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Abstract 27 

Increase in blood-brain barrier (BBB) permeability is a crucial step in neuroinflammatory processes. 28 

We previously showed that N methyl-D-aspartate (NMDA) receptors, expressed on cerebral 29 

endothelial cells forming the BBB, regulate immune cell infiltration across this barrier in the mouse. 30 

Here, we describe the mechanism responsible for the action of NMDA receptors on BBB 31 

permeabilization. We report that mouse CNS endothelial NMDA receptors display the regulatory 32 

GluN3A subunit.  This composition confers to NMDA receptors unconventional properties: these 33 

receptors do not induce Ca2+ influx, but rather show non-ionotropic properties. In inflammatory 34 

conditions, co-stimulation of human brain endothelial cells by NMDA agonists (NMDA or glycine) and 35 

the serine protease tissue plasminogen activator (tPA) -previously shown to potentiate NMDA 36 

receptor activity- induces metabotropic signalling via Rho/ROCK pathway. This pathway leads to an 37 

increase in permeability via phosphorylation of myosin light chain and subsequent shrinkage of 38 

human brain endothelial cells. Together, these data draw a link between NMDA receptors and the 39 

cytoskeleton in brain endothelial cells that regulates BBB permeability in inflammatory conditions. 40 

Significance statement 41 

The authors describe how NMDA receptors expressed on endothelial cells regulate blood-brain 42 

barrier function via myosin light chain phosphorylation and increase in permeability. They report that 43 

these non-neuronal NMDA receptors display distinct structural, functional and pharmacological 44 

features than their neuronal counterparts. 45 

  46 



 

4 
 

Introduction 47 

The permeability of the blood-brain and the blood-spinal cord barriers (BBB and BSCB, 48 

respectively) is increased in neuroinflammatory diseases such as multiple sclerosis (MS). Although 49 

not necessarily required for infiltration of immune cells into the central nervous system (CNS) 50 

parenchyma, BBB or BSCB permeabilization can participate in this infiltration, leading to myelin 51 

degradation and axonal damage. Limiting the increase in BBB/BSCB permeability could thus provide 52 

therapeutic effect in MS and other diseases in which BBB/BSCB dysfunction is involved.  53 

We recently described that Glunomab®, a monoclonal antibody directed against N-methyl-D-54 

aspartate receptors (NMDAR), provided therapeutic effects in experimental autoimmune 55 

encephalomyelitis (EAE), a mouse model of MS (Macrez et al., 2016). Glunomab® acted by protecting 56 

the BSCB and limiting leucocyte infiltration. This effect was due to an action on NMDAR expressed at 57 

the luminal surface of brain endothelial, in the vicinity of tight junction proteins. However, the 58 

molecular mechanisms involved in this effect remain to be characterized.  59 

Glunomab® is directed against a protease-regulated site of N-methyl-D-aspartate receptors. 60 

It was designed to block the potentiation of NMDAR signalling by the serine-protease tPA (Lesept et 61 

al., 2016). In order to define the mechanisms of action of Glunomab®, it is thus crucial to understand 62 

how tPA action on NMDA receptors is linked to BBB permeability. 63 

tPA is involved in animal models of multiple sclerosis (East et al., 2005), increased 64 

permeability of the BBB (Lopes Pinheiro et al., 2015) and monocyte infiltration (Reijerkerk et al., 65 

2008, 2010), and its activity in the blood correlates with MS progression (Akenami et al., 1996). 66 

Several mechanisms have been proposed to mediate the action of tPA on BBB permeability (Mehra 67 

et al., 2016), including its effect on brain endothelial NMDAR (Reijerkerk et al., 2008). It was reported 68 

recently that tPA induced the increase in BBB permeability via intracellular pathways involving Rho-69 

Kinases (Niego et al., 2017), providing a clue to the mechanism of action of tPA on CNS endothelial 70 

cells. In fact, Rho-kinases are considered as central mediators of BBB permeability (Hordijk, 2016). 71 
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Noteworthy, NMDAR receptors are long known to activate Rho-dependent signalling pathway in 72 

neurons (Sin et al., 2002), although no study has yet described a similar pathway in brain endothelial 73 

cells.  74 

On these bases, we hypothesized that tPA could potentiate NMDAR which could trigger Rho-75 

dependent pathway, and that this action would lead to increase in brain endothelial permeability. 76 

We discovered that this increase in permeability is a result of brain endothelial cell shrinkage 77 

mediated by phosphorylation of myosin light chain (MLC). 78 

 79 

80 
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 Material and methods 81 

Cell Culture. The cerebral endothelial cell line hCMEC/D3 was kindly provided by Dr. P.O. 82 

Couraud and culture was conducted as described earlier (Weksler et al., 2013). Cells were 83 

grown on collagen-I coated flasks in Endothelial Growth Medium-2 (EGM-2 Bullet kit, #cc-84 

3202, Lonza) supplemented with 5% fetal bovine serum (FBS). The cell cultures were 85 

maintained at 37 C temperature and 5% CO2 in humid atmosphere. The medium was 86 

renewed every 3 days until the cells reached 90-100% confluence after which the cells were 87 

either passaged or used for experiments. The hCMEC/D3 cells were exposed to 1ng/ml 88 

human TNF (#300-01A, PeproTech) in serum free media for 18 hours before conducting all 89 

experimental treatments unless otherwise specified. Experimental treatments were 90 

performed with the following molecules:  N-Methyl-D-Aspartic acid (NMDA, Tocris), Tissue 91 

plasminogen activator (tPA, Actilyse®, Boehringer Ingelheim), Glycine (Sigma), Rhosin 92 

hydrochloride (#5003, Tocris), Y27632 (#688001, Calbiochem) and L-689,560 (#0742, Tocris). 93 

Isolation of mouse brain endothelial cells (EC) for in vitro cell culture experiments was done 94 

as described earlier (Liebner et al., 2008). Briefly, meninges-free brains from adult mice were 95 

pooled and homogenized using a dounce homogenizer (0.025mm clearance, Wheaton). 96 

Then, the pellet was digested with collagenase-II (C2-28, Biochrom) in endothelial cell buffer 97 

(Czupalla et al., 2014) (1:1:1 volume ratio) for 1h with shaking at 37°C. For myelin removal, 98 

samples were resuspended in 25% BSA and centrifuged at 2000g for 20 min at 4°C followed 99 

by enzymatic digestion of the pellet with Collagenase/Dispase (#10269638001, Roche) and 100 

DNase I (#LS006333, Worthington) in endothelial cell buffer for 15 min at 37°C. Finally, cells 101 

were resuspended in MCDB-131 complete medium according to previous descriptions 102 

(Czupalla et al., 2014) with slight modifications (MCDB-131-based growth medium 103 
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containing 20% FCS, 2mM L-glutamine, 1% penicillin-streptomycin, 1% Endothelial Cell 104 

Growth Supplement, 5mM heparin, 1mM sodium bicarbonate), and seeded on collagen-I 105 

(150μg/cm2, #344236, Corning) coated plates. After 6 h, puromycin (5μg/ml, #P9620, Sigma-106 

Aldrich) was added to the medium during 2 days in order to select brain ECs. ECs were 107 

cultivated with the same medium (unless otherwise specified) on fibronectin coated surfaces 108 

inserts (1/100 dilution, #F1141, Sigma-Aldrich). 109 

Permeability assay. For the permeability analysis, hCMEC/D3 cells were cultured on collagen-110 

I coated 0.4 μm pore filter inserts (Corning® Costar® Transwell®), grown in EGM-2 media and 111 

maintained for 72 hours after confluence. After human TNF pre-incubation (1ng/mL, 18h), 112 

cells received experimental treatments as indicated in the result section. The trans-113 

monolayer permeability of FITC-Dextran (70 kDa, 1mg/ml in serum-free medium, incubated 114 

in the upper compartment of the insert) was assessed by collecting media from the lower 115 

compartment of the transwells at different time points. The raw fluorescence intensity (RFU) 116 

was captured using BIOTEK FLx800 microplate reader, with excitation and emission 117 

wavelengths at 485 nm and 520 nm respectively. The results obtained for the different 118 

treatments were then normalized to the control condition. The permeability index at 1h for 119 

the HCMEC/D3 cells is equal to 0.00693 and was calculated as follow: (RFUwell-120 

RFUblank)/(RFUinsert-RFUblank), with medium as blank.  121 

Impedance measurement. The xCELLigence system (RTCA S16, ACEA) is a cell-based label-122 

free instrument that measures in real time electrical impedance of monolayer across gold 123 

microelectrodes integrated at the bottom of culture E-plates (#00 300 600 890, ACEA). 124 

Mouse primary brain ECs were seeded in complete medium at a density of 50,000 cells per 125 

well on fibronectin coated 16-well E-Plates. Once the cells reach the plateau, medium was 126 
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changed to start mouse TNF treatment for 18h (10 ng/mL, #315-01A, Peprotech) in 5% 127 

serum medium. Then, cells were treated with tPA (20 μg/mL, Actilyse®), NMDA (100 μM) or 128 

tPA buffer containing 5% serum. Impedance measurement was displayed in real time as a 129 

cell index (CI, arbitrary unit) given by the xCELLigence RTCA software (ACEA). 130 

Animals and tissue sampling. Tissue samples were collected from 8 weeks old C57BL6/J male 131 

mice, weighing 20-30g, housed in temperature-controlled environment on a 12-hours 132 

dark/light cycle with ad libitum access to food and water in our local conventional animal 133 

facility (CURB, University of Caen Normandie). The guidelines provided by the institutional 134 

ethics committee (Comité Normand d’éthique en matière d’expérimentation animale, 135 

CeNomExA) were strictly followed. The procedures were approved by the French ministry of 136 

research and education (Articles R.217-87 to R.214-126, agreement number 02653.02). 137 

C57BL6/J mice were deeply anesthetized and perfused with cold saline-heparin solution. 138 

Brain and spinal cord tissues were excised and rinsed once in saline and then incubated at 139 

4˚C in increasing sucrose concentrations (w/v, 10%, 20% and 30% in PBS until the tissue sank 140 

down). Following this, tissues were cryopreserved in Tissue-Tek® O.C.T.TM compound 141 

(Sakura) and stored at -80°C. Then, tissues were cryostat-sliced in 10μm sections (CM3050, 142 

Leica) and stored at -80˚C until processed.  143 

Immunohistochemistry. Tissue section samples (i.e. fixation, primary and secondary antibody 144 

incubation) was performed as described in detail earlier (Macrez et al., 2016). To analyze 145 

NMDA receptor subunits and tight junction proteins, the spinal cord tissue sample sections 146 

were incubated with the following primary antibodies: mouse monoclonal anti-GluN1 147 

(Glunomab, 1:500) (Lesept et al., 2016; Macrez et al., 2016), goat polyclonal anti-GluN2A 148 

(#1468, Santa Cruz, 1:200), rabbit polyclonal anti-GluN2B (#9057, Santa Cruz, 1:200), goat 149 
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polyclonal anti-GluN2C (#1470, Santa Cruz,1:200), goat polyclonal anti-GluN2D (#31551, 150 

Santa Cruz, 1:200), rabbit polyclonal anti-GluN3A (#07-356, Merck Millipore, 1:200), rabbit 151 

polyclonal anti-GluN3B (#50474, Santa Cruz, 1:200), rabbit monoclonal anti-claudin-5 152 

(#131259, Abcam, 1:1000), rabbit monoclonal anti-occludin (#167161, Abcam, 1:1000) rabbit 153 

polyclonal anti-ZO-1 (#59720, Abcam, 1:1000), rabbit polyclonal anti-VE Cadherin (#33168, 154 

Abcam, 1:1000) and goat anti-Collagen IV antibody (#1340, Southern Biotech, 1:1000). 155 

Species-specific secondary antibodies conjugated for FITC, Cy3, or Alexa fluor 647 156 

fluorophores were purchased from Jackson ImmunoResearch. Slides were coverslipped with 157 

Fluoromount G containing DAPI for nuclei staining (#00-4959-52, Thermofisher). 158 

Immunocytochemistry. For the F-actin analysis, the hCMEC/D3 cells were cultured on 159 

collagen-I coated Lab-TekTM 4 wells chamber slides (#177437, NuncTM). Following the 160 

experimental treatments, cells were fixed with 2% paraformaldehyde (PFA) for 10 min. After 161 

three washes with PBS, cells were permeabilized with 0.1% triton-PBS solution for 10 162 

minutes at room temperature (RT). After washes, cells were blocked in 1% BSA-PBS solution 163 

for 30 minutes at RT. To visualize the actin protein, we used the iFluor488-Phalloidin (#176753 164 

Cytopainter, Abcam), a bicyclic heptapeptide which specifically binds to F-actin protein. 165 

Slides were coverslipped with Fluoromount G containing DAPI for nuclei staining. 166 

For NMDA receptor subunit staining, confluent cells were treated for 18h with TNF or 167 

control medium. Cells were then washed briefly with PBS and directly incubated with the 168 

following primary antibodies for 1h at RT: anti GluN1 (Glunomab, 1:50) (Lesept et al., 2016; 169 

Macrez et al., 2016) rabbit polyclonal anti-GluN2B (#9057 Santa Cruz, 1:50) and rabbit 170 

polyclonal anti-GluN3A (#07-356, Merck Millipore, 1:50). The cells were then washed twice 171 

with PBS and fixed for 10 min with 2% PFA. After fixation, samples were incubated with the 172 
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corresponding secondary antibodies in PBS at RT for 1h and mounted with Fluoromount G 173 

containing DAPI.  174 

Imaging and analysis. Epifluoresence images were acquired by a CMOS camera (ORCA Flash 175 

4-LT; Hamamatsu) coupled to Leica DM6000B microscope (Leica Microsystems). Confocal 176 

images were acquired on a Leica SP5 confocal microscope and captured at 1024 X 1024 high 177 

quality resolution with a z-step of 0.45μm. For image visualization, we used the Metamorph 178 

5.0 software (Molecular Devices). The image data was analyzed and processed with ImageJ 179 

1.5 software (NIH). Further analysis and 3D reconstruction of confocal images were 180 

performed with IMARIS® software (version 5.5, Bitplane, Zurich, Switzerland).  181 

Immunoblotting. hCMEC/D3 cells were lysed in ice-cold TNT buffer (with protease and 182 

phosphatase inhibitors). The total protein concentrations were determined with Thermo 183 

Scientific™ Pierce™ BCA Protein Assay. The denatured protein samples were loaded (12-15 184 

μg protein in each well) in Precast polyacrylamide gels (4-15%; BioRad). After 185 

electrophoresis, proteins were transferred on the PVDF membrane. Following transfer, 186 

membranes were blocked for 1 hour in 2% BSA-TTBS solution (0.1% Tween-20 in Tris-187 

buffered saline, pH 7.4). Membranes were washed three times in TTBS buffer and then 188 

incubated overnight with the primary antibody at 4˚C. Following three washes in TTBS, 189 

membranes were incubated with HRP-conjugated secondary antibodies for 90 minutes at 190 

RT. After three rinses with TTBS buffer, protein bands were enhanced for detection and 191 

analysis by chemiluminescence agent Thermo Scientific Pierce ECL Plus substrate. 192 

Membranes were subsequently stripped for the detection of standard proteins used as 193 

loading control or for normalization of phosphorylated proteins. The data were obtained by 194 
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ImageQuant LAS 4000 (GE Healthcare Life Sciences). The data were analyzed with ImageJ 195 

software (NIH). 196 

To analyze NMDA receptor subunits, the following primary antibodies were used: mouse 197 

monoclonal anti-GluN1 Glunomab (Glunomab, 1:500) (Lesept et al., 2016; Macrez et al., 198 

2016), mouse monoclonal anti-GluN2B (Santa Cruz #365597, 1:200) and rabbit polyclonal 199 

anti-GluN3A (#07-356, Merck Millipore, 1:500). To analyze the MLC phosphorylation, rabbit 200 

polyclonal Phospho-Myosin Light Chain 2 (#3671, Cell Signaling) and rabbit polyclonal 201 

Myosin Light Chain 2 (#3672, Cell Signalling) antibodies were used. GAPDH protein (loading 202 

control) was detected by goat polyclonal anti GAPDH (#25778, Santa Cruz).  203 

For the RhoA-GTP activation we used the Rho Activation Assay Kit (#17-294, Sigma-Aldrich) 204 

according to manufacturer recommendations. All steps were performed at 4°C with ice-cold 205 

solutions until the denaturation step. Briefly, the culture media was removed and cells were 206 

rinsed twice with ice-cold TBS. Cells were detached and lysed with a cell scraper in ice-cold 207 

MLB with protease inhibitor. The samples were vortexed briefly and centrifuged at 14000g 208 

for 20 minutes at 4°C. The supernatant were collected and stored at -80°C. For the RhoA pull 209 

down assay, 500 l of supernatant was mixed with 15 l RhoA assay reagent and incubated 210 

for 45min with gentle agitation at 4°C. The agarose beads were pelleted by a brief 211 

centrifugation at 14000g, washed three times in MLB and resuspended in 2X Loading 212 

reducing buffer and boiled for 5 minutes at 95°C. The immunoblotting assay was performed 213 

as described before.  214 

Statistical analysis. The colocalization statistics have been described using Pearson’s 215 

coefficient (r). The value for this coefficient ranges from -1 to +1, exhibiting total negative 216 

correlation and positive correlation respectively, and zero for no correlation. Mander’s 217 
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coefficients M1 and M2 were also used as determinants of summed up intensities of pixels 218 

of one channel for which the intensities of the other channel are above zero, and vice versa. 219 

The graphs show mean ± standard error of mean (SEM). Determination of significance was 220 

performed via Mann-Whitney U test. For in vitro experiments, the N value corresponds to 221 

the number of independent experiments performed from cells at different passages.  222 

  223 
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Results 224 

Tight junction-associated spinal cord endothelial NMDAR contain GluN1, GluN2B and 225 

GluN3A subunits 226 

Our first step was to further characterise the expression of NMDAR in CNS endothelial cells, originally 227 

described in our previous work (Macrez et al., 2016). We confirmed the presence of the GluN1 228 

subunit of NMDAR in collagen IV (Coll IV)-positive vessels in the mouse spinal cord (Figure 1). GluN1 229 

was localized in cells that form tight junctions, at the vicinity of the transmembrane tight junction 230 

proteins occludin and claudin-5, as shown by immunohistochemistry (Figure 1), 3D-reconstruction 231 

(Figure 1) and calculation of Pearson’s coefficient (respectively 0.684 and 0.806, Table 1). In contrast, 232 

GluN1 was poorly colocalized with the intracellular, tight junction scaffolding protein ZO-1 or the 233 

adherens junction protein VE-Cadherin (Figure 1 and Table 1), although expressed in the same 234 

vessels (Figure 1).  We next addressed the question of the regulatory subunits of NMDAR expressed 235 

in spinal cord endothelial cells along with the GluN1 subunit. GluN1 was colocalized with the 236 

regulatory subunit Glun2B, as shown by immunohistochemistry (Figure 2A) and 3D reconstruction 237 

(Figure 2B). In contrast, GluN2A, GluN2C and GluN2D were not detected in vessels of the spinal cord 238 

(Figure 2C). Nevertheless, spinal cord endothelial NMDAR were characterized by the presence of the 239 

GluN3A subunit (Figure 2A-B). GluN3B, however, was not detected in vessels of the spinal cord 240 

(Figure 2C). Colocalization of GluN1 with GluN2B and GluN3A was confirmed by calculation of 241 

Pearson’s coefficient (respectively 0.618 and 0.832, Table 2). 242 

NMDAR activation by tPA/NMDA co-stimulation leads to the recruitment of a metabotropic 243 

pathway in CNS endothelial cells involving Rho GTPase activation  244 

Our previous studies have shown that, in conditions of inflammation, CNS endothelial NMDAR 245 

receptors drive an increase in brain endothelial permeability and leucocyte transmigration that is 246 

potentiated by the action of tPA (Reijerkerk et al., 2010; Macrez et al., 2016). Our next experiments 247 
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were designed to decipher the signalling pathway leading to this effect. For that, we used the brain 248 

endothelial cell line hMECD3, in which inflammation was induced by a pre-treatment with human 249 

recombinant TNF (see methods). hMECD3 cells expressed the NMDAR subunits GluN1, GluN2B and 250 

GluN3A (Figure 3A), and TNF treatment increased the expression of GluN1 and GluN3A (Figure 3B-C).  251 

Our first hypothesis was that, as previously observed in neurons (Nicole et al., 2001), NMDAR 252 

activation in hMECD3 cells would lead to calcium influx, an action that may be potentiated by tPA. 253 

Nevertheless, no modification of intracellular calcium concentration was observed in hMECD3 even 254 

at high doses of glutamate, NMDA or the co-agonist Glycine, in the presence or absence of tPA (data 255 

not shown). These results prompted us to hypothesize that NMDAR signalling in brain endothelial 256 

cells could imply a metabotropic rather than a ionotropic pathway. The Rho Kinase pathway 257 

appeared as a good candidate on the one hand because it was shown before to be recruited by 258 

NMDAR activation in neurons (Semenova et al., 2007; Krogh et al., 2015) and on the other hand 259 

because it was previously involved in the regulation of brain endothelial permeability (Niego et al., 260 

2017). The treatment of hMECD3 cells with NMDA alone (25-1000μM, Figure 4A) or tPA alone (20-261 

40μg/ml, Figure 4B) did not modify RhoA activation either at 1 hour (Figure 4A-B) or 3hours (Figure 262 

4C-D). Nevertheless, the combination of NMDA and tPA increased RhoA activation after 1 hour and 3 263 

hours of treatment (Figure 5A-B). This effect was accompanied by cell shrinkage, as shown by an 264 

increase in the staining-free area after F-actin staining and 3-D reconstruction, reflecting the 265 

appearance of gaps between cells (Figure 5C; 3-D reconstruction, Figure 5D and corresponding 266 

quantification, Figure 5E). Co-treatment with tPA and NMDA also increased the brain endothelial 267 

permeability, as reflected by the increase of FITC-dextran extravasation across a monolayer of 268 

hMECD3 cells (Figure 5F) and the decrease in transendothelial electric resistance in primary cultures 269 

of endothelial cells (Figure 5G). Co-treatment with tPA and NMDA induced a gradual increase in 270 

permeability in hMECD3 cells (Figure 5H). The addition of Rhosin blocked this increase, so that 271 

permeability stayed mostly stable over time (Figure 5H), resulting in a statistically significant 272 
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reduction of permeability after 6 hours. These data indicate that the combined action of tPA and 273 

NMDA on brain endothelial cells lead to the recruitement of the RhoGTPase pathway. 274 

We next asked whether this effect of tPA was due to a direct action on NMDA receptors. To address 275 

this, we used Glunomab®, a monoclonal antibody designed in our previous work (Macrez et al., 2016) 276 

to block, on NMDAR, the binding site of tPA, thus impeding its action (Lesept et al., 2016). Here, 277 

Glunomab® reversed the raise in RhoA activation (Figure 6A-B). The gradual increase in permeability 278 

induced by the co-treatment with tPA and NMDA (Figure 6C) was blocked by the addition of 279 

Glunomab®, so that permeability stayed mostly stable over time (Figure 6C), resulting in a statistically 280 

significant reduction of permeability after 6 hours. Together, these data indicate that the combined 281 

action of NMDA and tPA on NMDA receptor induces an increase in brain endothelial permeability via 282 

the activation of the Rho A GTP pathway. 283 

NMDAR-induced Rho GTPase recruitment also occurs after co-stimulation with tPA and the co-284 

agonist glycine 285 

GluN3-containing NMDAR are sensitive to glycine in addition to glutamate. We thus tested whether 286 

the effects observed above with NMDA, a NMDAR agonist at glutamate site, could also appear with 287 

glycine. Although glycine (250μM) did not modify RhoA activation when added alone, it increased 288 

RhoA activation when added together with tPA (20μg/ml) after 1 hour (Figure 7A) and 3 hours 289 

(Figure 7B). This action was not modified by the co-incubation with the blocker of NMDAR channel, 290 

MK801, or by the competitive antagonist at glutamate site, AP5 (Figure 7C). In contrast, co-291 

incubation with CNQX (10μM), described before to antagonize the glycine site of NMDAR (Piña-292 

Crespo et al., 2010), completely abolished the combined effect of glycine and tPA (Figure 7C). Co-293 

treatment with AMPA and tPA did not modify Rho phosphorylation (data not shown), which rules out 294 

that the reversion by CNQX could be due to an action on AMPA receptors. Indeed, co-incubation with 295 

4-trans-2-Carboxy-5,7-dichloro-4-phenylaminocarbonylamino-1,2,3,4-tetrahydroquinoline (L689,560, 296 

10μM), an antagonist of the Glycine site of NMDAR (Jansen and Dannhardt, 2003), completely 297 
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abolished the combined effect of glycine and tPA (Figure 7D). This combined effect of Glycine and 298 

tPA was accompanied by cell shrinkage (Figure 7E; 3D reconstruction, Figure 7F and corresponding 299 

quantification, Figure 7G) and an increase in brain endothelial permeability, as measured by FITC-300 

dextran extravasation across the cell monolayer (Figure 7H). The raise in RhoA activation and the 301 

increase in permeability induced by the co-treatment with tPA and glycine were reversed by the 302 

inhibitor of Rho Kinase pathway, Rhosin (Figure 7I, J) and by Glunomab® (Figure 7K,L). Together, 303 

these data indicate that the combined action of glycine and tPA on NMDAR induces an increase in 304 

endothelial permeability via the activation of the RhoA GTP pathway. 305 

NMDAR-induced increase in endothelial permeability involves ROCK-mediated phosphorylation of 306 

myosin light chain 307 

We next aimed at identifying the downstream effectors of the Rho Kinase pathway that are recruited 308 

after stimulation of endothelial NMDAR by its ligands in combination with tPA, and that lead to 309 

increased permeability. We hypothesized that the phosphorylation of Myosin light chain (MLC) could 310 

be a downstream effect of this pathway. In effect, MLC phosphorylation was shown before to occur 311 

as a result of Rho Kinase pathway activation (Xie et al., 2012) and to participate in increasing brain 312 

endothelial permeability by inducing cell shrinkage (Kuhlmann et al., 2007; Luh et al., 2018). 313 

Noteworthy, the co-treatment with NMDA and tPA resulted in increased MLC phosphorylation after 314 

1 and 3 hours (Figure 8A, B), an effect that was reversed by Rhosin (Figure 8C). This effect was also 315 

revered by Y-27632, an inhibitor of the Rho-associated, coiled-coil containing protein kinase (ROCK) 316 

(Figure 8D), a kinase downstream of RhoA and reported before to induce the phosphorylation of MLC 317 

(Xie et al., 2012). Glunomab® also reversed the increase in MLC phosphorylation induced by the 318 

co-treatment with NMDA and tPA (Figure 8E). Finally, the increase in brain endothelial permeability 319 

induced by tPA/NMDA co-treatment was also reversed by ROCK inhibition (Figure 8F). MLC 320 

phosphorylation was also observed when glycine was added in combination with tPA (Figure 8G), an 321 

effect that was reversed by L689,560 (Figure 8H), Y-27632 (Figure 8I) and Glunomab® (Figure 8J). 322 
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Finally, increase in brain endothelial permeability induced by the combined action of Glycine and tPA 323 

was abolished when MLC phosphorylation was inhibited by the addition of Y-27632 (Figure 8K). 324 

Together, these data show that the recruitment of the Rho GTPase pathway induced by the co-325 

stimulation of NMDAR by tPA and its ligands, NMDA and Glycine, leads to increase in brain 326 

endothelial permeability via ROCK-mediated MLC phosphorylation. 327 

  328 
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Discussion 329 

The present study describes a metabotropic pathway that makes the link between NMDAR activation 330 

and increase in brain endothelial permeability. We show that the co-stimulation by the agonist 331 

NMDA or by the co-agonist Glycine leads to recruitment of the Rho GTPase pathway, inducing ROCK-332 

dependent phosphorylation of myosin light chain and increase in permeability. 333 

Non-neuronal NMDAR are found in a variety of tissues, including the kidney, heart, pancreas, lung, 334 

skin, stomach, ovaries or immune system (Hogan-Cann and Anderson, 2016). Although they have 335 

been much less investigated than their neuronal counterparts, they are considered to display distinct 336 

structural and functional properties (Hogan-Cann and Anderson, 2016). Here, we describe that brain 337 

endothelial NMDAR include the GluN3A subunit in addition to the canonical subunit GluN1 and the 338 

regulatory subunit GluN2B. While GluN3A/B expression in neurons peaks at early postnatal stages 339 

and declines during adulthood, it seems to be a hallmark of non-neuronal NMDAR-expressing cells in 340 

adults. Indeed, glial cells of the CNS astrocytes (Verkhratsky and Chvátal, 2019), microglia (Murugan 341 

et al., 2011) and oligodendrocytes (Káradóttir et al., 2005)- have been shown to express GluN3 342 

subunits. In addition, various types of endothelial cells, such as pulmonary endothelial cells (Dumas 343 

et al., 2018), or barrier forming epithelial cells, such as mucosal cells of the intestine (Qi et al., 2017) 344 

have also been shown to express GluN3 subunits. 345 

Here, we describe that both GluN2B and GluN3A are expressed at the CNS endothelium. GluN1, 346 

GluN2B and GluN3A can assemble in different ways within NMDAR heterotetramers: GluN1/GluN2B, 347 

GluN1/GluN3A and/or GluN1/GluN2B/GluN3A. The presence of the GluN3 subunit in NMDAR 348 

influences its sensitivity to agonists: GluN1/GluN2 are operated by glutamate only, GluN1/GluN3 by 349 

glycine only, and GluN1/GluN2/GluN3 by glycine and glutamate. The presence of GluN3 subunits also 350 

influences the permeance to Ca2+: GluN1/GluN2 and GluN1/GluN2/GluN3 receptors are permeant to 351 

Ca2+, while GluN1/GluN3 are not. Here, we describe that the activation of the glutamate site or the 352 
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glycine site of NMDAR drives a Ca2+-independent metabotropic pathway in brain endothelial cells, 353 

which is consistent with the presence of the GluN3A subunit. 354 

Normal glycinemia stands around 250μM (20mg/L), which is compatible with the concentrations 355 

shown here to activate NMDAR signalling in the presence of tPA. Blood glutamate concentration, 356 

however, stands around 1μM. Even though this concentration has recently been shown to be slightly 357 

increased in MS patients (Al Gawwam and Sharquie, 2017), it is much inferior to the range of 358 

concentration shown in the present work to activate NMDAR signalling in the presence of tPA. 359 

However, endothelial NMDAR activation is more likely to occur via the local release of glutamate by 360 

blood cells at the early stages of transmigration rather than via a global increase in concentration of 361 

its ligands in the blood. In accordance with this, neutrophils (Collard et al., 2002), platelets 362 

(Tremolizzo et al., 2006), monocytes (Lee et al., 2011) and lymphocytes (Garg et al., 2008) have been 363 

shown to release glutamate.  However, to our knowledge, glycine secretion by inflammatory cells has 364 

not been documented yet and should be addressed in further studies. 365 

We describe here that the stimulation of brain endothelial NMDAR by its ligands glutamate and 366 

glycine requires the co-activation by the serine protease tPA. Although tPA concentration in the 367 

blood has been shown to be increased in multiple sclerosis patients (Akenami et al., 1996), it stands 368 

in the range of ng/ml, which is way beyond the concentrations classically described to potentiate 369 

NMDAR action. As stated above for NMDAR ligands, tPA concentration may however locally reach 370 

efficient concentrations after being released by infiltrating leucocytes or by brain endothelial cells 371 

(Mehra et al., 2016). Interestingly, previous studies reported that leukocytes induce the release of 372 

tPA by brain endothelial cells (Reijerkerk et al., 2008). Together with the present results, these data 373 

suggest that, under inflammatory conditions, adherent leucocytes could release glutamate (and 374 

possibly glycine) and induce the release of tPA by brain endothelial cells in an autocrine fashion. The 375 

combined action of glutamate and tPA on brain endothelial NMDAR would in turn lead to increase in 376 

endothelial permeability by activating the signalling pathway described in the present study.  377 
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We propose here that NMDAR, when co-activated by its agonists and tPA, triggers a pathway 378 

mediated by Rho GTPase and leading to ROCK-dependent phosphorylation of MLC. MLC 379 

phosphorylation has been described before to participate in increasing endothelial permeability by 380 

inducing brain endothelial cell shrinkage via cytoskeletal reorganization (Wu et al., 2016). MLC 381 

phosphorylation is an important component of endothelial-mesenchymal transition (EndMT) 382 

(Lamouille et al., 2014), an essential process during development and that can lead to pathologies in 383 

adult (Man et al., 2019). Although EndMT has been only scarcely studied in the brain (mainly in the 384 

context of glial cancers), it is important to note that several inducers of EndoMT are also involved in 385 

CNS diseases in which BBB dysfunction plays a key role (Derada Troletti et al., 2016). In line with this, 386 

our data suggest that brain endothelial NMDAR activation may trigger “EndMT-like” dysfunction of 387 

BBB with potential consequences in pathological conditions such as MS. 388 

Recent reports have described that endothelial NMDAR can drive vasodilation in response to 389 

neuronal activity as part of the neurovascular coupling (Hogan-Cann et al., 2019; Lu et al., 2019). 390 

They describe a NO-dependent pathway recruited downstream of endothelial NMDAR that differs 391 

from the present one in several aspects. Nevertheless, these two pathways (NO-mediated and RhoA-392 

mediated) are likely to be complementary. Indeed, they act within different time-frames, modes of 393 

action, locations and contexts: The NO pathway acts rapidly (within seconds) in response to the 394 

ionotropic, Ca2+ dependent activation of NMDAR situated at the basolateral membrane (Lu et al., 395 

2019), close to astrocyte endfeet. It mediates a physiological response to neuronal activity 396 

(neurovascular coupling). In contrast, the RhoA pathway described here acts more slowly (within 397 

hours) in response to the non-ionotropic, Ca2+-independent activation of NMDAR situated at the 398 

luminal side (Macrez et al., 2016), close to tight junctions. It mediates a pathological response in the 399 

context of neuroinflammation (increase in BBB permeability). 400 

Regulated and reversible increase in BBB permeability is important for the physiology of the brain. 401 

When this increase escapes from regulatory control, it becomes an important component of 402 
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neuroinflammation with implication in most neurological diseases such as multiple sclerosis, 403 

Alzheimer’s Disease, Parkinson’s disease or amyotrophic lateral sclerosis, and in acute CNS injuries 404 

such as stroke, head trauma or epilepsy (Sweeney et al., 2019). In extreme cases, increase in BBB 405 

permeability can become irreversible and leads to bleeding, as is the case in haemorrhage and brain 406 

microbleeds. It is yet unclear whether there is a continuum between increase in BBB permeability 407 

and bleeding or if these two phenomena use distinct pathways. In any case, NMDAR-induced 408 

increase in permeability could be equally implied in physiological responses (such as leucocyte 409 

infiltration in response to brain infection) and in pathological processes (ranging from 410 

neuroinflammation to bleeding). In line with this, active immunization against the N-terminal domain 411 

of NMDAR is beneficial in animal models ischaemic and haemorragic strokes (Macrez et al., 2011; 412 

Gaberel et al., 2013). Also, in a previous study using an animal model of MS, we described the 413 

therapeutic potential of a monoclonal antibody (Glunomab®) that impedes the activation of NMDAR 414 

by tPA (Macrez et al., 2016). The present study strongly suggests that the mechanism of action of 415 

Glunomab® in EAE occurs by blocking the pathway described here, thus providing protection of the 416 

BBB. 417 

 418 

  419 
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Figure and table legends 541 

Figure 1. CNS endothelial NMDA receptors are expressed at the vicinity of tight junction proteins. 542 

Confocal photomicrographs show co-immunostaining for the GluN1 subunit (anti-N-terminal domain, 543 

in green) and junctional proteins (in red) in blood vessels (Coll IV immunostaining, blue) on 544 

endothelial cells of the mouse spinal cord. Corresponding 3D reconstructions are on the right side. 545 

Scale bar: 20μm. 546 

Figure 2. CNS endothelial NMDA receptors display the regulatory GluN2B and GluN3A subunits. 547 

Confocal photomicrographs show co-immunostaining for the GluN1 subunit (anti-N-terminal domain, 548 

in red) with the following regulatory NMDA subunit (in green): (A) Glun2B, GluN3A (corresponding 549 

3D reconstruction in (B)), (C) GluN2A, GluN2C, GluN2D and GluN3B in endothelial cells of the mouse 550 

spinal cord. Colocalizations appear in yellow. Scale bar: 10μm. 551 

Figure 3. Inflammation-like conditions modulate the expression of NMDA receptor in hCMEC/D3 552 

cells. (A) Photomicrographs of hCMEC/D3 cells show immunostaining for the NMDA receptors 553 

subunits GluN1, GluN2B and GluN3A in control conditions or after TNF treatment. Scale bar 20μm. 554 

(B) Corresponding quantification: Histograms show mean ± SEM immunofluorescence (n=, 555 

****P<0.0001). (C) Immunoblotting against GluN1, GluN2B and GluN3A of proteins extracted from 556 

hCMEC/D3 cells in control conditions or after TNF treatment and corresponding quantification: 557 

Histograms show mean ± SEM (n=3, *P<0.05, **P<0.01).  558 

Figure 4. Effect of independent NMDA and tPA treatments on RhoA activation in hCMEC/D3 cells. 559 

Immunoblotting against Rho-AGTP and GAPDH of proteins extracted from hCMEC/D3 cells in control 560 

conditions or after treatment during (A, B) 1h or (C, D) 3h with increasing doses of (A, C) NMDA (50-561 

1000μM) or (B, D) tPA (20-40μg/mL) and corresponding quantifications: Histograms show mean ± 562 

SEM (n=4) 563 
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Figure 5. NMDA/tPA co-treatment activates RhoA in hCMEC/D3 cells. (A, B) Immunoblotting against 564 

RhoA-GTP and GAPDH of proteins extracted from hCMEC/D3 cells in control conditions or after co-565 

treatment with tPA (20μg/mL) and increasing doses of NMDA (50-1000μM) for (A) 1 hour or (B) 3 566 

hours. Corresponding quantifications: Histograms show mean densitometry ± SEM of immunoblot 567 

bands (n=4, *P<0.05). (C) Photomicrographs of hCMEC/D3 cells show immunostaining for the 568 

cytoskeleton protein F-Actin (green) and nuclei counterstaining (DAPI) in control conditions or after 569 

treatment with NMDA (100μM) and tPA (20μg/mL) for 3h. Scale bar 50μm. (D) 3D reconstruction of 570 

F-Actin staining and (E) corresponding quantification: Histograms show mean ± SEM (n=4, **P<0.01). 571 

(F) Permeability of FITC-dextran across monolayer of hCMEC/D3 cells at indicated times after 572 

treatment with NMDA (100μM), tPA (20μg/mL) or both (mean ± SEM, n=4, *P<0.05, **P<0.01 as 573 

compared to control). (G) Measure of the transendothelial electric resistance in a primary mouse 574 

brain endothelial cell culture treated with NMDA (100μM) and tPA (20μg/mL) (Mean ± SEM, n=4, 575 

**P<0.01, ****P<0.0001). (H) Permeability of FITC-dextran across monolayer of hCMEC/D3 cells after 576 

treatment with NMDA (100μM) and tPA (20μg/mL) in the presence or not of Rhosin (30μM) (mean ± 577 

SEM, n=4, *P<0.05, **P<0.01 as compared to control; #P<0.05 Rhosin as compared to NMDA+tPA). 578 

Figure 6. Glunomab® blocks the activation of RhoA induced by NMDA/tPA co-treatment. (A,B) 579 

Immunoblotting against RhoA GTP and GAPDH of proteins extracted from hCMEC/D3 cells in control 580 

conditions or after co-treatment with tPA (20μg/mL) and NMDA (100μM) in the presence of the 581 

monoclonal anti-GluN1 antibody Glunomab® (10μM) for (A) 1 hour or (B) 3 hours. Corresponding 582 

quantifications: Histograms show mean ± SEM (n=3, *P<0.05 as compared to control; #P<0.05 583 

Glunomab® as compared to NMDA/tPA). (C) Permeability of FITC-dextran across monolayer of 584 

hCMEC/D3 cells after treatment with NMDA (100μM) and tPA (20μg/mL) in addition or not to 585 

Glunomab® (10μM) (mean ± SEM, n = 3, *P<0.05, **P<0.01, as compared to control; #P<0.05 586 

Glunomab® as compared to NMDA+tPA; $ P<0.05, $$ P<0.01 Isotype control as compared to 587 

NMDA+tPA+Glunomab®).  588 
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Figure 7. Glycine/tPA co-treatment activates RhoA in hCMEC/D3 cells. (A-D) Immunoblotting 589 

against RhoA GTP and GAPDH of proteins extracted from hCMEC/D3 cells in control conditions or 590 

after co-treatment with Glycine (250μM) and tPA (20μg/mL) for (A) 1 hour or (B-D) 3 hours in the 591 

presence of (C) the NMDAR antagonists MK801, AP5 and CNQX, (D) the NMDAR glycine site 592 

antagonist (L689, 560). Corresponding quantifications: Histograms show mean ± SEM (n=4, *P<0.05 593 

as compared to control; #P<0.05 as compared to Glycine/tPA). (E) Photomicrographs of hCMEC/D3 594 

cells show immunostaining for the cytoskeleton protein F-Actin (green) and nuclei counterstaining 595 

(DAPI) in control conditions or after treatment with Glycine (250μM) and tPA (20μg/mL) for 3h. Scale 596 

bar 50μm. (F) 3D reconstruction of F-Actin staining and (G) corresponding quantification: Histograms 597 

show mean ± SEM (n=3, ***P<0.001). (H) Permeability of FITC-dextran across monolayer of 598 

hCMEC/D3 cells after treatment with Glycine (250μM), tPA (20μg/mL). (I) Immunoblotting against 599 

RhoA GTP and GAPDH of proteins extracted from hCMEC/D3 cells in control conditions or after co-600 

treatment with Rhosin. (J) Permeability of FITC-dextran across monolayer of hCMEC/D3 cells after co-601 

treatment with Glycine (250μM) and tPA (20μg/mL) with or without Rhosin. (K) Immunoblotting 602 

against RhoA GTP and GAPDH of proteins extracted from hCMEC/D3 cells in control conditions or 603 

after co-treatment with Glunomab®. (L) Permeability of FITC-dextran across monolayer of hCMEC/D3 604 

cells after co-treatment with Glycine (250μM) and tPA (20μg/mL) with or without Glunomab®. For 605 

permeability experiments, histograms show mean ± SEM, n=3 (*P<0.05, **P<0.01 as compared to 606 

control; #P<0.05 inhibitor as compared to Glycine/tPA; $ P<0.05, $$ P<0.01, $$$ P<0.001, $$$$ 607 

P<0.0001 Isotype control as compared to control).  608 

Figure 8. RhoA-dependent non-ionotropic NMDAR signaling induces endothelial permeability via 609 

MLC phosphorylation. (A-E) Immunoblotting against phosphorylated and total myosin light chain 610 

(MLC) of proteins extracted from hCMEC/D3 cells in control conditions or after co-treatment with 611 

NMDA (100μM) and tPA (20μg/mL) for (A) 1 hour or 3 hours (B-E) in the presence of (C) Rhosin, (D) 612 

the ROCK inhibitor Y27632 or (E) the monoclonal anti-GluN1 antibody Glunomab®. Corresponding 613 

quantifications: Histograms show mean ± SEM of (n=4. *P<0.05 and **P<0.01 as compared to 614 
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control; #P<0.01 as compared to NMDA/tPA). (F) Permeability of FITC-dextran across monolayer of 615 

hCMEC/D3 cells after co-treatment with NMDA (100μM) and tPA (20μg/mL) in addition or not to 616 

Y27632 (mean ± SEM, n=3. *P<0.05, **P<0.01 as compared to control; #P<0.05, ##P<0.01 as 617 

compared to NMDA/tPA). (G-J) Immunoblotting against phosphorylated and total myosin light chain 618 

(MLC) of proteins extracted from hCMEC/D3 cells in control conditions or after co-treatment for 3 619 

hours with glycine (100μM) and tPA (20μg/mL) in the presence of (G) Rhosin or (H) the glycine 620 

antagonist at NMDAR L689,560, (I) the ROCK inhibitor Y27632 or (J) the monoclonal anti-GluN1 621 

antibody Glunomab®. Corresponding quantifications: Histograms show mean ± SEM (n=4. *P<0.05 622 

and **P<0.01 as compared to control; #P<0.05 and ##P<0.01 as compared to Glycine/tPA). (K) 623 

Permeability of FITC-dextran across monolayer of hCMEC/D3 cells in control conditions or after co-624 

treatment with Glycine (100μM) and tPA (20μg/mL) in addition or not to Y27632 (mean ± SEM, n=3. 625 

*P<0.05, **P<0.01 as compared to control; #P<0.05, ##P<0.01 as compared to Glycine+tPA). 626 
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