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NMDA-Type Glutamate Receptor
Activation Promotes Vascular Remodeling
and Pulmonary Arterial Hypertension

Editorial, see p 2390

BACKGROUND: Excessive proliferation and apoptosis resistance in pulmonary
vascular cells underlie vascular remodeling in pulmonary arterial hypertension (PAH).
Specific treatments for PAH exist, mostly targeting endothelial dysfunction, but

high pulmonary arterial pressure still causes heart failure and death. Pulmonary
vascular remodeling may be driven by metabolic reprogramming of vascular cells to
increase glutaminolysis and glutamate production. The N-methyl-p-aspartate receptor
(NMDAR), a major neuronal glutamate receptor, is also expressed on vascular cells,
but its role in PAH is unknown.

METHODS: We assessed the status of the glutamate-NMDAR axis in the pulmonary
arteries of patients with PAH and controls through mass spectrometry imaging,
Western blotting, and immunohistochemistry. We measured the glutamate release
from cultured pulmonary vascular cells using enzymatic assays and analyzed NMDAR
regulation/phosphorylation through Western blot experiments. The effect of
NMDAR blockade on human pulmonary arterial smooth muscle cell proliferation was
determined using a BrdU incorporation assay. We assessed the role of NMDARs in
vascular remodeling associated to pulmonary hypertension, in both smooth muscle-
specific NMDAR knockout mice exposed to chronic hypoxia and the monocrotaline
rat model of pulmonary hypertension using NMDAR blockers.

RESULTS: We report glutamate accumulation, upregulation of the NMDAR, and
NMDAR engagement reflected by increases in GIuN1-subunit phosphorylation in
the pulmonary arteries of human patients with PAH. K channel inhibition and type
A-selective endothelin receptor activation amplified calcium-dependent glutamate
release from human pulmonary arterial smooth muscle cell, and type A-selective
endothelin receptor and platelet-derived growth factor receptor activation led

to NMDAR engagement, highlighting crosstalk between the glutamate-NMDAR
axis and major PAH-associated pathways. The platelet-derived growth factor-BB-
induced proliferation of human pulmonary arterial smooth muscle cells involved
NMDAR activation and phosphorylated GIuN1 subunit localization to cell-cell
contacts, consistent with glutamatergic communication between proliferating
human pulmonary arterial smooth muscle cells via NMDARs. Smooth-muscle
NMDAR deficiency in mice attenuated the vascular remodeling triggered by chronic
hypoxia, highlighting the role of vascular NMDARs in pulmonary hypertension.
Pharmacological NMDAR blockade in the monocrotaline rat model of pulmonary
hypertension had beneficial effects on cardiac and vascular remodeling, decreasing
endothelial dysfunction, cell proliferation, and apoptosis resistance while disrupting
the glutamate-NMDAR pathway in pulmonary arteries.

CONCLUSIONS: These results reveal a dysregulation of the glutamate-NMDAR axis in
the pulmonary arteries of patients with PAH and identify vascular NMDARs as targets
for antiremodeling treatments in PAH.
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Clinical Perspective
What Is New?

e Pulmonary vascular cell are equipped for gluta-
matergic communication. In pulmonary arterial
hypertension (PAH), glutamate accumulates and
the N-methyl-p-aspartate receptor (NMDAR, mainly
known in the central nervous system, is overex-
pressed and overactivated in remodeled pulmonary
arteries.

¢ Endothelin-1, upregulated in PAH, triggers both
glutamate release and NMDAR mobilization at the
cell membrane in smooth muscle cells.

e Platelet-derived growth factor, upregulated in PAH,
triggers NMDAR mobilization at the cell mem-
brane, and NMDAR antagonists inhibit platelet-
derived growth factor-dependent smooth muscle
cell proliferation.

e Smooth muscle cell NMDAR contributes to the
development of experimental pulmonary hyperten-
sion, and pharmacological inhibition of NMDAR
modulates hemodynamics, vascular and cardiac
remodeling, and pulmonary hypertension.

What Are the Clinical Implications?

¢ In PAH, NMDAR signaling is dysregulated and is at
the crossroads of known pathophysiological signal-
ing pathway, such as the PDGF and endothelin-1
pathways, thus pointing to NMDAR as a potential
therapeutic target.

¢ Pharmacological inhibition of NMDAR could be
considered a therapeutic antiremodeling strat-
egy in PAH. This would be made possible through
the ongoing development of peripheral NMDAR
antagonists (that do not cross the blood-brain bar-
rier), thus avoiding central effects.

devastating disorder characterized by chronic pre-

capillary pulmonary hypertension, defined as high
mean pulmonary arterial pressure (=25 mmHg at rest)
with a normal pulmonary capillary wedge pressure (<15
mmHg) and high pulmonary vascular resistance (>3
wood units), leading to breathlessness, loss of exercise
capacity and, ultimately, right ventricular failure and
death.! In PAH, the rise of pulmonary arterial pressure
is associated with an intense vascular remodeling and
inflammation of small pulmonary arteries, leading to
their progressive obliteration.? PAH is currently treated
with endothelin receptor antagonists, phosphodiester-
ase inhibitors, and prostacyclin analogs. These drugs
improve quality of life and symptoms, decreasing pul-
monary vascular resistance, mostly by acting on the
vasoconstriction/vasodilation balance, but they cannot
halt disease progression, reverse or cure this condition,
even in new strategies based on drug combinations.'

Pulmonary arterial hypertension (PAH) is a rare,
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No clear antiremodeling strategy has been approved for
PAH, and improvements in our understanding of the
pathological mechanisms at work are required to drive
the discovery of new targets for PAH treatment.*

Progressive pulmonary vessel obstruction may be
driven by in situ thrombosis, endothelial dysfunction,
sustained vasoconstriction, endothelial-to-mesenchy-
mal transition, extracellular matrix synthesis, recruit-
ment and differentiation of progenitor cells, cancer-
like proliferation and apoptosis resistance of vascular
cells, perivascular inflammation and autoimmunity, and
dysregulation of vascular cell metabolism.?> During
the past few years, metabolic reprogramming has
been suggested to underlie the hyperproliferative and
apoptosis-resistant phenotype of pulmonary vascu-
lar cells associated with vascular remodeling in PAH.®
This metabolic dysregulation results in a cancer-like
glycolytic shift toward aerobic glycolysis, the so-called
Warburg effect, and increases in fatty acid oxidation
and glutaminolysis.®® The increase in glutaminolysis in-
volves increases in glutaminase (GLS1) expression and
glutamine uptake by the PAH vasculature, resulting
in greater glutamate production by pulmonary vascu-
lar cells, driving experimental pulmonary hypertension
(PH).8° Like cancer cells, pulmonary vascular cells in PAH
use glutamate in an anaplerotic reaction to generate
a-ketoglutarate for the tricarboxylic acid cycle.®® Glu-
tamate is actually a pleiotropic molecule acting at the
crossroads of metabolism and signaling. It may, there-
fore, also be released into the intercellular space, where
it may activate glutamate receptors, triggering multiple
signaling pathways in a context of cell-cell communica-
tion.'® Glutamatergic communication through N-meth-
yl-p-aspartate receptors (NMDARSs) is known to occur in
the central nervous system (CNS), where glutamate is
the main excitatory neurotransmitter and plays a major
role in neuron fate. However, such signaling may also
occur outside the CNS, including the vascular system in
particular, as cerebral and aortic endothelial (ECs) and
smooth muscle cells (SMCs) express NMDARs. 0"

The NMDAR is a ligand-gated, voltage-dependent
channel of the ionotropic glutamate receptor family,
located at cell-cell contact sites particularly for excit-
atory neuronal synaptic communication in the CNS
(for review, see Paoletti et al?®). It has also been sug-
gested to play a pathological role in chronic periph-
eral disorders, such as type 2 diabetes mellitus'® and
cancer.?'22 Some cancer cells hijack the NMDAR for
aberrant proliferation.?! In animal models of cancer,
NMDAR-specific antagonists inhibit cancer cell pro-
liferation, greatly increasing animal survival by pre-
venting tumor growth.?>?3 The targeting of peripheral
NMDARs with specific antagonists may be beneficial
in these conditions.

NMDAR activation in cerebral or aortic ECs contrib-
utes to endothelial barrier disruption, inflammatory

Circulation. 2018;137:2371-2389. DOI: 10.1161/CIRCULATIONAHA.117.029930
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cell infiltration, oxidative stress, and proliferation,'*"”
whereas in aortic SMCs, it triggers proliferation and
extracellular matrix remodeling.'®® All these processes
are relevant to pulmonary vascular remodeling in PAH.?*
However, the role of the glutamate-NMDAR axis in the
remodeled pulmonary vascular bed has not yet been
investigated. We hypothesized that the dysregulation
of glutamatergic communication via NMDAR between
pulmonary vascular cells might be involved in the re-
modeling observed in PAH and could be targeted phar-
macologically.

METHODS

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

Study Design

We used several approaches to assess the role of NMDARs
in vascular remodeling in PAH: in situ observations of the
dysregulation of glutamatergic communication in isolated
human and rat PH pulmonary arteries (PAs), in vitro detection
of glutamate release from primary cultures of human pulmo-
nary vascular cells and analysis of the role of NMDAR activa-
tion in PASMC proliferation, in vivo targeted knockout (KO)
of NMDAR in SMCs in the hypoxic mouse model of PH, and
the use of NMDAR antagonists in the monocrotaline (MCT)
rat model of PH.

Human lung specimens were obtained from patients
with PAH during lung transplantation and from control
subjects during lobectomy or pneumonectomy for localized
lung cancers. In control lung specimens, the PAs studied
were located far away from the tumor areas. PAH was diag-
nosed by cardiac catheterization at the National Reference
Center for PAH, in a program approved by our institutional
ethics committee, Comité de Protection des Personnes
lle-de-France VII, and written informed consent for par-
ticipation in the study was obtained (protocol N8CO-08-
003, ID RCB: 2008-A00485-50). The clinical data for the
patients are summarized in Table | in the online-only Data
Supplement. Lung histology was assessed by a pathologist,
after transplantation, and confirmed the diagnosis of PH
subgroups.

Sample size was determined on the basis of state-of-the-
art experimental setups and practicality. Suspected outlier
values in cell culture experiments were investigated with
Grubbs’ test and were excluded from statistical analysis if a
positive result was obtained. All in vitro cell culture experi-
ments were performed at least 3 times unless otherwise
stated.

In animal studies, sample size was based on general
knowledge and experience with animal models of PH.
Animals were randomized to experimental groups on the
basis of weight at treatment initiation and for data collec-
tion. The final end point (day 21) was selected in advance for
the measurement of all parameters. All animals were used in
strict accordance with European Union regulations (directive
2010/63/UE) for animal experiments and our institution’s
guidelines for animal care and handling. The procedures

Circulation. 2018;137:2371-2389. DOI: 10.1161/CIRCULATIONAHA.117.029930
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performed on rats and mice were approved by the local
ethics committee, CEEA26 (Animal Experimentation Ethics
Committee no. 26) and the French Ministry of Higher
Education and Research. In vivo experiments were per-
formed twice unless otherwise stated. Only the assessments
of cardiac and pulmonary adventitial inflammation, car-
diac fibrosis, and cardiomyocyte hypertrophy in the in vivo
MK-801 experiment were performed blind.

Experimental Methods

A detailed description of experimental methods is pro-
vided in the Materials and Methods in the online-only Data
Supplement. Antibodies and primers used in the experi-
ments are listed in Tables Il and Il in the online-only Data
Supplement, respectively.

Statistics

Statistical analysis was performed with Prism 6 (GraphPad)
and Excel (Microsoft) software. The specific tests used to
determine significance are reported for each instance in
the figure legends. For a detailed description of statistical
approaches, see the Materials and Methods in the online-only
Data Supplement.

RESULTS

Human PAs Display Glutamate-NMDAR
Axis Dysregulation in PAH

We first investigated the possible dysregulation of the
glutamate-NMDAR axis in the PAs of human patients
with PAH (PAH hPAs). We showed, by mass spectrom-
etry imaging, that glutamate levels were significantly
higher in PAH hPAs than in control arteries, this dif-
ference being particularly marked in medial lesions
(characterized by SMC hyperplasia) and in intimal and
occluded lesions, despite greater variability (Figure 1A
and 1B, Figures | and Il in the online-only Data Supple-
ment). Levels of glutamate were significantly high in
small arteries (diameter <250 pm) (Figure IlIA and IIIB
in the online-only Data Supplement). Levels of gluta-
mine, the precursor of glutamate in the GLS reaction,
were also higher in PAH hPAs, particularly in arteries
>150 um of diameter (Figure 1A and 1C, Figures |,
Il, A, and IlIC in the online-only Data Supplement).
There was no difference on the glutamate-to-gluta-
mine ratio, except in small arteries (<150 pm diam-
eter) in which the ratio was slightly but significantly
increased (Figure IlID and IlIE in the online-only Data
Supplement). These results suggest that glutamate
may accumulate both secondary to high glutamine
levels and to a higher production from glutamine par-
ticularly in small arteries.

We focused on NMDARs, the glutamate recep-
tors involved in cancer cell and vascular cell prolif-
eration.’™221.22 NMDAR activation requires recruit-
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ment to the cell membrane, anchoring and clustering
mediated by PDZ scaffolding proteins, such as PSD-
95.2° We found that control hPAs and cultured con-
trol human pulmonary microvascular endothelial cells
(hPMVECs) and human pulmonary arterial smooth
muscle cells (hPASMCs) expressed GRINT gene (en-
coding the obligatory subunit of NMDARs, GIuN1), all
GRIN2 genes (encoding the modulatory subunits of
NMDARs, GIUN2A, GIuN2B, GIuN2C, and GIuN2D),
and Dlg4 (encoding PSD-95) (Table IV in the online-
only Data Supplement). The GIuN1, GIuN2A, and
PSD-95 proteins were detected, in situ, in both vascu-
lar cell types in PAH hPAs (Figure IV in the online-only
Data Supplement). Thus, pulmonary vascular cells
are equipped for functional responses to glutamate
through NMDARs. Then we studied NMDAR regula-
tion in the context of PAH. GIuN1 is common to all
NMDAR subtypes. Therefore, its regulation plays an
essential role in controlling the total NMDAR pool
available for activation. PAH hPAs produced signifi-
cantly larger amounts of the short GIuN1 protein con-
taining the C2’ splicing domain than control arteries,
whereas no change was observed in the expression
of the long GIuN1 protein containing the C2 splic-
ing domain (Figure 1D). GRINT gene expression was
higher in PAH hPAs, cultured hPASMCs, and cultured
hPMVECs compared with controls, although without
reaching statistical significance (fold change: 1.7, 3.4,
and 2.5, respectively) (Figure V in the online-only Data
Supplement). Posttranscriptional modifications, in-
cluding GIuN1 phosphorylation, are crucial for regu-
lating NMDAR trafficking and subcellular localization.
Phosphorylation of the Ser-896 residue of GIuN1 reg-
ulates NMDAR activation in neurons through its in-
volvement in NMDAR trafficking to the cell membrane
and accumulation at synaptic sites.?>2” Western blots
showed Ser-896-phosphorylated GIuN1 protein levels
to be significantly higher in PAH hPAs than in control
arteries for both GIuN1 isoforms (C2 and C2') (Fig-
ure 1E). The ratio of phosphorylated to total GIluN1
indicated that increases in both the production and
phosphorylation of GIuN1 contributed to the higher
levels of phosphorylated GIuN1 depending on GIuN
splicing isoform (Figure 1F). These findings were con-
firmed in situ, with stronger GIuN1 staining in both
medial SMCs and ECs in PAH hPAs than in controls
(Figure 1G). Moreover, Ser-896 phosphorylated GIuN1
staining was stronger in lesion with SMC hyperplasia
than in control or nonremodeled PAH arteries, sug-
gesting that NMDAR engagement in PAH SMCs may
contribute to medial hypertrophy (Figure 1G).

We conclude that glutamate accumulates in PAH
hPAs, and that NMDAR GIluN1 subunits are upregulated
and hyperphosphorylated, especially in SMC-related re-
modeling lesions. The glutamate-NMDAR axis is, there-
fore, dysregulated in PAH hPAs.

2374 May 29,2018
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K, Channels and the Endothelin-1
Pathway Regulate Calcium-Dependent
Glutamate Release From PASMCs

Cell-to-cell glutamatergic signaling requires a minimal
set of specific presynaptic proteins to deliver gluta-
mate efficiently to the intercellular space (Figure 2A).
These presynaptic proteins include glutaminase (GLS1
and GLS2 encoded by GLST and GLS2), the enzyme
catalyzing glutamate (Glu) production from glutamine
(GIn), and vesicular glutamate transporters (VGLUTT,
VGLUT2, and VGLUT3 encoded by SLC17A7, SLC17A6,
and SLC717A8), hallmarks of the glutamatergic pheno-
type in neurons,?® which mediate the accumulation of
glutamate in small secretory vesicles. We found that
GLST as previously described,® GLS2, and SLC17A7
genes were expressed in both control hPAs and cultured
control hPMVECs and hPASMCs (Table V in the online-
only Data Supplement). The GLS1 and VGLUT1 proteins
were observed in situ, in both hPMVECs and hPASMCs,
in PAH hPAs (Figure VI in the online-only Data Supple-
ment), consistent with the production and vesicular
storage of a readily releasable pool of glutamate by pul-
monary vascular cells. In presynaptic neurons, VGLUT+
vesicles release glutamate into the synaptic cleft, sec-
ondary to calcium signals. Using a real-time approach,
we showed that the calcium ionophore ionomycin (30
pmol/L) triggered both calcium entry and glutamate
release in hPMVECs and hPASMCs in the presence of
external Ca?* (Figure 2B and 2C), consistent with rapid
calcium-dependent glutamate release. Therefore, both
vascular cell types can produce and release glutamate,
and they express the NMDAR together with its scaffold-
ing protein, PSD-95, suggesting possible glutamatergic
communication within hPAs.

The glutamate-NMDAR axis appeared to be dysregu-
lated principally in SMC-related PAH lesions. Therefore,
we investigated glutamate release from hPASMCs. Ex-
posure to a glutamate transporter inhibitor (DL-TBOA,
100 umol/L) for 2 hours led to an increase in glutamate
levels in the hPASMC supernatant (Figure 2D), implying
(1) that there are functional glutamate transporters for
extracellular glutamate recapture, and (2) the sponta-
neous release of glutamate. In PAH, the combination of
an overactivation of calcium influx-triggering pathways
and lower resting membrane potential lead to higher
calcium concentrations in hPASMCs,? potentially in-
creasing their calcium-dependent glutamate release.
Endothelin-1 (ET-1), an overexpressed EC-derived pep-
tide with vasoconstrictor and mitogenic properties that
contributes to PAH, triggers calcium influx in hPASMCs
(Figure VIl in the online-only Data Supplement), and
glutamate efflux from nonneuronal cells.*°3" Glutamate
release from hPASMCs was significantly amplified in the
presence of ET-1, particularly with TBOA (Figure 2E),
and the ET-1 effect was dose-dependent (significant

Circulation. 2018;137:2371-2389. DOI: 10.1161/CIRCULATIONAHA.117.029930
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Figure 1. Both glutamate level and NMDAR expression/phosphorylation are increased in the pulmonary arteries of
human patients with PAH.

A, Mass spectrometry imaging (MSI) of glutamate and glutamine in PAs from human controls (n=6) and patients with PAH (n=5).
MSI imaging of a contrast ion (found at high concentration in arteries), glutamate, and glutamine ions in an artery from a control
patient (upper) and in a remodeled artery from a patient with PAH (lower). Scale bar: 200 pm. Note that MSI acquisition and
H&E staining were performed on adjacent sections. Thus, the contrast ion localization might not always completely match with
the artery depicted on the H&E section. B and C, Quantification of glutamate (B) and glutamine (C) concentrations in human PAs
from patients with PAH and controls. Quantification shown for all arteries (left: n=49 control hPAs, n=57 PAH hPAs) and subtypes
of PAH arterial lesions (right: n=14 medial lesions, 18 neointimal lesions, 18 occluded lesions, and 7 plexiform lesions). D, Right,
Western blot of GIuN1 protein (C2 and C2" isoforms) on lysates of isolated hPAs from patients with PAH and controls, with nor-
malization relative to B-actin (ACTB). L indicates protein ladder. D, Left, Western blot quantification. (Continued)
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from 100 pmol/L ET-1; Figure 2F). The addition of a
type A-selective endothelin receptor (ET,R) antagonist,
BQ-123 (1 umol/L), inhibited the effects of ET-1 on glu-
tamate release, whereas a type B-selective endothelin
receptor (ET,R) antagonist, BQ-788 (1 pmol/L), did not
(Figure 2G). ET-1-evoked glutamate release in hPASMCs
is, therefore, mediated by ET,R. In PAH hPASMCs,
voltage-gated potassium (K ) channel downregulation
leads to a lower resting membrane potential followed
by an increase in the activation of voltage-gated cal-
cium channels and calcium influx, ultimately promoting
a hyperproliferative and apoptosis-resistant phenotype
and vasoconstriction.? We found that the K channel
inhibitor 4-aminopyridine (4-AP, 3 mM) increased glu-
tamate levels in the supernatant of hPASMCs and that
this effect and the ET-1 effect were additive (Figure 2H).

Thus, both hPASMCs and hPMVECs can release
glutamate in a rapid, calcium-dependent manner. In
hPASMCs, K channels and the ET-1-ET,R calcium in-
flux-triggering pathway modulate this release, which
suggests the possibility of more glutamate being re-
leased from hPASMCs in PAH.

NMDARs Are Engaged After ET, or PDGF
Receptor Activation and Contribute to
Human PASMC Proliferation

The NMDAR is engaged in remodeled PAH hPAs, par-
ticularly in SMCs (Figure 1E and 1G). We therefore
investigated the role of PAH-related pathways in NM-
DAR mobilization. In cultured control hPASMCs, ET-1
triggered Ser-896 GIuN1 phosphorylation through ET,R
activation (Figure 3A). Thus, ET-1 amplifies glutamate
release as well as engages the NMDAR. However, levels
of Ser-896-phosphorylated GIuN1 subunits were higher
in hPAs from patients with PAH (Figure 1E), even those
treated with endothelin receptor antagonists (see Table
| in the online-only Data Supplement), suggesting the
possible involvement of other pathways in NMDAR
engagement.

Crosstalk between the NMDAR and PDGFR pathways
occurs in neurons, with PDGF stimulation modulating

NMDA Receptor in Pulmonary Arterial Hypertension

NMDAR activity and directing the NMDAR response to-
ward the proliferation-related MAPK (mitogen-activated
protein kinase) and CREB (C-AMP Response Element-
binding protein) pathways.>* PDGF is a PASMC growth
factor overproduced in PAH and involved in vascular
remodeling.?* We therefore investigated the potential
of PDGF-BB to engage the NMDAR in hPASMCs. Ex-
posure to PDGF-BB for 10 minutes triggered the phos-
phorylation of GIuN1 Ser-896, demonstrating crosstalk
between NMDAR and PDGFR in hPASMCs (Figure 3B).
Phosphorylated GIuN1 proteins were restricted to areas
of cell-cell contact between hPASMCs, consistent with
cell-cell glutamatergic communication via NMDARs in
PDGF-BB-treated hPASMCs (Figure 3C). NMDAR acti-
vation promotes cell proliferation through the MAPK
and Phosphoinositide 3-kinase (PI3K) pathways in aortic
SMCs™ and contributes to cancer cell proliferation.?-23
We therefore investigated the role of NMDAR activation
in hPASMC proliferation. We found that the noncom-
petitive NMDAR antagonists MK-801 and memantine
inhibited the hPASMC proliferation induced by PDGF-BB
(Figure 3D) or fetal bovine serum (Figure VIIl in the online-
only Data Supplement) in a dose-dependent manner.

Thus, in PAH, ET-1 and PDGF-BB may recruit NMDAR
via GIuN1 phosphorylation, and NMDAR activation is
involved in hPASMC proliferation.

Smooth Muscle NMDAR Deficiency
in Mice Attenuates Hypoxic Vascular
Remodeling and Associated PH

We then investigated the potential role of PASMC
NMDARSs in vascular remodeling in the chronic hypox-
ia model of PH. We generated KO mice for NMDAR
through the targeted deletion of Grin7 in SMCs by a Cre/
Lox approach. Grin1 expression was weaker in the PAs
of KO mice than in those of wild-type (WT) mice, dem-
onstrating the efficacy of genetic recombination (Fig-
ure 4A, Figure IX in the online-only Data Supplement for
genotyping). Age-matched KO and WT male mice were
exposed to normoxia or hypoxia for 3 weeks to induce
experimental PH (Figure IXB in the online-only Data Sup-

Figure 1 Continued. Values are expressed as fold change of the mean value relative to controls. E, Right, Western blot of

Ser-896-phosphorylated GIuN1 protein (C2 and C2' isoforms) on lysates of isolated hPAs from patients with PAH and controls,
with normalization relative to ACTB. L indicates protein ladder. E, Left, Western blot quantification. Values are expressed as fold
change of the mean value relative to controls. F, Ratio of Ser896-phosphorylated GluN1-to-ACTB signal intensities divided by
the ratio of GIuN1-to-ACTB signal intensities from Western blots performed on isolated hPAs from patients with PAH and con-
trols. Values are expressed as fold change of the mean value relative to controls. G, Transmitted light microscopy images of the
GIuN1 and Ser896-phosphorylated GIUNT proteins (red) on control PAs from a donor and from a patient with PAH. Hashtags
indicate SMCs; and arrows, ECs. Sections are counterstained with hematoxylin (blue). Scale bar: 50 to 100 pm. Three indepen-
dent experiments were performed on 3 patients with PAH and 3 controls. Statistical significance was determined in Mann-Whit-
ney and Kruskal-Wallis tests followed by Dunn’s test for multiple comparisons (B, C, E Left, and F Right) or unpaired Student t
tests (D, E Right, and F Left). "P<0.05; "*P<0.01; """P<0.001 versus control. The values shown are medianszinterquartile range
(B and C) or means+SEM (D through F). EC indicates endothelial cell; hPA, human pulmonary artery; NMDAR, N-methyl-D-
aspartate receptor; PA, pulmonary artery; PAH, pulmonary arterial hypertension; and SMC, smooth muscle cell.
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Figure 2. K channels and ET, receptors modulate calcium-dependent glutamate release from human PASMCs.

A, Summary of cell-cell glutamatergic communication mechanisms mediated by NMDARs. B and C, Upper, Real-time analysis
of glutamate release from hPMVECs and hPASMCs based on a glutamate dehydrogenase (GDH)-linked assay. Typical traces

of glutamate release from hPMVECs (B) and hPASMCs (C) after ionomycin exposure (30 pmol/L) in the presence or absence

of extracellular Ca?* (2 mM). Lower, Real-time measurement of intracellular calcium concentration (Fura-2 fluorescent probe)
in cultured hPMVECs (B) and hPASMCs (C) from controls after ionomycin exposure (30 umol/L) in the presence or absence of
extracellular Ca?* (2 mM). Values are expressed as AR/R, where R is the ratio between fluorescence signals for excitation at 340
nm and 380nm, obtained before the addition of ionomycin, and AR is the difference between the ratios measured during a
response to ionomycin and R. The intracellular calcium signal after ionomycin exposure in the absence of extracellular calcium
is probably because of calcium release from internal stores. D through H, Measurement of extracellular glutamate released
into the supernatant of cultured hPASMCs from controls with and without 2 hours of exposure to DL-TBOA, endothelin-1 (ET-
1), or 4-aminopyridine (4-AP). D, Evaluation of the effect of DL-TBOA (a glutamate transporter inhibitor, 100 pmol/L) on gluta-
mate release. E, Evaluation of the effect of ET-1 (100 nmol/L) on glutamate release in the presence or absence of DL-TBOA. F,
Determination of the dose-response relationship for the effect of ET-1 (from 1 pmol/L to 100 nmol/L) (Continued)
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plement). Normoxic KO and WT mice had similar right
ventricular systolic pressures (RVSP) and left ventricular
systolic pressures. By contrast, hypoxic KO mice had
significantly lower RVSP values than hypoxic WT mice
(Figure 4B), whereas left ventricular systolic pressures
values did not differ between hypoxic WT and KO mice
(Figure 4C). Echo-Doppler scans showed pulmonary ar-
tery acceleration time to be greater in hypoxic KO mice
than in WT mice, whereas no difference was observed
between normoxic KO mice and WT mice (Figure 4D).
Normoxic KO and WT mice had similar right cardiac hy-
pertrophy indices (Fulton index), whereas hypoxic KO
mice displayed significantly lower Fulton index values
than hypoxic WT mice (Figure 4E). Hypoxic KO mice had
a lower right ventricle-to-body weight ratio than hypox-
ic WT mice, whereas left ventricle plus septum-to-body
weight ratio did not differ between hypoxic KO and WT
mice (Figure IXC and IXD in the online-only Data Supple-
ment). Hypoxic KO mice also had poorer musculariza-
tion of the small pulmonary arterioles (external diameter
<75 pm) than WT mice (Figure 4F). The muscularization
of large arteries (external diameter from 75 pm to 125
pm) was also poorer in KO than in WT mice, regardless
of oxygen conditions, suggesting a role for NMDARs in
the physiological coverage of PAs with SMCs (Figure 4F).
KO and WT mice displayed no significant differences in
body weight and heart rate (Figure IXE and IXF in the
online-only Data Supplement). Thus, NMDAR-KO in
SMCs attenuates PH in hypoxic mice.

Together with our findings on the role of NMDARs
in hPASMC proliferation, these results suggest that the
NMDARs on PASMCs contribute to vascular remodeling
in PH.

NMDAR Antagonists Have Beneficial
Effects on PH in Vivo, Decreasing
Vascular and Cardiac Remodeling in the
MCT Rat Model

We then investigated the potential of NMDAR antago-
nists to prevent or reverse PH in the MCT rat model. The
powerful NMDAR antagonist MK-801 was used in a cu-
rative protocol from day 14 (when rats typically present
signs of right cardiac hypertrophy) to day 21 after MCT
injection (Figures 5 and 6 and Figure X in the online-only
Data Supplement). The clinically available low-affinity

NMDA Receptor in Pulmonary Arterial Hypertension

NMDAR antagonist memantine was used in a preven-
tive protocol (from days 1 to 21 after MCT injection)
(Figure Xl in the online-only Data Supplement). MCT-
treated rats receiving MK-801 presented central effects
(ataxia, stereotypies, and hyperlocomotion, as previ-
ously reported®) and a lower body weight (Figure XA in
the online-only Data Supplement) potentially accounted
for by central effects,*® but hemodynamic parameters,
including mean pulmonary arterial pressure, RVSP, and
total pulmonary resistance, had returned to almost
normal values, contrasting with the findings for rats
receiving vehicle alone (Figure 5A through 5C). Echo-
Doppler scans from MK-801-treated MCT rats showed
a greater pulmonary artery acceleration time than in un-
treated MCT rats, although not statistically significant
(Figure 5D). By contrast with effects on RVSP, chronic
administration of MK-801 had no significant effect on
the systemic pressure (Figure XB in the online-only Data
Supplement). Hemodynamic effects were associated
with milder medial hypertrophy of the large PAs and a
lower proportion of muscularized and occluded small
arterioles (Figure 5 and 5F). Right ventricular hypertro-
phy was clearly reversed by MK-801 treatment, as dem-
onstrated by the Fulton index and echocardiographic
measurements of right ventricular thickness (Figure 5G
and 5H). These findings were supported by the signifi-
cant decrease in right ventricle-to-body weight ratio in
MK-801 rats relative to MCT rats, whereas the left ven-
tricle plus septum-to-body weight ratio was unaffected
(Figure XC and XD in the online-only Data Supplement).
Moreover, MK-801 significantly increased right ventricle
fractional shortening, a surrogate for myocardial con-
tractility (Figure 5I). These changes were associated with
significant decreases in right ventricle cardiomyocyte di-
ameter, cardiac fibrosis, and inflammatory cell infiltration
(Figure 5J through 5L). By contrast, cardiac output was
not significantly improved by MK-801 treatment (Figure
XE in the online-only Data Supplement). However, car-
diac output depends on both heart rate (unchanged by
MK-801 treatment; see Figure XF in the online-only Data
Supplement) and stroke volume, which is directly relat-
ed to body surface area. The calculation of cardiac index
(ie, cardiac output-to-body surface area ratio) may be
useful for treatments affecting body weight, as for the
MCT and MCT+MK-801 rat groups relative to controls.
Cardiac index was significantly lower in MCT rats but

Figure 2 Continued. on glutamate release. G, Evaluation of the effects of an ET,-R antagonist (BQ-123, 1 pmol/L) and an
ET,-R antagonist (BQ-788, 1 nmol/L) on ET-1 (10 nmol/L)-induced glutamate release. H, Evaluation of the effect of 4-AP (3
mM) on glutamate release in the presence or absence of DL-TBOA and ET-1.Statistical significance was determined in 1-way
ANOVA with Bonferroni correction for multiple comparisons (E through H) or unpaired Student t tests (D). "P<0.05; *"P<0.01,
"P<0.001 versus control (D and F) or versus ET-1 (G). $P<0.05; $¥¥P<0.001 versus TBOA (E) or control (G). The values shown
are means+SEM. 4-AP indicates 4-aminopyridine; ET-1, Endothelin-1; ETA-R, Endothelin-type A receptor; ETB-R, Endothelin-
type B receptor; Gin, glutamine; GLS, glutaminase; Glu, glutamate; hPASMC, human pulmonary arterial smooth muscle cell;
hPMVEC, human pulmonary microvascular endothelial cell; NMDAR, N-methyl-D-aspartate receptor; PSD-95, Postsynaptic
density protein 95, TBOA, threo-beta benzyloxyaspartate; and Vglut, Vesicular glutamate transporter.
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Figure 3. NMDAR engagement after ETAR or PDGFR activation: a role for NMDAR in hPASMC proliferation.

A and B, Western blot of Ser896-phosphorylated GIuN1 and total GIUN1 proteins on lysates from control hPASMC cultures.
Cells were left unstimulated or were stimulated with (A) ET-1 (10 nmol/L) for 10 minutes in the presence or absence of 1
pmol/L BQ-123 or 1 umol/L BQ-788 (Left, Western blot quantification), or (B) PDGF-BB (50 ng.ml-") for 10 minutes (Upper,
Western blot quantification). L indicates protein ladder. Values are the ratio of signal intensities for Ser896-phosphorylated
GIuN1 and ACTB signal intensities divided by the ratio of signal intensities for GIuN1 and ACTB, expressed as a fold change
relative to the mean value for controls. C, Typical staining for Ser896-phosphorylated GIuN1 protein (green) on cultured
hPASMCs. Cells were left unstimulated or were stimulated with PDGF-BB (50 ng.ml-") for 10 minutes (Upper, untreated
hPASMCs; Lower, PDGF-treated hPASMCs). For each set, both differential interference contrast (DIC) and Ser896-phosphory-
lated GIuN1 staining images are shown. Higher magnifications are shown (numbered from 1-3). Asterisks indicate cluster-like
staining at cell-cell contacts, whereas arrows indicate staining on filamentous projections from one cell to another. Scale bar:
10 pm. Three independent experiments were performed on 3 controls. D, Measurement of control hPASMC proliferation
(BrdU incorporation) after exposure to PDGF-BB (10 ng.ml-") in the presence or absence of various concentrations of NMDAR
antagonists (MK-801 or memantine [MMT], both at concentrations of 10 umol/L to 100 pmol/L). (Continued)
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not in MK-801-treated MCT rats when compared with
control rats (Figure XG and XH in the online-only Data
Supplement). Consistent with these results, a multiple
linear regression analysis showed that the lower body
weights of MK-801-treated MCT rats than of untreated
MCT rats made no significant contribution to the results
obtained for mean pulmonary arterial pressure, RVSP,
total pulmonary resistance, and the Fulton index (Table
VI in the online-only Data Supplement). The chronic
administration of another NMDAR antagonist, meman-
tine, yielding 24-hour plasma concentrations sufficiently
high to block NMDAR (Figure XIA in the online-only
Data Supplement), slowed PH development (Figure XIB
through XIP in the online-only Data Supplement).

Thus, the administration of NMDAR antagonists can
prevent or reverse PH in the MCT rat model, decreasing
vascular remodeling, endothelial dysfunction, cardiac
inflammation, and hypertrophy, and thereby having
beneficial effects on hemodynamics.

The NMDAR Antagonist MK-801 Targets
the Dysregulated Glutamate-NMDAR
Pathway in the PAs of MCT Rats,
Decreasing Proliferation, Apoptosis
Resistance, Endothelial Dysfunction, and
Perivascular Inflammation

We further explored the molecular mechanisms associat-
ed with the beneficial effects of the NMDAR antagonist
MK-801 on vascular remodeling in the MCT rat model
of PH. MK-801 irreversibly binds to the GIuN1 subunit
of the NMDAR. We therefore investigated its effects on
GIuN1 protein levels in isolated rat PAs (rPAs). Levels of
both the C2 and C2' GIuN1 isoforms were higher in PAs
from MCT rats than in those from controls, and MK-801
significantly normalized the levels of the C2'" GIuN1 iso-
form, meanwhile reducing the levels of the C2 GIuN1
isoform toward control values (Figure 6A). We also ob-
served higher Grin7 mRNA levels in PAs from MCT rats
than in those from controls, although not statistically sig-
nificant (P=0.07 versus control), and MK-801 treatment
did not decrease GrinT gene expression (P=0.09 versus
control, P>0.99 versus MCT) (Figure 6B). Thus, MK-801
treatment significantly decreased GIUNT protein levels
without affecting Grin7 mRNA levels in rPAs, suggesting
that the GIuUNT NMDAR subunit is degraded after irre-
versible binding to MK-801. We then studied the effect

NMDA Receptor in Pulmonary Arterial Hypertension

of MK-801 on GLS1 protein levels in rPAs. GLS1 protein
levels were higher in PAs from MCT rats than in controls
(Figure 6C),2 and MK-801 treatment significantly de-
creased GLS1 levels in rPAs, suggesting that NMDAR ac-
tivity regulates the production of its agonist (Figure 6C).

We further assessed, in rPAs, the effect of MK-801
treatment on the levels of proliferative cell nuclear an-
tigen and survivin proteins as surrogates for prolifera-
tion and apoptosis resistance, respectively. Both markers
were more strongly expressed in the PAs of MCT rats
than in those of controls, and their levels were signifi-
cantly decreased by MK-801 (Figure 6D and 6E), con-
sistent with a vascular effect of NMDAR blockade on
both proliferation and apoptosis-resistant phenotypes in
PH. Moreover, serum soluble E-selectin concentration,
a marker of endothelial dysfunction, was almost nor-
malized by MK-801 treatment, whereas serum soluble
ICAM-1 concentration was not significantly affected
(Figure 6F, Figure Xl in the online-only Data Supplement).
Furthermore, MK-801 treatment completely eliminated
macrophage infiltration from the PA adventitia without
affecting the measured areas of adventitia (Figure 6G).

Thus, MK-801 treatment disrupted the overactivated
glutamate-NMDAR pathway in PAs from MCT rats, and
this effect was associated with decreases in prolifera-
tion, resistance to apoptosis, endothelial dysfunction,
and perivascular inflammation.

DISCUSSION

We revealed dysregulation of the glutamate-NMDAR
axis in PAH hPAs, involving known PAH-associated path-
ways and promoting pulmonary vascular remodeling.
We found that glutamate and its precursor, glutamine,
accumulated in PAH hPAs. During pulmonary hyperten-
sion, the vascular stiffness increases and triggers the
overexpression of the glutamate-producing enzyme
GLS1 in pulmonary vascular cells.®# Moreover, the lung
vasculature takes up large amounts of glutamine (the
precursor of glutamate in the GLS reaction) in patients
with PAH possibly because of BMPR2 mutations.® Thus,
vascular stiffness and BMPR2 mutations may trigger the
accumulation of glutamine and glutamate observed in
PAH hPAs. Glutamate release is necessary for cell-cell glu-
tamatergic communication in nonneuronal cells and has
been implicated in diseases outside the CNS, such as dia-
betes mellitus'® and some cancers.?"?* We showed that

Figure 3 Continued. Values are normalized with respect to unstimulated cultures. Statistical significance was deter-
mined in Kruskal-Wallis tests followed by Dunn’s test for multiple comparisons (A), unpaired Student t tests (B), or 1-way
ANOVA with Bonferroni correction for multiple comparisons (D). "P<0.05; "*P<0.01; """P<0.001 versus control (A and

B) or $¥5P<0.001 versus control; "P<0.001 versus PDGF (D). The values shown are means+SD (A and B) or means+SEM
(D). Plots of individual values are also shown (A and B). ACTB indicates beta-actin; ET-1, endothelin-1; ETAR, endothelin-
type A receptor; hPASMC, human pulmonary arterial smooth muscle cell; NMDAR, N-methyl-D-aspartate receptor; PDGF,
platelet-derived growth factor; and PDGFR, platelet-derived growth factor receptor.
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Figure 4. Role of smooth muscle cell NMDARs in vascular remodeling in the chronic hypoxia model of pulmonary

hypertension.

A, Quantitative RT-PCR of Grin1 on total RNA from isolated PAs from WT mice and mice with a KO of NMDAR in SMCs, with
normalization relative to Actb gene expression. Values are normalized with respect to those of WT mice. B, Right ventricular

systolic pressure (RVSP) measurement in WT and NMDAR-KO mice after 3 weeks of normoxia or chronic (Continued)
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pulmonary vascular cells display rapid calcium-dependent
glutamate release and that ET,R activation or membrane
depolarization through K channel inhibition enhances
basal glutamate release from PASMCs. In PAH, pathways
triggering calcium influx, such as ET-1 signaling® and K|
channel downregulation/KCNK3 gene mutations (de-
creasing the resting membrane potential of PASMCs?¥),
may increase glutamate release from PASMCs.

Little is known about glutamate signaling in the vas-
cular system even though not only ECs and SMCs can
release glutamate (our study), but also immune cells and
platelets.'2383% Moreover, vascular cells may express a wide
range of glutamate receptors (NMDARs but also AMPA re-
ceptors and metabotropic glutamate receptors) that could
mediate crucial roles for the function and development of
the vascular system, such as regulating endothelial barrier
permeability and angiogenesis.®*4° Further studies are re-
quired to finely characterize the role of glutamate signal-
ing through its different receptors in the context of cell-cell
interaction inside the vascular wall or with other cells in
the vicinity (immune cells, platelets, etc).

Although the synapse definition is mainly restrict-
ed to neuronal cells, synaptic-like communication has
been suggested to occur also in nonneuronal cells,
for instance, the immunologic synapse between an
antigen-presenting cell and a lymphocyte/thymocyte,
the epithelial synapse zonapse between epithelial cells,
and the leukocyte/endothelial synapse.'4! Vascular
cells express critical actors of synaptogenesis, espe-
cially adhesion molecules such as presynaptic neurex-
ins and postsynaptic neuroligins that recruit glutamate
vesicles and glutamate receptors, respectively, at cell
membranes triggering synapse formation.*? It is inter-
esting to note that cerebellin-2, an alternative partner
for neurexin, was shown overexpressed in lungs and
ECs from patients with PAH.** Taken together with
our results suggesting calcium-dependent vesicular
glutamate release, the glutamatergic communication
between vascular cells may occur in a synaptic-like
manner. However, further studies are required to as-
sess whether this cell-cell communication is synaptic-
or extrasynaptic-like in vessels.

NMDA Receptor in Pulmonary Arterial Hypertension

We found that pulmonary vascular cells expressed
the NMDA-type glutamate receptor and that the
GIuN1 NMDAR subunit was upregulated in PAH hPAs
and MCT rPAs. Inflammation mediated by the tu-
mor necrosis factor a pathway and oxidative stress,
both of which are features of PAH,?° upregulates
GIUN1 expression in airway SMCs and brain ECs,
respectively.**4> These mechanisms may also oper-
ate in pulmonary vascular cells in PAH. In PAH hPAs,
NMDARs are also engaged through increases in the
levels of Ser-896-phosphorylated GIuN1. In the CNS,
this phosphorylation is required for NMDAR exit from
the endoplasmic reticulum and is also associated with
higher levels of NMDARs in synapses, consistent with
greater NMDAR trafficking to the cell membrane.?>-?”
This finding is consistent with our results showing the
localization of phosphorylated GIuN1 subunits at cell-
cell contacts in cultured hPASMCs. In these cells, phos-
phorylation was induced by PDGF-BB or ET-1 via ET,R
activation, endowing the NMDAR with a molecular
hub function at the crossroads of known PAH-asso-
ciated pathways.?*3%3* NMDAR activation contributed
to the PDGF- or fetal bovine serum-dependent prolif-
eration of hPASMC and vascular remodeling. Further-
more, smooth muscle NMDAR-KO led to lower levels
of hypoxic pulmonary vessel muscularization in mice,
highlighting the role of PASMC NMDARs in vascular re-
modeling. In neurons, PDGFR/NMDAR crosstalk leads
to proproliferative MAPK and CREB pathway activa-
tion.* Moreover, NMDAR activation induces the prop-
roliferative MAPK and PI3K pathways in aortic SMCs.™®
The PASMC NMDAR overactivation observed in PAH
may therefore contribute to PASMC overproliferation
and vascular remodeling. NMDAR-KO, driven by the
SM22a gene promoter, may also affect cardiomyo-
cytes.*® However, given the lack of effect of NMDAR-
KO on most of the heart parameters measured (except
right heart hypertrophy), NMDAR deficiency in mouse
hearts is unlikely to have led to the exclusive attenu-
ation of RVSP in hypoxia or even pulmonary vascular
neomuscularization, which is a direct effect of hypoxia
on the pulmonary vascular bed.®

Figure 4 Continued. hypoxia (FiO,: 10%). Right, Representative traces of pressure variations in the right ventricle of wild-type
and NMDAR KO mice in either normoxia or after hypoxia exposure. Scale bar: 200 ms. C, Left ventricular systolic pressure (LVSP)
measurement in WT and NMDAR-KO mice after 3 weeks of normoxia or chronic hypoxia. D, Pulmonary artery acceleration time
(PAAT) measured by echocardiography in pulsed-wave Doppler mode in WT and NMDAR-KO mice after 3 weeks of normoxia
or chronic hypoxia. Right, Representative traces of blood velocity variations in the PA of WT and NMDAR-KO mice either in
normoxia or after hypoxia exposure. Horizontal scale bar: 100 ms. Vertical scale bar: 10 cm/s. E, Ratio of right ventricle weight
to left ventricle plus septum weight (Fulton index) for WT and NMDAR-KO mice. F, Morphometric analysis of pulmonary vessels
in WT and NMDAR-KO mice. Upper, Pulmonary vessels were assigned to 4 groups on the basis of external vessel diameter (<30
pm, 30-50 pm, 50-75 pm, and 75-125 pm). Each vessel was classified as nonmuscularized, partially muscularized, or fully
muscularized (n=5 mice/group). Lower, Representative laser scanning microscopy images of WT and NMDAR-KO mouse lung
sections labeled with DAPI (nuclei in blue), for a-smooth muscle actin (green), and Von-Willebrand Factor (red) and used for
quantification are shown. Scale bar: 100 um. Arrows indicate vessels. Statistical significance was determined in a Mann-Whitney
test (A) or in a regular 2-way ANOVA with Bonferonni correction for multiple comparisons (B through F). "P<0.05; “P<0.01;
""P<0.001. The values shown are mediansxmin to max values (A) or means+SEM (B through F).
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Figure 5. The NMDAR antagonist MK-801 can reverse experimental pulmonary hypertension, decreasing vascular
and cardiac remodeling in the monocrotaline rat model.

Three groups of rats were compared: (1) saline-treated controls (control), (2) monocrotaline (MCT)-exposed group (MCT), and
(3) MCT-exposed group treated with 3 mg-kg="-day" (days 14-21) MK-801 (MCT+MK-801). In vivo effects of MK-801 3 weeks
after MCT injection. A, Mean pulmonary arterial pressure (mPAP, mmHg). Right, Representative traces of pressure variations in
the PA of control, MCT, and MCT+MK-801 rats. Scale bar: 200 ms. B, Right ventricular systolic pressure (RVSP, mm Hg). Right,
Representative traces of pressure variations in the right ventricle of control, MCT, and MCT+MK-801 rats. Scale bar: 200 ms.
C, Calculated total pulmonary vascular resistance (TPR, mmHg-min-ml~'). D, Pulmonary artery acceleration (Continued)
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We also found that the ET-1/ET,R pathway stimu-
lated the glutamate-NMDAR axis in PASMCs. However,
the endothelin receptor antagonists used in clinical
practice cannot cure human PAH, despite their efficacy
for improving exercise capacity, hemodynamics, and
clinical outcome.#” Almost all the patients with PAH
studied here were taking endothelin receptor antago-
nists, but they nevertheless displayed glutamine and
glutamate accumulation and high levels of GIUNT ex-
pression/phosphorylation in their hPAs. Thus, the glu-
tamate-NMDAR axis dysregulation was apparently not
influenced by ERA administration in patients with PAH
probably because of the contribution of other PAH-re-
lated pathways (eg, involving PDGFR and K| channels).

NMDAR antagonists, such as memantine and MK-
801, were able to prevent or reverse experimental PH
in rats. They decreased endothelial dysfunction and
macrophage infiltration, consistent with observations
at the CNS level, showing brain endothelial barrier per-
meabilization” and monocyte transmigration'® after
endothelial NMDAR activation. They also decreased
vascular remodeling and inhibited hPASMC prolifera-
tion in vitro and proliferative cell nuclear antigen pro-
tein production in vivo in rPAs, suggesting a therapeutic
effect mediated by the inhibition of SMC proliferation.
MK-801 also decreased GLS1 overexpression in PAs
from MCT rats, suggesting additional effects on glu-
tamate production. These findings are consistent with
those of a previous study demonstrating that GLS1 in-
hibition improves the course of the disease by inhibit-
ing pulmonary vascular cell proliferation and vascular
remodeling in the MCT rat model.® Moreover, MK-801

NMDA Receptor in Pulmonary Arterial Hypertension

may act on the apoptosis-resistant phenotype of pul-
monary vascular cells as they prevent the accumulation
of abnormally high levels of survivin protein in MCT
rPAs. Survivin is of particular importance in PASMCs
because its inhibition induces PASMC apoptosis, re-
versing PH in the MCT rat model.*® Because PDGFR
activation triggers an increase in survivin expression in
SMCs,* the pathological survivin overexpression found
in MCT rPAs might be secondary to NMDAR overacti-
vation in the context of NMDAR-PDGFR crosstalk. NM-
DAR antagonists also decreased right cardiac hypertro-
phy, possibly secondary to the inhibition of pulmonary
vascular remodeling. However, because cardiac cells
may express NMDAR,*® NMDAR antagonists may di-
rectly modulate heart remodeling, particularly because
cardiac NMDAR blockade or cardiomyocyte NMDAR
deficiency have been shown to have potential protec-
tive effects on the heart.>**' Thus, NMDAR antagonists
may correct the disease through effects on the 3 sys-
tems involved in PAH (immune, pulmonary vascular,
and cardiac systems) by acting on immune inflamma-
tory cell infiltration, vascular remodeling, and cardiac
remodeling. The NMDAR antagonists we used in vivo
may also have effects on vascular tone because of
modulation of the autonomic nervous system,> con-
tributing to the overall effect. However, the systemic
pressure in treated rats was not significantly modified.
Moreover, smooth muscle NMDAR-KO in mice demon-
strated the actual contribution of PASMC NMDARs per
se to the hypoxic vascular remodeling process. Never-
theless, NMDAR antagonists decreased EC dysfunction
(assessed by determining serum-soluble E-selectin con-

Figure 5 Continued. time (PAAT) measurement by echocardiography in pulsed-wave Doppler mode in MCT and MCT+MK-801
rats. Right, Representative traces of blood velocity variations in the PA of MCT and MCT+MK-801 rats. Horizontal scale bar:
100 ms. Vertical scale bar: 10 cm/s. E, Left, Medial hypertrophy of PAs (external diameter >50 um). E, Right, Representative
transmitted light microscopy images of H&E-stained lung sections from control, MCT, and MCT+MK-801 rats. Scale bar: 50

um. F, Morphometric analysis of small pulmonary vessels (external diameter <50 um). Pulmonary vessels were classified into

3 groups: nonmuscularized, muscularized, and occluded arterioles. Left, Percentage of muscularized and occluded arterioles.
Right, Representative laser scanning microscopy images of rat lung sections labeled with DAPI (nuclei in blue), a-smooth muscle
actin (green), and Von-Willebrand Factor (red) used for quantification, providing examples of nonmuscularized, muscularized,
and occluded vessels. Scale bar: 20 pm. G, Right ventricle thickness measured by echocardiography. Right, Representative para-
sternal short-axis views of hearts from MCT and MCT+MK-801 rats. Arrows indicate septa. Note the septal deviation toward
the left ventricle in the MCT rats. Right ventricle areas are highlighted in yellow. Scale bar: 5 mm. H, Fulton’s index of right
ventricular hypertrophy, calculated as the ratio of right ventricle-to-left ventricle plus septum weight (RV/LV+S). I, Right ventricle
fractional shortening based on echocardiographic measurement in time-motion (TM) mode for MCT and MCT+MK-801 rats. J,
Analysis of cardiomyocyte hypertrophy as assessed by measuring cardiomyocyte diameter (um, vertical bar) in the right heart.

K, Analysis of cardiac fibrosis in the right heart, as assessed by the ratio of the Sirius red-stained area to the total cell area. Left,
Graph. Right, Representative transmitted light microscopy images of Sirius red staining for lung sections from control, MCT, and
MCT+MK-801 rats used as an example for quantification. Scale bar: 50 pm. L, Analysis of inflammation in the right heart. Left,
Inflammation score as evaluated blindly by the pathologist. Right, Representative transmitted light microscopy images of H&E/
safranin staining of lung sections from control, MCT, and MCT+MK-801 rats provided as an example of scoring. Scale bar: 50
pm. Statistical significance was determined in Mann-Whitney or Kruskal-Wallis tests followed by Dunn’s multiple comparison
tests (A, B, D, G, H, and L) or 1-way ANOVA followed by Bonferroni correction for multiple comparisons (C, E, F, and 1-K).
$P<0.05; ¥¥P<0.01; $¥5P<0.001 versus control. "P<0.05; ""P<0.01; """P<0.001 versus MCT. Values are mediansinterquartile range
(A, B, D, G, H, and L) or means=SEM (C, E, F, and I through K). H&E indicates hematoxylin and eosin; HR, heart rate; NMDAR,
N-methyl-D-aspartate receptor; PA, pulmonary artery; PAP, pulmonary arterial pressure; and RVP, right ventricular pressure.
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Figure 6. Effects of MK-801 on the glutamate-NMDAR axis, proliferation, apoptosis resistance, endothelial dysfunction,

and inflammation in the pulmonary arteries of monocrotaline-treated rats.

The rats were from the same experiments as in Figure 5. A, Right, Western blot of GIuN1 protein (C2 and C2’ isoforms) on

lysates of isolated rPAs from control, MCT, and MCT+MK-801 rats, with normalization relative to ACTB. L indicates protein lad-

der. A, Left, Western blot quantification. Values are expressed as fold change of the mean value relative to controls. B, Quan-
titative RT-PCR of Grin7 on total RNA from isolated PAs from control, MCT, and MCT+MK-801 rats normalized with respect to
Actb gene expression. Values are normalized with respect to those of control rats. C through E, Right, Western blot of GLS1
(C), proliferative cell nuclear antigen (PCNA) (D), and survivin (E) proteins on lysates of isolated rPAs from control, MCT, and
MCT+MK-801 rats with normalization relative to ACTB. L indicates protein ladder. C through E, Left, Western blot quantifica-
tion. Values are expressed as fold change of the mean value relative to controls. F, EC dysfunction as assessed by titration of
serum soluble E-selectin from control, MCT, and MCT+MK-801 rats. G, Analysis of adventitial inflammatory cells as assessed

by CD68 immunohistochemical labeling of lung tissue macrophages in control, MCT, and MCT+MK-801 rats. Left, Quantifica-

tion of the ratio of CD68-stained areas to adventitial areas. Middle, Adventitial areas. Right, Representative transmitted light
microscopy images of CD68 staining (brown) on lung sections from control, MCT, and MCT+MK-801 rats (Continued)
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centration) in treated rats, indicating an overall effect
on vascular homeostasis. Further studies are required
to determine the role of endothelial NMDARs in the
vascular remodeling associated with PAH.

NMDAR blockers (eg, MK-801 and memantine) are
widely used as research tools to decipher the roles
of NMDARs in different organs. However, like every
pharmacologically active molecule, they may have
some degrees of yet unknown off-target effects in
the vascular system. These drugs selectively block the
NMDARs in the glutamate receptor family, but they
might also act, although less potently, on other non-
glutamate receptors.>>>3 We cannot completely rule
out the possibility of off-target effects in our experi-
ments, but both antagonists showed inhibitory ef-
fects on hPASMC proliferation from doses as low as
10uM (Figure 3D) and with dose-dependent effect.
Also, these molecules belong to 2 different classes,
therefore limiting the risk of shared off-targets. We
confirmed the direct role of SMC NMDARs in pul-
monary arterial remodeling and PH in SMC-targeted
NMDAR KO mice, suggesting that at least part of the
effects observed with NMDAR antagonists may be im-
puted to the NMDAR blockade.

We found that the MCT rat model was suitable for
in vivo assessments of the mechanisms underlying NM-
DAR blockade using NMDAR antagonists mainly be-
cause it is a relevant model to explore lesions involv-
ing PASMCs, such as medial hyperplasia-type lesions.
It also showed features of dysregulation of pulmonary
metabolic dysregulation, including glutamate/gluta-
mine,* and the glutamate/NMDAR pathways, similar
to that in human PAH. However, the MCT model does
not recapitulate the full spectrum of typical PAH lesions,
such as the so-called plexogenic ones, and may not
well predict the future response to therapy in human
PAH. Thus, in a translational perspective, other animal
models triggering more severe experimental PH, such
as MCT+pneumonectomy model, or allowing more
prolonged treatment, such as the Sugen/hypoxia, both
displaying more complex lesion types than the MCT
model, could be used.*

Several milestones must be attained before these
findings can be transferred into clinical practice. MK-
801 and memantine had beneficial effects on experi-
mental PH, but they may have adverse central effects,
rendering them unsuitable for PAH treatment in hu-
mans. Dextromethorphan, an over-the-counter drug
with NMDAR antagonist activity, has recently been

NMDA Receptor in Pulmonary Arterial Hypertension

evaluated in type 2 diabetes mellitus in a phase lla
clinical trial.*¢ Only moderate adverse effects were
observed in the short term, but chronic intake would
require close monitoring because, at high doses, this
drug can impair working memory, disrupt locomotion,
and induce moderate ataxia.’” Ketamine, a known
NMDAR antagonist with pulmonary vasodilatory po-
tential, was not associated with changes in pulmonary
hemodynamics in children with PH when used as an
anesthetic.®®° Its central catecholamine-mediated ef-
fect may explain the absence of a net effect on pul-
monary arterial pressure. Moreover, ketamine has a
complex pharmacology, with effects on multiple CNS
targets, potentially limiting its long-term use to com-
bat vascular remodeling.

It would, therefore, not be appropriate to test these
molecules for long-term administration. Specific thera-
peutic tools, such as NMDAR antagonists targeting the
peripheral receptor with minimal central effects, would
be useful in PAH and other disorders involving NMDAR
activation outside the CNS, such as some cancers?'-%3
and diabetes mellitus.’**®* Such NMDAR antagonists
that do not cross the blood-brain barrier are currently
under development in a lead optimization phase (see
notes on patents).

Peripheral NMDARs may also contribute to different
physiological functions, for instance, promoting pain
transmission, amplifying platelet activation and aggre-
gation, increasing glucose-stimulated insulin release,
regulating bone desorption and resorption, and so on
(for reviews, see Hogan-Cann & Anderson®® and Zhou
et al®"). Although recent articles indicate that NMDAR
blockade does not induce spontaneous bleeding or hy-
poglycemia, the critical effects of NMDAR blockade on
these physiological functions need to be clarified.62
To limit the potential peripheral side effects of nonse-
lective NMDAR blockade, if any, a strategy aiming to
identify the NMDAR subtype(s) that promote(s) vascular
remodeling in PAH, mirroring the current approach for
CNS disorders, could be used.

Overall, the glutamate accumulation in PAH hPAs,
the increased glutamate release from hPASMCs sec-
ondary to ETAR activation and K channel shutdown,
and the increased expression and phosphorylation of
NMDAR in PAH hPAs are consistent with engagement
and overactivation of the glutamate/NMDAR axis in
PAH hPAs. No antiremodeling strategy has yet been ap-
proved for PAH, but the use of appropriate NMDAR an-
tagonists may improve PAH by antiremodeling effects.

Figure 6 Continued. counterstained with hematoxylin (blue) and used as an example for quantification. Scale bar: 50 um.
Statistical significance was determined in Kruskal-Wallis tests followed by Dunn’s multiple comparison tests (B and G) or
1-way ANOVA with Bonferroni correction for multiple comparisons (A and C through F). $P<0.05; $$P<0.01; #$P<0.001 versus
control. "P<0.05; "*P<0.01 versus MCT. Values are means=SEM (A and C through F), medians+min to max values (B), or
medians + interquartile range (G). ACTB indicates beta actin; GLS1, glutaminase 1; NMDAR, N-methyl-D-aspartate receptor;

PA, pulmonary artery; and rPA, rat pulmonary artery.
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Peripheral NMDARSs are, therefore, potential targets for
therapeutic intervention in PAH.
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