-MAG mAb or control mAb for 24 h and then exposed to 2 mM Glu for 1 h (f) or 

24 h (g). Anti-MAG mAb reduces extracellular Glu concentration in OLs treated for 24 h to values 

similar to IgG-treated control cultures (*, p<0.0001). 

 

Figure 3: Antibody-mediated activation of MAG in OLs induces a PKC-dependent activation 

of Nrf2 and associated antioxidant response elements.  

3a. Rat primary OL cultures were treated with anti-MAG mAb or control mAb and then 

immunostained with a polyclonal Ab against the PKC-dependent activation/phosphorylation 

site of Nrf2 at serine-40 (Nrf2-serine-40). Anti-MAG treatment for 10 h increases nuclear 

translocation of Nrf2 (*DGC p<0.05; n=528 cells). 3b. Confocal Images from OL cultures treated 

for 10 h with anti-MAG mAb (green) and immunostained with Nrf2-serine-40 Ab (red). OLs 

nuclei were identified by DAPI staining (blue). 3c. Western Blot of primary OLs culture 

homogenates depicting increased Nrf2-serine-40 expression (arrowhead indicates Nrf2-serine-40 
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isoforms, 66 kDa and ∼95–110 kDa band size according to Lua et al., 2013). For quantification 

purposes, bands for Nrf2-serine-40 isoforms were normalized against α-tubulin and expressed as 

ratio of Nrf2-serine-40/α-tubulin. 3d. Calphostin, a specific PKC inhibitor, prevents GSH increase 

on OLs after MAG activation. Calphostin was added 1 h before anti-MAG treatment of primary 

OLs. Intracellular levels of GSH were quantified after 24 h using mBCl by confocal 

microscopy (* DGC p < 0.05; n=1981 cells). 3e. Antibody-mediated activation of MAG increases 

the mRNA expression of genes containing the ARE sequence associated with an antioxidant 

response including those related with GSH biosynthesis. Quantification by rtPCR of mRNAs 

expression for Nrf2, GSR, Gclc and Gclm in OLs treated with anti-MAG mAb for 24 h. Data were 

normalized against the expression of the housekeeper Rpl13a and expressed as a fold change 

respect to control mAb-treated cultures (dotted line). Symbols indicate statistical comparison with 

control cultures (*, p<0.05; n=8 cultures). 3f. Antibody-mediated activation of MAG in OLs 

induces an increase in the expression of the antiporter system xc-. Rat primary OL cultures were 

treated with anti-MAG mAb or control mAb for 24 h. The plasma membrane expression of the 

regulatory chain of system xc- (xCT) was quantified by immunofluorescence using confocal 

microscopy. (*, p<0.05; n= 180 cells)(see Supplementary Figure 1 for representative 

photomicrographs). 3g. Antibody-mediated activation of MAG in OLs does not increase the 

mRNA expression of Glu transporters. Quantification by rtPCR of mRNAs expression for GLAST 

(EAAT1), GLT1 (EAAT2) and EAAC1 (EAAT3) genes in OLs treated with anti-MAG mAb for 

24 h. Data are expressed as a fold change respect to control mAb-treated cultures and normalized 

against the expression of the housekeeper Rpl13a (dotted line, n=8 cultures). All graphs 

represent average data from three independent experiments. 

 

Figure 4: Early signaling events of MAG activation via phosphoinositides. 

4a. Antibody-mediated activation of MAG in OLs induces a transient increase in 

phosphatidylinositol 4,5-bisphosphate (PIP2) concentrations. Rat primary OL cultures were 

transfected with a vector containing a FRET-based PIP2 biosensor (Frubby) to monitor its 

membrane levels. Cultures were then treated with anti-MAG mAb and fixed at different times. 

MAG activation led to a transient increase in PIP2 (peak at 15 min and then returning to basal 

levels). Symbols indicate statistical comparison with control (untreated) cultures (*, p< 0.05; 

n=195 cells). Images represent the pseudo-color thermal map of FRET activity. Cold colors indicate 

low fret activity (low membrane PIP2) and warm colors represent high FRET activity (high 

membrane PIP2). 4b. Antibody-mediated activation of MAG in OLs induces an increase in 

diacylglycerol (DAG) concentrations. OLs were transfected with a vector containing a FRET-
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based DAG biosensor (Digda) to monitor its membrane levels. Cultures were then treated with 

anti-MAG mAb and analyzed at different time points. Results are in accordance with those 

from PIP2 analysis, showing an increase of DAG over time after antibody treatment (*p <0.05 at 

40 and 60 min from treatment; n=118 cells). Images represent the pseudo-color thermal map of 

FRET activity. Cold colors indicate low fret activity (low membrane DAG) and warm colors 

represent high FRET activity (high membrane DAG). All graphs represent average data from three 

independent experiments. 

 

Figure 5: MAG activation protects neurons from Glu-mediated toxicity in organotypic 

cultures. 

Anti-MAG mAb (2 µg/ml) was administered 24 h before 2 mM Glu treatment of 4 div organotypic 

cerebellar slice cultures. Cultures were fixed 24 h after Glu treatment and immunostained with 

NeuN (granular neuron marker) and cleaved caspase 3 (early apoptotic marker). Cultured slices 

were sampled with confocal microphotographs taken every 5 µm. Granule neurons undergoing 

apoptosis were identified based on morphology (positive for DNA condensation and blebbing) and 

inmunocitochemistry (positive for cleaved caspase-3). Apoptotic neurons were counted in samples 

of 0.02 mm
2
. Treatment with 2 mM Glu increases apoptotic granule neurons death (*DGC p<0.05; 

n=22 slices). Anti-MAG treatment for 24 h blocked Glu toxicity on neurons. Photomicrographs of 

confocal sections from cerebellar organotypic cultures. Arrowheads show granule cells positive por 

apoptosis, which depicts marked cleaved caspase-3 staining and typical nuclear fragmentation 

(blebbing). 

 

Figure 6: Anti-MAG mAb treatments exerts a neuroprotective effect in a mouse model of Glu-

mediated toxicity.  

Adult C57Bl/6 mice received an intrastriatal injection consisting in a single dose of 0.5µl injection of 

1M Glu to induce an excitotoxic lesion. At 24 h mice were fixed and brains removed, cryostat 

sectioned (40 µm) and neurodegeneration detected by Fluoro Jade C staining. Lesion volumes 

(Fluoro Jade C positive damaged brain areas) were quantified with Fiji software using the volume 

calculator plug-in Volumest. Anti-MAG mAb treatment 1 h before (6a) or after (6b) intracranial 

injection of Glu was effective in reducing tissue damage (decreased lesion volumes) with respect to 

control mAb (*p<0.05; n=16 animals per experiment). Representative slices of control mAb and 

anti-MAG-treated brains showing Fluoro Jade C staining (light green) are shown.  

 

Figure 7: Anti-MAG mAb treatment diminishes clinical symptoms and reduces axonal 
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damage in a MOG-induced EAE murine model.  

Young adult C57Bl/6 mice were immunized with the peptide 35-50 corresponding to the Myelin 

Oligodendrocyte Glycoprotein (MOG) to induce a chronic inflammatory demyelination. Mice 

(n=11) were treated with anti-MAG mAb (n=6) or control mAb (n=5) by intraperitoneal injection of 

100μg at days 3, 5 and 6 post immunization. Clinical symptoms were assessed daily for 30 days 

after immunization, then animals were perfused and axon counts performed at high cervical levels 

(C3-C5) in the gracile fasciculus. 7a. Clinical motor assessment in EAE mice (performed as 

described in Jones et al., 2008). Anti-MAG treatment changes time profiles of disease progression, 

with later onset and lower clinical scores (*p<0.05). 7b. Anti-MAG mAb treatment effect on 

axons from gracile fasciculus of C5 spinal cord sections at 30 days after EAE induction. 

Induction of EAE triggers an axonal loss of myelinated fibers of ≈50% in mice receiving control 

mAb respect to naïve (non-EAE mice, n=5) (*p<0.05). In contrast, Anti-MAG-treated mice 

display reduced axonal loss (n/s difference with non-EAE mice). 7c-e. Representative 

micrographs of 1 μm plastic sections stained with toluidine blue at C3-5 cervical region of the 

spinal cords.  7f-h. Right panels display higher magnification images of the gracile fasciculus. 

7i-j There is a linear correlation between axon accounts in the gracile fasciculus and mean 

clinical scores and highest clinical scores. 

 

Supplementary Figure 1: Treatment of OLs with anti-MAG mAb resulted in increased 

system xCT protein expression. Rat primary OL cultures were treated with anti-MAG mAb or 

control mAb for 24 h. The plasma membrane expression of the regulatory chain of system xc- (xCT) 

was quantified by immunofluorescence using confocal microscopy. Figure depicts 

representative photomicrographs of OLs cultures stained for xCT (green) and MAG (red) protein 

expression. OLs nuclei were identified by DAPI staining (blue). 

 

Supplementary Figure 2: Pharmacological inhibition of PLC by U-73122 prevents 

changes on Phosphoinositides driven by MAG activation. Rat primary OL cultures were 

transfected with vectors containing a FRET based PIP2 biosensor (Frubby, Figure a, n=87 cells) or 

a DAG sensor (Digda, Figure b, n=131 cells) to monitor its membrane levels. At the activity peak 

of PLC (40-60 min) cultures were treated at two different concentrations of U-73122 (5 and 10µM) 

1 h before exposed to Anti-MAG mAb for 60 min. Treatment with 10µM U-73122 was found 

effective to inhibit the changes on PIP2 (increase at 60 min after Anti-MAG treatment) and DAG 

(decreasing peak at 40 min post mAb treatment). 
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Supplementary Figure 3: Expression of MAG in cerebellar organotypic cultures. 

Organotypic cerebellar slice cultures were grown for 4 days, then fixed for 24 h and 

immunostained with anti-MAG mAb (clone 513, 2 µg/ml) O.N. and further developed using 

Alexa 488-conjugated secondary anti-mouse abs to detect MAG expression. A cultured slice was 

sampled with confocal microphotographs taken every 1 µm, total thickness of 15 µm. Image 

depicts MAG expression (green) on cell bodies and myelin from OLs. Dapi staining (blue) 

identified cell nuclei. 

 

Supplementary Table 1: Description of rtPCR primers used in this study. 
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