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Neurobiology of Disease

Nonionotropic Action of Endothelial NMDA Receptors on
Blood-Brain Barrier Permeability via Rho/ROCK-Mediated
Phosphorylation of Myosin

Anupriya Mehra,"* Sylvaine Guérit,'* Richard Macrez,* Fabien Gosselet,> Emmanuel Sevin,’> Héloise Lebas,'-*

Eric Maubert,' Helga E. De Vries,® Isabelle Bardou,! Denis Vivien,'® and ‘“Fabian Docagne'

"Normandie Univ, UNICAEN, Institut National de la Santé et de la Recherche Médicale U1237, PhIND, Centre Cyceron, Caen 14000, France, 2Emergency
Department, Caen University Hospital, Caen 14033, France, *Blood-Brain Barrier Laboratory, University Artois, Lens 62307, France, *University Paris
Diderot, Sorbonne Paris Cité, Institut National de la Santé et de la Recherche Médicale U1148, Laboratory for Vascular and Translational Science, Paris,
75877 France, >Amsterdam UMC, Department of Molecular Cell Biology and Immunology, Amsterdam Neuroscience, VU Amsterdam, The Netherlands,
and ¢Department of Clinical Research, Caen University Hospital, Caen 14033, France

Increase in blood-brain barrier (BBB) permeability is a crucial step in neuroinflammatory processes. We previously showed that N
Methyl D Aspartate Receptor (NMDARs), expressed on cerebral endothelial cells forming the BBB, regulate immune cell infiltration
across this barrier in the mouse. Here, we describe the mechanism responsible for the action of NMDARs on BBB permeabilization. We
report that mouse CNS endothelial NMDARs display the regulatory GluN3A subunit. This composition confers to NMDARs’ unconven-
tional properties: these receptors do not induce Ca*" influx but rather show nonionotropic properties. In inflammatory conditions,
costimulation of human brain endothelial cells by NMDA agonists (NMDA or glycine) and the serine protease tissue plasminogen
activator, previously shown to potentiate NMDAR activity, induces metabotropic signaling via the Rho/ROCK pathway. This pathway
leads to an increase in permeability via phosphorylation of myosin light chain and subsequent shrinkage of human brain endothelial
cells. Together, these data draw a link between NMDARs and the cytoskeleton in brain endothelial cells that regulates BBB permeability

in inflammatory conditions.

Key words: blood- brain barrier; endothelial cells; neuroinflammation; NMDA; permeability; signal transduction

Significance Statement

The authors describe how NMDARs expressed on endothelial cells regulate blood- brain barrier function via myosin light chain
phosphorylation and increase in permeability. They report that these non-neuronal NMDARs display distinct structural, func-
tional, and pharmacological features than their neuronal counterparts.

Introduction
The permeability of the blood—brain barrier (BBB) and the
blood-spinal cord barrier (BSCB) is increased in neuroinflam-
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matory diseases, such as multiple sclerosis (MS). Although not
necessarily required for infiltration of immune cells into the CNS
parenchyma, BBB or BSCB permeabilization can participate in
this infiltration, leading to myelin degradation and axonal dam-
age. Limiting the increase in BBB/BSCB permeability could thus
provide therapeutic effect in MS and other diseases in which
BBB/BSCB dysfunction is involved.

We recently described that Glunomab, a monoclonal anti-
body directed against N Methyl D Aspartate (NMDAR), pro-
vided therapeutic effects in experimental autoimmune
encephalomyelitis, a mouse model of MS (Macrez et al., 2016).
Glunomab acted by protecting the BSCB and limiting leukocyte
infiltration. This effect was due to an action on NMDAR ex-
pressed at the luminal surface of brain endothelial cells (EC), in
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Figure 1.

the vicinity of tight junction proteins. However, the molecular
mechanisms involved in this effect remain to be characterized.

Glunomab is directed against a protease-regulated site of
NMDARSs. It was designed to block the potentiation of NMDAR
signaling by the serine-protease tissue plasminogen activator
(tPA) (Lesept et al., 2016). To define the mechanisms of action of
Glunomab, it is thus crucial to understand how tPA action on
NMDARSs is linked to BBB permeability.

tPA is involved in animal models of MS (East et al., 2005), is
increased permeability of the BBB (Lopes Pinheiro et al., 2016), and
monocyte infiltration (Reijerkerk et al., 2008, 2010), and its activity
in the blood correlates with MS progression (Akenami et al., 1996).
Several mechanisms have been proposed to mediate the action of
tPA on BBB permeability (Mehra et al., 2016), including its effect on
brain endothelial NMDAR (Reijerkerk et al., 2008). It was re-
ported recently that tPA induced the increase in BBB permeabil-
ity via intracellular pathways involving Rho-kinases (Niego et al.,
2017), providing a clue to the mechanism of action of tPA on
CNS endothelial cells (ECs). Indeed, Rho-kinases are considered
as central mediators of BBB permeability (Hordijk, 2016). Noteworthy,
NMDARSs are long known to activate Rho-dependent signaling path-
way in neurons (Sin et al., 2002), although no study has yet described a
similar pathway in brain ECs.

On these bases, we hypothesized that tPA could potentiate
NMDAR, which could trigger Rho-dependent pathway, and that
this action would lead to an increase in brain endothelial perme-
ability. We discovered that this increase in permeability is a result
of brain EC shrinkage mediated by phosphorylation of myosin
light chain (MLC).

Materials and Methods

Cell culture. The cerebral EC line hCMEC/D3 was kindly provided by Dr.
P.O. Couraud, and culture was conducted as described previously (Wek-

G\uNl/Ochudin

(NS endothelial NMDARs are expressed at the vicinity of tight junction proteins. Confocal photomicrographs represent
coimmunostaining for the GIuN1 subunit (anti-N-terminal domain; green) and junctional proteins (red) in blood vessels (collagen IV [Coll
IV] immunostaining; blue) on ECs of the mouse spinal cord. Right, Corresponding 3D reconstructions. Scale bar, 20 um.
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3D recons. sler etal., 2013). Cells were grown on collagen-
I-coated flasks in Endothelial Growth
Medium-2 (EGM-2 Bullet kit, #cc-3202, Lonza
Walkersville) supplemented with 5% fetal bo-
vine serum (FBS). The cell cultures were main-
tained at 37°C temperature and 5% CO, in
humid atmosphere. The medium was renewed
every 3 d until the cells reached 90%-100%
f confluence after which the cells were either
/ passaged or used for experiments. The hC-
MEC/D3 cells were exposed to 1 ng/ml human
Tumor necrosis factor (TNF) (#300-01A, Pep-
roTech) in serum-free media for 18 h before
conducting all experimental treatments unless
otherwise specified. Experimental treatments
were performed with the following molecules:
NMDA (Tocris Bioscience), tPA (Actilyse,
Boehringer Ingelheim), glycine (Sigma Milli-
pore), Rhosin hydrochloride (#5003, Tocris
Bioscience), Y27632 (#688001, Calbiochem),
and L-689,560 (#0742, Tocris Bioscience).

Isolation of mouse brain ECs for in vitro cell
culture experiments was done as described
previously (Liebner et al., 2008). Briefly,
meninges-free brains from adult mice were
pooled and homogenized using a Dounce ho-
mogenizer (0.025 mm clearance, Wheaton).
Then, the pellet was digested with colla-
genase-II (C2-28, Biochrom) in EC buffer
(Czupalla et al., 2014) (1:1:1 volume ratio) for
1 h with shaking at 37°C. For myelin removal,
samples were resuspended in 25% bovine se-
rum albumin (BSA) and centrifuged at 2000 X
g for 20 min at 4°C followed by enzymatic di-
gestion of the pellet with Collagenase/Dispase (#10269638001, Roche
Diagnostics) and DNase I (#LS006333, Worthington) in EC buffer for 15
min at 37°C. Finally, cells were resuspended in MCDB-131 complete
medium according to previous descriptions (Czupalla et al., 2014) with
slight modifications (MCDB-131-based growth medium containing
20% FCS, 2 mM L-glutamine, 1% penicillin-streptomycin, 1% Endo-
thelial Cell Growth Supplement, 5 mm heparin, 1 mm sodium bicarbon-
ate), and seeded on collagen-I (150 p,g/cmz, #344236, Corning)-coated
plates. After 6 h, puromycin (5 pg/ml, #P9620, Sigma Millipore) was
added to the medium during 2 d to select brain ECs. ECs were cultivated
with the same medium (unless otherwise specified) on fibronectin-
coated surfaces inserts (1/100 dilution, #F1141, Sigma Millipore).

Permeability assay. For the permeability analysis, hCMEC/D3 cells
were cultured on collagen-I-coated 0.4 wm pore filter inserts (Corning
Costar Transwell), grown in EGM-2 media, and maintained for 72 h after
confluence. After human TNF preincubation (1 ng/ml, 18 h), cells
received experimental treatments as indicated in Results. The trans-
monolayer permeability of FITC-Dextran (70 kDa, 1 mg/ml in serum-
free medium, incubated in the upper compartment of the insert) was
assessed by collecting media from the lower compartment of the tran-
swells at different time points. The raw fluorescence unit intensity (RFU)
was captured using BIOTEK FLx800 microplate reader, with excitation
and emission wavelengths at 485 and 520 nm, respectively. The results
obtained for the different treatments were then normalized to the control
condition. The permeability index at 1 h for the HCMEC/D3 cells is
equal to 0.00693 and was calculated as follows: (RFU,,; — RFUy, .0/
(RFU, eert — REUy00),> with medium as blank.

Impedance measurement. The xCELLigence system (RTCA S16,
ACEA) is a cell-based label-free instrument that measures in real time
electrical impedance of monolayer across gold microelectrodes inte-
grated at the bottom of culture E-plates (#00 300 600 890, ACEA). Mouse
primary brain ECs were seeded in complete medium at a density of
50,000 cells per well on fibronectin-coated 16-well E-plates. Once the
cells reach the plateau, medium was changed to start mouse TNF treat-
ment for 18 h (10 ng/ml, #315-01A, PeproTech) in 5% serum medium.

3D recons.

3D recons.

well
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Then, cells were treated with tPA (20 ug/ml, A
Actilyse), NMDA (100 um), or tPA buffer con-
taining 5% serum. Impedance measurement
was displayed in real time as a cell index (arbi-
trary unit) given by the xCELLigence RTCA
software (ACEA).

Animals and tissue sampling. Tissue samples
were collected from 8-week-old C57BL/6]
male mice, weighing 20-30 g, housed in
temperature-controlled environmentona 12 h
dark/light cycle with ad libitum access to food
and water in our local conventional animal fa-
cility (CURB, University of Caen Normandie).
The guidelines provided by the institutional
ethics committee (Comité Normand d’éthique
en matiere d’expérimentation animale) were
strictly followed. The procedures were ap-
proved by the French ministry of research and
education (Articles R.217-87 to R.214-126,
agreement number 02653.02).

C57BL/6] mice were deeply anesthetized
and perfused with cold saline-heparin solu-
tion. Brain and spinal cord tissues were excised
and rinsed once in saline and then incubated at
4°C in increasing sucrose concentrations (w/v,
10%, 20%, and 30% in phosphate buffer saline
(PBS) until the tissue sank down). Following
this, tissues were cryopreserved in Tissue-Tek
OCT compound (Sakura) and stored at
—80°C. Then, tissues were cryostat-sliced in 10
um sections (CM3050, Leica Microsystems)
and stored at —80°C until processed.

Immunohistochemistry. Tissue section sam-
ples (i.e., fixation, primary, and secondary anti-
body incubation) were performed as described in
detail previously (Macrez etal., 2016). To analyze
NMDAR subunits and tight junction proteins,
the spinal cord tissue sample sections were incu-
bated with the following primary antibodies:
mouse monoclonal anti-GIuN1 (Glunomab,
1:500) (Lesept et al., 2016; Macrez et al., 2016),
goat polyclonal anti-GluN2A (#1468, Santa
Cruz Biotechnology, 1:200), rabbit polyclonal
anti-GIuN2B (#9057, Santa Cruz Biotechnol-
ogy, 1:200), goat polyclonal anti-GluN2C (#1470, Santa Cruz Biotech-
nology, 1:200), goat polyclonal anti-GluN2D (#31551, Santa Cruz
Biotechnology, 1:200), rabbit polyclonal anti-GluN3A (#07-356, Merck
Millipore, 1:200), rabbit polyclonal anti-GluN3B (#50474, Santa Cruz
Biotechnology, 1:200), rabbit monoclonal anti-claudin-5 (#131259, Ab-
cam, 1:1000), rabbit monoclonal anti-occludin (#167161, Abcam,
1:1000), rabbit polyclonal anti-ZO-1 (zonula occludens -1 #59720, Ab-
cam, 1:1000), rabbit polyclonal anti-VE-Cadherin (vascular endothelial
cadherin #33168, Abcam, 1:1000), and goat anti-collagen IV antibody
(#1340, Southern Biotechnology, 1:1000). Species-specific secondary an-
tibodies conjugated for FITC, Cy3, or AlexaFluor-647 fluorophores were
purchased from Jackson ImmunoResearch Laboratories. Slides were
coverslipped with Fluoromount G containing DAPI for nuclei staining
(#00-4959-52, Thermo Fisher Scientific).

Immunocytochemistry. For the F-actin analysis, the hCMEC/D3 cells
were cultured on collagen-I-coated Lab-Tek 4-well chamber slides
(#177437, Nunc). Following the experimental treatments, cells were
fixed with 2% paraformaldehyde (PFA) for 10 min. After three washes
with PBS, cells were permeabilized with 0.1% Triton-PBS solution for 10
min at room temperature. After washes, cells were blocked in 1% BSA-
PBS solution for 30 min at room temperature. To visualize the actin
protein, we used the iFluor ***-Phalloidin (#176753 Cytopainter, Ab-
cam), a bicyclic heptapeptide that specifically binds to F-actin protein.
Slides were coverslipped with Fluoromount G containing DAPI for nu-
clei staining.

GIluN2B GluN1

GIuN2B / GluN1

()
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GIuN2A / GluN1

Figure 2.
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(NS endothelial NMDARSs display the regulatory GluN2B and GluN3A subunits. Confocal photomicrographs represent
coimmunostaining for the GluN1 subunit (anti-N-terminal domain; red) with the following regulatory NMDAR subunit (green): ()
Glun2B, GIuN3A (corresponding 3D reconstruction in B), (€) GluN2A, GluN2C, GluN2D, and GluN3B in ECs of the mouse spinal cord.
Yellow represents colocalizations. Scale bar, 10 pem.

For NMDAR subunit staining, confluent cells were treated for 18 h
with TNF or control medium. Cells were then washed briefly with PBS
and directly incubated with the following primary antibodies for 1 h at
room temperature: anti GluN1 (Glunomab, 1:50) (Lesept et al., 2016;
Macrez et al., 2016), rabbit polyclonal anti-GluN2B (#9057 Santa Cruz
Biotechnology, 1:50), and rabbit polyclonal anti-GluN3A (#07-356,
Merck Millipore, 1:50). The cells were then washed twice with PBS and
fixed for 10 min with 2% PFA. After fixation, samples were incubated
with the corresponding secondary antibodies in PBS at room tempera-
ture for 1 h and mounted with Fluoromount G containing DAPIL.

Imaging and analysis. Epifluoresence images were acquired by a CMOS
camera (ORCA Flash 4-LT; Hamamatsu) coupled to DM6000B micro-
scope (Leica Microsystems). Confocal images were acquired on an SP5
confocal microscope (Leica Microsystems) and captured at 1024 X 1024
high-quality resolution with a z step of 0.45 wm. For image visualization,
we used the MetaMorph 5.0 software (Molecular Devices). The image
data were analyzed and processed with Image] 1.5 software (National
Institutes of Health). Further analysis and 3D reconstruction of con-
focal images were performed with IMARIS software (version 5.5,
Bitplane).

Immunoblotting. hCMEC/D3 cells were lysed in ice-cold TNT buffer
(Tris-NaCl-Tween; with protease and phosphatase inhibitors). The total
protein concentrations were determined with Thermo Fisher Scientific
Pierce BCA Protein Assay. The denatured protein samples were loaded
(12-15 g protein in each well) in precast polyacrylamide gels (4%—15%;
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corresponding quantification. Histograms represent mean == SEM (n = 3).*p << 0.05.**p << 0.01.

Bio-Rad). After electrophoresis, proteins were transferred on the PVDF
membrane. Following transfer, membranes were blocked for 1 h in 2%
BSA-TTBS solution (0.1% Tween 20 in Tris-buffered saline, pH 7.4).
Membranes were washed three times in TTBS buffer and then incu-
bated overnight with the primary antibody at 4°C. Following three
washes in TTBS, membranes were incubated with Horseradish
peroxidase (HRP)-conjugated secondary antibodies for 90 min at
room temperature. After three rinses with TTBS buffer, protein bands
were enhanced for detection and analysis by chemiluminescence
agent Thermo Fisher Scientific Pierce ECL Plus substrate. Membranes
were subsequently stripped for the detection of standard proteins
used as loading control or for normalization of phosphorylated pro-
teins. The data were obtained by ImageQuant LAS 4000 (GE Health-
care Life Sciences). The data were analyzed with ImageJ software
(National Institutes of Health).

GIuN3A / DAPI

2 § 8§88 8

ccksa) DR
(166kDa)

GAPDH

(37kDa)

Inflammation-like conditions modulate the expression of NMDARin hCMEC/D3 cells. A, Photomicrographs of hCMEC/D3 cells
represent immunostaining for the NMDAR subunits GluN1, GluN2B, and GIuN3A in control conditions or after TNF treatment (1 ng/ml).
Scale bar, 20 pum. B, Corresponding quantification. Histograms represent mean == SEMimmunofluorescence. ****p << 0.0001. ¢, Immu-
noblotting against GIuN1, GIuN2B, and GIuN3A of proteins extracted from hCMEC/D3 cells in control conditions or after TNF treatment and
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To analyze NMDAR subunits, the following
primary antibodies were used: mouse mono-
clonal anti-GluN1 Glunomab (1:500) (Lesept
etal., 2016; Macrez et al., 2016), mouse mono-
clonal anti-GluN2B (Santa Cruz Biotechnol-
ogy #365597, 1:200), and rabbit polyclonal
anti-GluN3A  (#07-356, Merck Millipore,
1:500). To analyze the MLC phosphorylation,
rabbit polyclonal Phospho-MLC 2 (#3671, Cell
Signaling Technology) and rabbit polyclonal
MLC 2 (#3672, Cell Signaling Technology) an-
tibodies were used. GAPDH protein (loading
control) was detected by goat polyclonal anti
GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase; #25778, Santa Cruz Biotechnology).

For the RhoA-GTP activation, we used the
Rho Activation Assay Kit (#17-294, Sigma Mil-
lipore) according to the manufacturer’s rec-
ommendations. All steps were performed at
4°C with ice-cold solutions until the denatur-
ation step. Briefly, the culture media was re-
moved, and cells were rinsed twice with ice-
cold TBS. Cells were detached and lysed with
a cell scraper in ice-cold MLB with protease
inhibitor. The samples were vortexed briefly
and centrifuged at 14,000 X g for 20 min at
4°C. The supernatant was collected and
stored at —80°C. For the RhoA pulldown as-
say, 500 ul of supernatant was mixed with 15
wl RhoA assay reagent and incubated for 45
min with gentle agitation at 4°C. The agarose
beads were pelleted by a brief centrifugation
at 14,000 X g, washed three times in MLB,
and resuspended in 2X loading reducing
buffer and boiled for 5 min at 95°C. The im-
munoblotting assay was performed as de-
scribed previously.

3- Statistical analysis. The colocalization statis-

* tics have been described using Pearson’s coef-
—l— ficient (r). The value for this coefficient ranges
from —1 to 1, exhibiting total negative correla-
tion and positive correlation, respectively, and 0
for no correlation. Mander’s coefficients M1 and
M2 were also used as determinants of summed
up intensities of pixels of one channel for which
Ctrl TNE the intensities of the other channel are >0, and
0 VICe versa.

The graphs represent mean = SEM. Deter-
mination of significance was performed via
Mann-Whitney U test. For in vitro experi-
ments, the N value corresponds to the number
of independent experiments performed from
cells at different passages.

Fdkk

TNF

[cw]

N
L

—-
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Results

Tight junction-associated spinal cord endothelial NMDARs
contain GluN1, GluN2B, and GluN3A subunits

Our first step was to further characterize the expression of
NMDARs in CNS ECs, originally described in our previous work
(Macrez et al., 2016). We confirmed the presence of the GluN1
subunit of NMDAR in collagen IV-positive vessels in the mouse
spinal cord (Fig. 1). GluN1 was localized in cells that form tight
junctions, at the vicinity of the transmembrane tight junction
proteins occludin and claudin-5, as shown by immunohisto-
chemistry (Fig. 1), 3D reconstruction (Fig. 1), calculation of
Pearson’s coefficient (0.684 and 0.806, respectively) and
Mander’s coefficient (M1 = 0.659 and 0.693; M2 = 0.865 and
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Figure 4.

GluN3A was confirmed by calculation of
Pearson’s coefficient (0.618 and 0.832, re-
spectively) and Mander’s coefficient
(M1 = 0.949 and 0.991; M2 = 0.981 and
0.765, respectively).

NMDAR activation by tPA/NMDA costimulation leads to the
recruitment of a metabotropic pathway in CNS ECs involving
Rho GTPase activation

Our previous studies have shown that, in conditions of inflam-
mation, CNS endothelial NMDARs drive an increase in brain
endothelial permeability and leukocyte transmigration that is po-
tentiated by the action of tPA (Reijerkerk et al., 2010; Macrez et
al., 2016). Our next experiments were designed to decipher the
signaling pathway leading to this effect. For that, we used the
brain EC line hCMEC/D3 in which inflammation was induced by
a pretreatment with human recombinant TNF (see Materials and
Methods). hCMEC/D3 cells expressed the NMDAR subunits
GluN1, GluN2B, and GluN3A (Fig. 3A), and TNF treatment in-
creased the expression of GluN1 and GluN3A (Fig. 3).

Our first hypothesis was that, as previously observed in neu-
rons (Nicole et al., 2001), NMDAR activation in hCMEC/D3 cells
would lead to calcium influx, an action that may be potentiated
by tPA. Nevertheless, no modification of intracellular calcium
concentration was observed in hCMEC/D3, even at high doses of
glutamate, NMDA, or the coagonist glycine, in the presence or
absence of tPA (data not shown). These results prompted us to
hypothesize that NMDAR signaling in brain ECs could imply a
metabotropic rather than an ionotropic pathway. The Rho kinase
pathway appeared as a good candidate on the one hand because it
was shown previously to be recruited by NMDAR activation in
neurons (Semenova et al., 2007; Krogh et al., 2015) and on the
other hand because it was previously involved in the regulation of
brain endothelial permeability (Niego et al., 2017). The treatment
of hCMEC/D3 cells with NMDA alone (50—-1000 uM; Fig. 4A) or
tPA alone (20-40 wg/ml; Fig. 4B) did not modify RhoA activa-
tion either at 1 h (Fig. 4A, B) or 3 h (Fig. 4C,D). Nevertheless, the
combination of NMDA and tPA increased RhoA activation after
1 and 3 h of treatment (Fig. 5A, B). This effect was accompanied
by cell shrinkage, as shown by an increase in the staining-free area
after F-actin staining and 3D reconstruction, reflecting the ap-

100 250

S00 750 1000 tPA (ug/mL) Buffer Buffer 40

Effect of independent NMDA and tPA treatments on RhoA activation in hCMEC/D3 cells. Inmunoblotting against
RhoA GTP and GAPDH of proteins extracted from hCMEC/D3 cells in control conditions or after treatment during (4,8) Th or (C,D)
3 hwith increasing doses of (4,€) NMDA (50-1000 ) or (B,D) tPA (20 — 40 p.g/ml) and corresponding quantifications. Histo-
grams represent mean == SEM (n = 4).

pearance of gaps between cells (Fig. 5C; 3D reconstruction, Fig.
5D and corresponding quantification, Fig. 5E). Cotreatment with
tPA and NMDA also increased the brain endothelial permeabil-
ity, as reflected by the increase of FITC-dextran extravasation
across a monolayer of hCMEC/D3 cells (Fig. 5F) and the decrease
in transendothelial electric resistance in primary cultures of ECs
(Fig. 5G). Cotreatment with tPA and NMDA induced a gradual
increase in permeability in hCMEC/D3 cells (Fig. 5F,H). The
addition of Rhosin blocked this increase, so that permeability
stayed mostly stable over time (Fig. 5H ), resulting in a statistically
significant reduction of permeability after 6 h. These data indi-
cate that the combined action of tPA and NMDA on brain ECsled
to the recruitment of the RhoGTPase pathway.

We next asked whether this effect of tPA was due to a direct
action on NMDARs. To address this, we used Glunomab, a
monoclonal antibody designed in our previous work (Macrez et
al,, 2016), to block, on NMDAR, the binding site of tPA, thus
impeding its action (Lesept et al., 2016). Here, Glunomab re-
versed the rise in RhoA activation (Fig. 6 A, B). The gradual in-
crease in permeability induced by the cotreatment with tPA and
NMDA was blocked by the addition of Glunomab, so that per-
meability stayed mostly stable over time (Fig. 6C), resulting in a
statistically significant reduction of permeability after 6 h. To-
gether, these data indicate that the combined action of NMDA
and tPA on NMDAR induces an increase in brain endothelial
permeability via the activation of the Rho A GTP pathway.

NMDAR-induced Rho GTPase recruitment also occurs after
costimulation with tPA and the coagonist glycine
GluN3-containing NMDARSs are sensitive to glycine in addition
to glutamate. We thus tested whether the effects observed above
with NMDA, an NMDAR agonist at glutamate site, could also
appear with glycine. Although glycine (250 um) did not modify
RhoA activation when added alone, it increased RhoA activation
when added together with tPA (20 wg/ml) after 1 h (Fig. 7A) and
3 h (Fig. 7B). This action was not modified by the coincubation
with the blocker of NMDAR channel, MK801(Dizocilpine; 10
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Figure 5.

NMDA/tPA cotreatment activates RhoA in hCMEC/D3 cells. 4, B, Immunoblotting against RhoA-GTP and GAPDH of proteins extracted from hCMEC/D3 cells in control conditions or after

cotreatment with tPA (20 wg/ml) and increasing doses of NMDA (501000 rm) for (A) 1 h or (B) 3 h. Corresponding quantifications. Histograms represent mean densitometry = SEM of
immunoblot bands (n = 4). *p << 0.05. C, Photomicrographs of hCMEC/D3 cells represent immunostaining for the cytoskeleton protein F-actin (green) and nuclei counterstaining (DAPI) in control
conditions or after treatment with NMDA (100 um) and tPA (20 rug/ml) for 3 h. Scale bar, 50 em. D, 3D reconstruction of F-actin staining and (E) corresponding quantification. Histograms represent
mean == SEM (n = 4).**p < 0.01. F, Permeability of FITC-dextran across monolayer of hCMEC/D3 cells at indicated times after treatment with NMDA (100 um), tPA (20 wug/ml), or both (mean =
SEM, n = 4).*p < 0.05, **p << 0.01 compared with control. G, Measure of the transendothelial electric resistance in a primary mouse brain EC culture treated with NMDA (100 M) and tPA (20
g/ml) (mean == SEM, n = 4).**p < 0.01, ****p < 0.0001. H, Permeability of FITC-dextran across monolayer of hCMEC/D3 cells after treatment with NMDA (100 wm) and tPA (20 pug/ml) in the
presence or not of Rhosin (30 M) (mean = SEM, n = 4). *p << 0.05, **p < 0.01 compared with control. p << 0.05, Rhosin compared with NMDA + tPA.

uM), or by the competitive antagonist at glutamate site, AP5
(D(-)-2-Amino-5-phosphonopentanoic acid; 200 uM; Fig. 7C).
In contrast, coincubation with CNQX (6-cyano-7-nitroquinoxa-
line-2,3-dione; 10 uM), described previously to antagonize the
glycine site of NMDAR (Pina-Crespo et al., 2010), completely
abolished the combined effect of glycine and tPA (Fig. 7C). Co-
treatment with AMPA and tPA did not modify Rho phosphory-
lation (data not shown), which rules out that the reversion by
CNQX could be due to an action on AMPARs. Indeed,
coincubation with 4-trans-2-carboxy-5,7-dichloro-4-pheny-
laminocarbonylamino-1,2,3,4-tetrahydroquinoline  (L689,560,
10 wMm), an antagonist of the glycine site of NMDAR (Jansen and
Dannhardt, 2003), completely abolished the combined effect of
glycine and tPA (Fig. 7D). This combined effect of glycine and
tPA was accompanied by cell shrinkage (Fig. 7E; 3D reconstruc-
tion, Fig. 7F and corresponding quantification, Fig. 7G) and an
increase in brain endothelial permeability, as measured by FITC-
dextran extravasation across the cell monolayer (Fig. 7H). The
rise in RhoA activation and the increase in permeability induced
by the cotreatment with tPA and glycine were reversed by the

inhibitor of Rho kinase pathway, Rhosin (Fig. 71,]), and by
Glunomab (Fig. 7K,L). Together, these data indicate that the
combined action of glycine and tPA on NMDAR induces an in-
crease in endothelial permeability via the activation of the RhoA
GTP pathway.

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

We nextaimed at identifying the downstream effectors of the Rho
kinase pathway that are recruited after stimulation of endothelial
NMDAR by its ligands in combination with tPA, and thatleads to
increased permeability. We hypothesized that the phosphoryla-
tion of MLC could be a downstream effect of this pathway. In
effect, MLC phosphorylation was shown previously to occur as a
result of Rho kinase pathway activation (Xie et al., 2012) and to
participate in increasing brain endothelial permeability by induc-
ing cell shrinkage (Kuhlmann et al., 2007; Luh et al., 2019). Note-
worthy, the cotreatment with NMDA and tPA resulted in
increased MLC phosphorylation after 1 and 3 h (Fig. 8A, B), an
effect that was reversed by Rhosin (Fig. 8C). This effect was
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Discussion

The present study describes a metabo-
tropic pathway that makes the link be-
tween NMDAR activation and increase in
brain endothelial permeability. We show
that the costimulation by the agonist
NMDA or by the coagonist glycine leads
to recruitment of the Rho GTPase path-
way, inducing ROCK-dependent phos-
phorylation of MLC and increase in
permeability.

Non-neuronal NMDARs are found in a variety of tissues, in-
cluding the kidney, heart, pancreas, lung, skin, stomach, ovaries,
or immune system (Hogan-Cann and Anderson, 2016). Al-
though they have been much less investigated than their neuronal
counterparts, they are considered to display distinct structural
and functional properties (Hogan-Cann and Anderson, 2016).
Here, we describe that brain endothelial NMDARs include the
GluN3A subunit in addition to the canonical subunit GluN1 and
the regulatory subunit GluN2B. While GluN3A/B expression in
neurons peaks at early postnatal stages and declines during adult-
hood, it seems to be a hallmark of non-neuronal NMDAR-
expressing cells in adults. Indeed, glial cells of the CNS astrocytes
(Verkhratsky and Chvatal, 2020), microglia (Murugan et al.,
2011), and oligodendrocytes (Karadottir et al., 2005), have been
shown to express GluN3 subunits. In addition, various types of
ECs, such as pulmonary ECs (Dumas et al., 2018), or barrier-
forming epithelial cells, such as mucosal cells of the intestine (Qi
et al., 2017), have also been shown to express GluN3 subunits.

Here, we describe that both GluN2B and GluN3A are expressed
at the CNS endothelium. GluN1, GluN2B, and GluN3A can assem-
ble in different ways within NMDAR heterotetramers: GluN1/
GluN2B, GluN1/GluN3A, and/or GluN1/GluN2B/GIuN3A. The

Figure 6.
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Glunomab blocks the activation of RhoA induced by NMDA/tPA cotreatment. A, B, Immunoblotting against
RhoA GTP and GAPDH of proteins extracted from hCMEC/D3 cells in control conditions or after cotreatment with tPA (20
g/ml) and NMDA (100 wm) in the presence of the monoclonal anti-GluN1 antibody Glunomab (10 wm) for (A) 1h or (B)
3 h. Corresponding quantifications. Histograms represent mean = SEM (n = 3). *p < 0.05 compared with control. *p <
0.05, Glunomab compared with NMDA/tPA. C, Permeability of FITC-dextran across monolayer of hCMEC/D3 cells after
treatment with NMDA (100 M) and tPA (20 wg/ml) in addition or not to Glunomab (10 um) (mean == SEM, n = 3).*p <
0.05, **p < 0.01, compared with control. *p < 0.05, Glunomab compared with NMDA + tPA. °p < 0.05, **p < 0.01,
isotype control compared with NMDA + tPA + Glunomab.

presence of the GluN3 subunit in NMDAR influences its sensitivity
to agonists: GluN1/GluN2 are operated by glutamate only, GluN1/
GluN3 by glycine only, and GluN1/GluN2/GluN3 by glycine and
glutamate. The presence of GluN3 subunits also influences the per-
meance to Ca®": GluN1/GluN2 and GluN1/GIuN2/GluN3 recep-
tors are permeant to Ca**, whereas GluN1/GluN3 are not. Here, we
describe that the activation of the glutamate site or the glycine site of
NMDAR drives a Ca®"-independent metabotropic pathway in
brain ECs, which is consistent with the presence of the GluN3A
subunit.

Normal glycinemia stands ~250 M (20 mg/L), which is com-
patible with the concentrations shown here to activate NMDAR
signaling in the presence of tPA. Blood glutamate concentration,
however, stands ~1 uMm. Even though this concentration has re-
cently been shown to be slightly increased in MS patients (Al
Gawwam and Sharquie, 2017), it is much inferior to the range of
concentration shown in the present work to activate NMDAR
signaling in the presence of tPA. However, endothelial NMDAR
activation is more likely to occur via the local release of glutamate
by blood cells at the early stages of transmigration rather than via
a global increase in concentration of its ligands in the blood. In
accordance with this, neutrophils (Collard et al., 2002), platelets
(Tremolizzo et al., 2006), monocytes (Lee et al., 2011), and
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Figure7.  Glycine/tPA cotreatment activates RhoAin hCMEC/D3 cells. A-D, Immunoblotting against RhoA GTP and GAPDH of proteins extracted from hCMEC/D3 cells in control conditions or after

cotreatment with glycine (250 pum) and tPA (20 wug/ml) for (A) 1h or (B—D) 3 hin the presence of (€) the NMDAR antagonists MK801, AP5, and CNQX, or (D) the NMDAR glycine site antagonist (L689,
560). Corresponding quantifications. Histograms represent mean = SEM (n = 4). *p << 0.05 compared with control. “p < 0.05 compared with glycine/tPA. E, Photomicrographs of hCMEC/D3 cells
representimmunostaining for the cytoskeleton protein F-actin (green) and nuclei counterstaining (DAPI) in control conditions or after treatment with glycine (250 ) and tPA (20 wug/ml) for 3 h.
Scale bar, 50 pem. £, 3D reconstruction of F-actin staining and (G) corresponding quantification. Histograms represent mean == SEM (n = 3).***p < 0.001. H, Permeability of FITC-dextran across
monolayer of hCMEC/D3 cells after treatment with glycine (250 wm) or tPA (20 weg/ml). I, Immunoblotting against RhoA GTP and GAPDH of proteins extracted from hCMEC/D3 cells in control
conditions or after cotreatment with Rhosin. J, Permeability of FITC-dextran across monolayer of hCMEC/D3 cells after cotreatment with glycine (250 tum) and tPA (20 ug/ml) with or without Rhosin.
K, Immunoblotting against RhoA GTP and GAPDH of proteins extracted from hCMEC/D3 cells in control conditions or after cotreatment with Glunomab. L, Permeability of FITC-dextran across
monolayer of hCMEC/D3 cells after cotreatment with glycine (250 ) and tPA (20 reg/ml) with or without Glunomab. For permeability experiments, histograms represent mean == SEM (n = 3).*p << 0.05,
*#p < 0,01 compared with control. *p < 0.05, *p < 0.01, inhibitor compared with glycine/tPA. *p << 0.05, *°p < 0.01, **%p < 0.001, **%p < 0.0001, Isotype control compared with control.

lymphocytes (Garg et al., 2008) have been shown to release
glutamate. However, to our knowledge, glycine secretion by in-
flammatory cells has not been documented yet and should be
addressed in further studies.

We describe here that the stimulation of brain endothelial
NMDAR by its ligands glutamate and glycine requires the coacti-
vation by the serine protease tPA. Although tPA concentration in
the blood has been shown to be increased in MS patients (Ak-
enami et al., 1996), it stands in the range of ng/ml, which is way
beyond the concentrations classically described to potentiate
NMDAR action. As stated above for NMDAR ligands, tPA con-
centration may, however, locally reach efficient concentrations
after being released by infiltrating leukocytes or by brain ECs
(Mehra et al., 2016). Interestingly, previous studies reported that
leukocytes induce the release of tPA by brain ECs (Reijerkerk et
al., 2008). Together with the present results, these data suggest
that, under inflammatory conditions, adherent leukocytes could
release glutamate (and possibly glycine) and induce the release of
tPA by brain ECs in an autocrine fashion. The combined action of
glutamate and tPA on brain endothelial NMDAR would in turn

lead to increase the endothelial permeability by activating the
signaling pathway described in the present study.

We propose here that NMDAR, when coactivated by its
agonists and tPA, triggers a pathway mediated by Rho GTPase
and leading to ROCK-dependent phosphorylation of MLC.
MLC phosphorylation has been described previously to par-
ticipate in increasing endothelial permeability by inducing
brain EC shrinkage via cytoskeletal reorganization (Wu et al.,
2016). MLC phosphorylation is an important component of
endothelial-mesenchymal transition (EndMT) (Lamouille et
al., 2014), an essential process during development that can
lead to pathologies in adult (Man et al., 2019). Although
EndMT has been only scarcely studied in the brain (mainly in
the context of glial cancers), it is important to note that several
inducers of EndMT are also involved in CNS diseases in which
BBB dysfunction plays a key role (Derada Troletti et al., 2016).
In line with this, our data suggest that brain endothelial
NMDAR activation may trigger “EndMT-like” dysfunction of
BBB with potential consequences in pathological conditions,
such as MS.
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Figure 8.

RhoA-dependent nonionotropic NMDAR signaling induces endothelial permeability via MLC phosphorylation. A-E, Inmunoblotting against phosphorylated and total MLC of proteins

extracted from hCMEC/D3 cells in control conditions or after cotreatment with NMDA (100 ruu) and tPA (20 weg/ml) for (4) 10r 3 h (B—E) in the presence of (C) Rhosin, (D) the ROCK inhibitor Y27632,
or (E) the monoclonal anti-GluN1 antibody Glunomab. Corresponding quantifications. Histograms represent mean = SEM (n = 4). *p << 0.05, **p < 0.01 compared with control. p < 0.01
compared with NMDA/tPA. F, Permeability of FITC-dextran across monolayer of hCMEC/D3 cells after cotreatment with NMDA (100 zum) and tPA (20 tug/ml) in addition or not to Y27632 (mean =
SEM, n = 3).*p << 0.05, **p < 0.01 compared with control. *p < 0.05, *p << 0.01 compared with NMDA/tPA. G-J, Inmunoblotting against phosphorylated and total MLC of proteins extracted
from hCMEC/D3 cells in control conditions or after cotreatment for 3 h with glycine (100 ) and tPA (20 teg/ml) in the presence of (G) Rhosin or (H) the glycine antagonist at NMDAR L689,560, (/)
the ROCK inhibitor Y27632, or (J) the monoclonal anti-GluN1 antibody Glunomab. Corresponding quantifications. Histograms represent mean == SEM (n = 4). *p < 0.05, **p << 0.01 compared
with control. *p << 0.05, #p < 0.01 compared with glycine/tPA. K, Permeability of FITC-dextran across monolayer of hCMEC/D3 cells in control conditions or after cotreatment with glycine (100 1m)
and tPA (20 wg/ml) in addition or not to Y27632 (mean =+ SEM, n = 3). *p < 0.05, **p << 0.01 compared with control. *p << 0.05, #p << 0.01 compared with glycine + tPA.

Recent reports have described that endothelial NMDAR can
drive vasodilation in response to neuronal activity as part of the
neurovascular coupling (Hogan-Cann et al., 2019; Lu et al,
2019). They describe an Nitric oxyde (NO)-dependent pathway
recruited downstream of endothelial NMDAR that differs from
the present one in several aspects. Nevertheless, these two path-
ways (NO-mediated and RhoA-mediated) are likely to be com-
plementary. Indeed, they act within different time-frames, modes
of action, locations, and contexts: The NO pathway acts rapidly
(within seconds) in response to the ionotropic, Ca*"-dependent
activation of NMDAR situated at the basolateral membrane (Lu
etal., 2019), close to astrocyte endfeet. It mediates a physiological
response to neuronal activity (neurovascular coupling). In con-
trast, the RhoA pathway described here acts more slowly (within
hours) in response to the nonionotropic, Ca**-independent ac-
tivation of NMDAR situated at the luminal side (Macrez et al.,
2016), close to tight junctions. It mediates a pathological re-
sponse in the context of neuroinflammation (increase in BBB
permeability).

Regulated and reversible increase in BBB permeability is im-
portant for the physiology of the brain. When this increase es-
capes from regulatory control, it becomes an important
component of neuroinflammation with implication in most neu-
rological diseases, such as MS, Alzheimer’s disease, Parkinson’s
disease, or amyotrophic lateral sclerosis, and in acute CNS inju-
ries, such as stroke, head trauma, or epilepsy (Sweeney et al.,
2019). In extreme cases, an increase in BBB permeability can
become irreversible and leads to bleeding, as is the case in hem-
orrhage and brain microbleeds. It is yet unclear whether there is a
continuum between increase in BBB permeability and bleeding

or whether these two phenomena use distinct pathways. In any
case, NMDAR-induced increase in permeability could be equally
implied in physiological responses (e.g., leukocyte infiltration in
response to brain infection) and in pathological processes (rang-
ing from neuroinflammation to bleeding). In line with this, active
immunization against the N-terminal domain of NMDAR is ben-
eficial in animal models of ischemic and hemorrhagic strokes
(Macrez et al., 2011; Gaberel et al., 2013). Also, in a previous
study using an animal model of MS, we described the therapeutic
potential of a monoclonal antibody (Glunomab) that impedes
the activation of NMDAR by tPA (Macrez et al., 2016). The pres-
ent study strongly suggests that the mechanism of action of
Glunomab in experimental autoimmune encephalomyelitis oc-
curs by blocking the pathway described here, thus providing pro-
tection of the BBB.
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