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Abstract
Neurovascular coupling (NVC) is the mechanism whereby an increase in neuronal activity causes an increase in local cerebral 
blood flow (CBF) to ensure local supply of oxygen and nutrients to the activated areas. The excitatory neurotransmitter glu-
tamate gates post-synaptic N-methyl-d-aspartate receptors to mediate extracellular Ca2+ entry and stimulate neuronal nitric 
oxide (NO) synthase to release NO, thereby triggering NVC. Recent work suggested that endothelial Ca2+ signals could 
underpin NVC by recruiting the endothelial NO synthase. For instance, acetylcholine induced intracellular Ca2+ signals 
followed by NO release by activating muscarinic 5 receptors in hCMEC/D3 cells, a widely employed model of human brain 
microvascular endothelial cells. Herein, we sought to assess whether also glutamate elicits metabotropic Ca2+ signals and 
NO release in hCMEC/D3 cells. Glutamate induced a dose-dependent increase in intracellular Ca2+ concentration ([Ca2+]i) 
that was blocked by α-methyl-4-carboxyphenylglycine and phenocopied by trans-1-amino-1,3-cyclopentanedicarboxylic 
acid, which, respectively, block and activate group 1 metabotropic glutamate receptors (mGluRs). Accordingly, hCMEC/
D3 expressed both mGluR1 and mGluR5 and the Ca2+ response to glutamate was inhibited by their pharmacological block-
ade with, respectively, CPCCOEt and MTEP hydrochloride. The Ca2+ response to glutamate was initiated by endogenous 
Ca2+ release from the endoplasmic reticulum and endolysosomal Ca2+ store through inositol-1,4,5-trisphosphate receptors 
and two-pore channels, respectively, and sustained by store-operated Ca2+ entry. In addition, glutamate induced robust NO 
release that was suppressed by pharmacological blockade of the accompanying increase in [Ca2+]i. These data demonstrate 
for the first time that glutamate may induce metabotropic Ca2+ signals in human brain microvascular endothelial cells. The 
Ca2+ response to glutamate is likely to support NVC during neuronal activity, thereby reinforcing the emerging role of brain 
microvascular endothelial cells in the regulation of CBF.
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Introduction

Lying at the interface between circulation and vascular tis-
sues, the endothelium serves as a signal transduction plat-
form that integrates hemodynamic forces and blood-borne 
signals to regulate multiple vascular processes, including 
vascular tone and permeability as well as vascular struc-
ture [1–4]. Appropriate control of local blood flow through 
resistance arteries is critical to ensure the proper supply of 
oxygen and nutrients, as well as the removal of catabolic 
waste, and to maintain blood pressure within the physi-
ological range [5, 6]. Vascular endothelial cells respond 
to vasodilatory autacoids by releasing diffusible media-
tors, such as nitric oxide (NO) and prostacyclin (PGI2), 
and/or by undergoing membrane hyperpolarization that 
spreads to medial smooth muscle cells via myoendothelial 
gap junctions (MEGJs) to suppress contractility, accord-
ing to a mechanism termed endothelium-dependent hyper-
polarization (EDH) [3, 7, 8]. An increase in endothelial 
intracellular Ca2+ concentration ([Ca2+]i) represents the 
signal which recruits the most effective vasorelaxing path-
ways in the vascular wall [3, 7, 9]. For instance, endothe-
lial Ca2+ signals stimulate NO release by engaging the 
Ca2+-dependent calmodulin (CaM) to displace endothe-
lial nitric oxide (NO) synthase (eNOS) from caveolin-1, 
whereas PGI2 is synthesized by cyclooxygenase which 
acts on the arachidonic acid cleaved from membrane 
phospholipids by the Ca2+-dependent phospholipase A2 
(PLA2) [3, 8].

Physiologically, extracellular autacoids bind to their 
cognate Gq-protein-coupled receptors (GqPCRs), thereby 
stimulating phospholipase Cβ (PLCβ) to cleave phos-
phatidylinositol 4,5-bisphosphate (PIP2), a minor (≈ 1%) 
membrane phospholipid, into the intracellular second 
messengers, inositol-1,4,5-trisphosphate (InsP3) and dia-
cylglycerol (DAG) [2, 4]. InsP3, in turn, elicits massive 
Ca2+ release from the endoplasmic reticulum (ER) through 
InsP3 receptors (InsP3Rs), followed by Ca2+ influx via a 
store-operated Ca2+ entry (SOCE) pathway on the plasma 
membrane [9, 10]. Endothelial SOCE is mainly mediated 
by the physical interaction between STIM1, a sensor of ER 
Ca2+ concentration, and Orai1, which provides the pore-
forming subunit of store-operated channels [11, 12]. Vas-
cular endothelial cells also express the STIM and Orai par-
alogues, STIM2, Orai2, and Orai3 [11, 13, 14]. STIM2 is 
likely to trigger SOCE in STIM1-deficient endothelial cells 
[14], whereas Orai2 acts as a negative modulator of Orai1 
[15], as recently demonstrated in other cell types [16, 17]. 
In addition, endogenous Ca2+ release may be supported by 
endolysosomal Ca2+ release through nicotinic acid adenine 
dinucleotide phosphate (NAADP)-gated two-pore chan-
nels 1 and 2 (TPC1-2), which trigger InsP3-induced ER 

Ca2+ mobilization through the Ca2+-induced Ca2+ release 
(CICR) process in response to extracellular stimulation 
[14, 18]. Endothelial Ca2+ signals control the vascular tone 
by driving NO release in response to a multitude of auta-
coids, including acetylcholine [19, 20], ATP [21], brady-
kinin [22], histamine [23], and thrombin [24], throughout 
peripheral circulation. Surprisingly, endothelial Ca2+ sign-
aling has barely been regarded as an active participant in 
neurovascular coupling (NVC) [8, 25, 26], the mechanism 
by which neuronal activity induces vasorelaxation of corti-
cal microvessels to redirect cerebral blood flow (CBF) to 
activated areas [27, 28].

NVC is crucial to maintain the homeostasis of the brain 
internal milieu and to sustain normal brain function; moreo-
ver, several vascular-based functional brain imaging tech-
niques, such as functional magnetic resonance imaging 
(fMRI), rely on NVC to infer changes in neuronal activity 
[27–29]. Glutamate, the major excitatory neurotransmit-
ter in the brain, triggers NVC by stimulating post-synaptic 
N-methyl-d-aspartate (NMDA) receptors (NMDARs) to 
mediate extracellular Ca2+ entry, thereby engaging the Ca2+/
CaM-dependent neuronal NOS (nNOS) [27, 28, 30]. NO 
may directly stimulate vasorelaxation of adjacent microves-
sels in hippocampus and cerebellum [31, 32], while it per-
mits the vasodilatory response to astrocyte-derived vasoac-
tive mediators, such as epoxyeicosatrienoic acids (EETs) 
and prostaglandin E2 (PGE2), in the somato-sensory cortex 
[33–38]. Pharmacological blockade of group 1 metabotropic 
glutamate receptors (mGluRs), i.e., mGluR1 and mGluR5, 
which are GqPCRs coupled to PLCβ and InsP3-dependent 
Ca2+ release, also attenuates the hemodynamic response 
to sensory stimulation in vivo [39–42]. The earlier model 
according to which mGluRs were mainly located in perisyn-
aptic astrocytes was later discounted by the discovery that 
mGluR5 downregulates to barely detectable levels in adult 
astrocytes and that the genetic deletion of type 2 InsP3R, the 
principal InsP3R isoform in glial cells, does not inhibit NVC 
[43–45]. Therefore, the exact mechanism whereby group 1 
mGluRs control NVC remains unclear [27, 46]. Conversely, 
group 2 mGluRs include the mGluR2 and mGluR3, which 
are Gi/o coupled receptors and inhibit adenylate cyclase 
(AC). Finally, group 3 mGluRs comprise mGluR4, mGluR7, 
and mGluR8, which are also negatively coupled to AC, and 
mGluR6, which stimulates a cGMP phosphodiesterase [47]. 
Group 2 and group 3 mGluRs mainly exhibit a pre-synaptic 
location and inhibit neurotransmitter (glutamate or GABA) 
release [47]. Therefore, their role in NVC is less clear.

Intriguingly, a series of recent studies demonstrated that 
synaptically released glutamate could induce NO release 
directly from brain microvascular endothelial cells [48]. 
For instance, glutamate has been shown to elicit NO 
release within rodent brain microvasculature by activating 
endothelial NMDARs in cortical microvessels [49, 50] and 
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group 1 mGluRs in mouse brain microvascular endothelial 
cells [51]. These results strongly support the observation 
that long-term synaptic plasticity requires endothelial-
derived NO at the Schaffer collateral to CA1 synapse in 
mouse hippocampal slices [52], and that synaptic gluta-
mate induces vascular NO release in response to whisker 
stimulation in the somato-sensory cortex in vivo [48]. It 
has recently been demonstrated that acetylcholine gener-
ates an intracellular Ca2+ signal which drives NO release 
in hCMEC/D3 cells, a widely employed human brain 
microvascular endothelial cell line [53]. Acetylcholine-
induced NO synthesis was initiated by endogenous Ca2+ 
release through type 3 InsP3R (InsP3R3) and endolysoso-
mal TPC1-2, was sustained by SOCE [53], and triggered a 
robust hemodynamic response in the somato-sensory cor-
tex in vivo [48]. Early investigations reported that mGluR1 
and mGluR5 are expressed in human brain microvascular 
cells [54] and in human meningeal microvasculature, as 
well as in the parenchymal microvasculature [55], but their 
functional role remains unclear.

Herein, we exploited a multidisciplinary approach 
to assess whether and how group 1 mGluRs induce 
Ca2+-dependent NO release in hCMEC/D3 cells. We pro-
vided the evidence that glutamate causes a dose-dependent 
increase in [Ca2+]i by activating mGluR1 and, at a larger 
extent, mGluR5. Glutamate-induced Ca2+ signal is sup-
ported by InsP3- and NAADP-dependent intracellular Ca2+ 
release and is prolonged by SOCE. Finally, the metabotropic 
Ca2+ response to glutamate leads to rapid NO release, which 
is abolished by inhibition of endogenous Ca2+ release. These 
findings reinforce the emerging view that brain microvascu-
lar endothelial cells may be recruited by neuronal activity 
to control NVC.

Materials and methods

Cell culture

Human brain endothelial cells (hCMEC/D3) were obtained 
from Institut National de la Santé et de la Recherche Médi-
cale (INSERM, Paris, France). hCMEC/D3 cells cultured 
between passage 25 and 35 were used. As described in [53], 
the cells were seeded at a concentration of 27,000 cells/cm2 
and grown in tissue culture flasks coated with 0.1 mg/mL 
rat tail collagen type 1, in the following medium: EBM-2 
medium (Lonza, Basel, Switzerland) supplemented with 
5% fetal bovine serum (FBS), 1% Penicillin–Streptomycin, 
1.4 μM hydrocortisone, 5 μg/mL ascorbic acid, 1/100 chemi-
cally defined lipid concentrate (Invitrogen), 10 mM HEPES, 
and 1 ng/mL basic FGF (bFGF). The cells were cultured at 
37 °C, 5% CO2 saturated humidity.

Solutions

Physiological salt solution (PSS) had the following com-
position (in mM): 150 NaCl, 6 KCl, 1.5 CaCl2, 1 MgCl2, 
10 Glucose, 10 Hepes. In Ca2+-free solution (0Ca2+), Ca2+ 
was substituted with 2 mM NaCl, and 0.5 mM EGTA was 
added. Solutions were titrated to pH 7.4 with NaOH. In 
Mn2+-quenching experiments, 200 μM MnCl2 was added 
to the 0Ca2+ external solution. The osmolality of PSS as 
measured with an osmometer (Wescor 5500, Logan, UT) 
was 338 mmol/kg.

[Ca2+]i and NO measurements

We utilized the Ca2+ imaging set-up that we have described 
elsewhere [56]. hCMEC/D3 cells were loaded with 4 µM 
fura-2 acetoxymethyl ester (Fura-2/AM; 1 mM stock in 
dimethyl sulfoxide) in PSS for 1 h min at 37 °C and 5% CO2. 
After washing in PSS, the coverslip was fixed to the bottom 
of a Petri dish and the cells observed by an upright epif-
luorescence Axiolab microscope (Carl Zeiss, Oberkochen, 
Germany), usually equipped with a Zeiss × 40 Achroplan 
objective (water immersion, 2.0  mm working distance, 
0.9 numerical aperture). The cells were excited alternately 
at 340 and 380 nm, and the emitted light was detected at 
510 nm. A first neutral density filter (1 or 0.3 optical den-
sity) reduced the overall intensity of the excitation light and 
a second neutral density filter (optical density = 0.3) was 
coupled to the 380 nm filter to approach the intensity of 
the 340 nm light. A round diaphragm was used to increase 
the contrast. The excitation filters were mounted on a filter 
wheel (Lambda 10, Sutter Instrument, Novato, CA, USA). 
Custom software, working in the LINUX environment, was 
used to drive the camera (Extended-ISIS Camera, Photonic 
Science, Millham, UK) and the filter wheel, and to meas-
ure and plot on-line the fluorescence from 30 to 45 rectan-
gular “regions of interest” (ROI) enclosing 20–30 single 
cells. Each ROI was identified by a number. Adjacent ROIs 
never superimposed. [Ca2+]i was monitored by measuring, 
for each ROI, the ratio of the mean fluorescence emitted at 
510 nm when exciting alternatively at 340 and 380 nm [ratio 
(F340/F380)]. An increase in [Ca2+]i causes an increase in the 
ratio [14]. Ratio measurements were performed and plotted 
on-line every 3 s. The experiments were performed at room 
temperature (22 °C) [57].

NO was measured as described in [53]. Briefly, hCMEC/
D3 cells were loaded with the membrane-permeable NO-sen-
sitive dye 4-Amino-5-methylamino-2′,7′-difluorofluorescein 
(DAF-FM) diacetate (10 µM) for 60 min at room tempera-
ture and washed in PSS for 15 min. DAF-FM fluorescence 
was measured using the same equipment described for Ca2+ 
recordings but with a different filter set, i.e., excitation 
at 480 nm and emission at 535 nm wavelength (emission 
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intensity was shortly termed “NOi”). The changes in DAF-
FM fluorescence induced by glutamate were recorded and 
plotted on-line every 5 s. Again, off-line analysis was per-
formed using custom-made macros developed by Microsoft 
Office Excel software. The experiments were performed at 
room temperature (22 °C). DAF-FM fluorescence remained 
constant during 1 h recording at the sampling rate and light 
intensity employed in the present investigation (not shown).

RNA isolation and real‑time RT‑PCR (qRT‑PCR)

Total RNA was extracted from hCMEC/D3 cells using the 
QIAzol Lysis Reagent (QIAGEN, Italy). Reverse transcrip-
tion and qRT-PCR were performed as previously described 
[14] using specific primers (intron-spanning primers). The 
specific intron-spanning primers and the molecular weight 
of the amplicon (in parentheses) were indicated below: 
mGluR1, sense, 5′-GTC​CAC​ACG​GAA​GGG​AAT​TATG-
3′; antisense, 5′-GAG​TTT​GCG​CAA​GAG​TCG​GT-3′ 
(144 bp); mGluR5, sense, 5′-GCA​CAC​AGA​AGG​CAA​CTA​
TG-3′; antisense, 5′-TTG​GGC​AAG​TGA​CTT​GTG​AG-3′ 
(159 bp); B2 M, Hs_B2M_1_SG QuantiTect Primer Assay 
QT00088935 (Qiagen, Italia) (98 bp).

The qRT-PCR reactions were normalized using β-2-
microglobulin (B2 M) as housekeeping gene. The triplicate 
threshold cycle (Ct) values for each sample were averaged 
resulting in mean Ct values for both the gene of interest 
and the housekeeping genes. The gene Ct values were then 
normalized to the housekeeping gene by taking the differ-
ence: ΔCt = Ct[gene] − Ct[housekeeping], with high ΔCt 
values reflecting low mRNA expression levels. Melting 
curves were generated to detect the melting temperatures 
of specific products immediately after the PCR run. The 
molecular weight of the PCR products was compared to the 
DNA molecular weight marker VIII (Roche Molecular Bio-
chemicals, Italy).

Immunoblotting

Cells were homogenized using a Dounce homogenizer 
in a solution containing: 250 mM Sucrose, 1 mM EDTA, 
10  mM Tris–HCl, pH 7.6, 0.1  mg/ml PMSF, 100  mM 
β-mercaptoethanol, protease, and phosphatase inhibi-
tor cocktails (P8340 and P5726, P0044, Sigma-Aldrich 
Inc.). 30 μg of solubilized proteins were subjected to 7.5% 
SDS-polyacrylamide gel electrophoresis and blotted to the 
Hybond-P PVDF Membrane (GE Healthcare, Italy). Mem-
branes were blocked for 1 h with Tris-buffered saline (TBS) 
containing 3% BSA and 0.1% Tween (blocking solution) and 
then incubated overnight at 4 °C with the following anti-
bodies diluted in the TBS and 0.1% Tween: anti-mGluR1 
(AGC-006; 1: 200, dilution), anti-mGluR5 (AGC-007; 
1:200, dilution) from Alomone labs, Jerusalem BioPark 

(JBP), Jerusalem, Israel. After 3 washing with TBS and 
0.1% Tween, membranes were incubated for 1 h with goat 
anti-rabbit IgG antibody, peroxidase conjugated (AP132P, 
Millipore part of Merck S.p.a., Vimodrone, Italy), diluted 
1:10,000 in blocking solution. The bands were detected 
with ECL™ Select western blotting detection system (GE 
Healthcare Europe GmbH, Italy). Prestained molecu-
lar weight markers (ab116028, Abcam, Cambridge, UK) 
were used to estimate the molecular weight of the bands. 
Blots were stripped with the method of Yeung and Stanley 
[58] and re-probed with anti β-2-microglobulin antibody 
(B2 M) (Abcam) as housekeeping. The antibody was diluted 
1:10,000 in blocking solution.

Protein content

Protein contents of all the samples were determined by the 
Bradford’s method [59] using bovine serum albumin (BSA) 
as standard.

Statistics

All the data have been collected from hCMEC/D3 cells 
deriving from at least three coverslips from three independ-
ent experiments. The amplitude of Ca2+ and NO signals 
induced by each agonist was measured as the difference 
between the ratio at the peak of intracellular Ca2+ mobiliza-
tion and the mean ratio of 1 min baseline before the peak. 
Pooled data are given as mean ± SE and statistical signifi-
cance (P < 0.05) was evaluated by the Student’s t test for 
unpaired observations as indicated. Data are presented as 
mean ± SE, while the number of cells analysed is indicated 
within/above the histogram bars.

Chemicals

Fura-2/AM and DAF-FM were obtained from Molecular 
Probes (Molecular Probes Europe BV, Leiden, The Nether-
lands). (RS)-α-methyl-4-carboxyphenylglycine (MCPG) was 
supplied by Abcam Biochemicals (Cambridge, UK). CPC-
COEt, MTEP hydrochloride (MTEP), CHPG, YM-58483/
BTP-2, and NED-19 were purchased from Tocris (Bris-
tol, UK). All the chemicals were of analytical grade and 
obtained from Sigma Chemical Co. (St. Louis, MO, USA).

Results

Glutamate induces a dose‑dependent increase 
in [Ca2+]i in hCMEC/D3 cells

To assess whether glutamate induces intracellular Ca2+ sig-
nals, hCMEC/D3 cells were loaded with the Ca2+-sensitive 
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fluorochrome, Fura-2/AM, as shown in [53]. Unlike bEND5 
cells, a mouse brain microvascular endothelial cell line [51], 
hCMEC/D3 did not exhibit any spontaneous Ca2+ activity 
in the absence of external stimulation (data not shown). The 
extracellular application of glutamate induced a discernible 
increase in [Ca2+]i which consisted in an initial Ca2+ peak 
followed by a plateau level of intermediate amplitude above 
resting [Ca2+]i (Fig. 1a). Thereafter, the Ca2+ signal declined 
to the baseline despite for the continuous presence of the 
agonist in the bath (Fig. 1a). Glutamate (100 µM) failed to 
induce an additional increase in [Ca2+]i upon 15 min wash-
out (Fig. 1d), which is indicative of receptor desensitiza-
tion. The percentage of responding cells did not significantly 
change throughout the concentration range that we probed 
(Fig. 1a, b), i.e., 50–300 µM, but the peak Ca2+ response 
was attained at 100 µM as the Ca2+ signal desensitized at 
higher doses (Fig. 1a, c). Overall, these data demonstrate for 
the first time that glutamate is able to increase the [Ca2+]i 
in a human model of brain microvascular endothelial cells 
at physiological doses [60, 61]. As 100 µM proved to be the 
most effective dose to induce the glutamate-evoked Ca2+ sig-
nal, we employed this concentration throughout the remain-
der of the investigation.

mGluR1 and mGluR5 trigger the Ca2+ response 
to glutamate in hCMEC/D3 cells

The Ca2+ response to glutamate described in Fig. 1 was 
recorded in the absence of extracellular glycine or d-serine, 
which unmask endothelial NMDAR activation in mouse 
middle cerebral arteries [49, 50]. Group 1 mGluRs represent, 
therefore, the most suitable target for glutamate to induce 
Ca2+ signaling in hCMEC/D3 cells. To corroborate this 
hypothesis, we first challenged hCMEC/D3 cells with gluta-
mate (100 µM) in the absence of extracellular Ca2+ (0Ca2+). 
As shown in Fig. 2a–c, removal of extracellular Ca2+ did not 
affect the initial Ca2+ peak, as it would be expected in the 
case of NMDAR activation [62], although it curtailed the 
duration of the Ca2+ response. This finding strongly suggests 
that glutamate-evoked Ca2+ signals are initiated by group 1 
mGluRs, which are coupled to Gq and able to engage PLCβ, 
thereby inducing InsP3-dependent Ca2+ release from the ER 
[47, 63]. The subsequent re-addition of extracellular Ca2+, in 
the absence of glutamate to prevent the opening of receptor-
operated channels, resulted in a second increase in [Ca2+]i 
(Fig. 2b), which was indicative of SOCE recruitment [51, 
53, 56]. Accordingly, as glutamate was removed from the 

Fig. 1   Glutamate evokes a dose-dependent increase in [Ca2+]i in 
hCMEC/D3 cells. a Glutamate caused a dose-dependent increase in 
[Ca2+]i which achieved its peak at 100  M. b Mean ± SE of the per-
centage of hCMEC/D3 cells displaying glutamate-induced Ca2+ 
responses at different agonist concentrations (from 50 to 300  µM). 
The asterisk indicates p < 0.05. c Mean ± SE of the amplitude of 

glutamate-induced Ca2+ responses measured in hCMEC/D3 cell 
at different agonist concentrations (from 50 to 300  µM). The aster-
isk indicates that p < 0.05. d Glutamate (100 µM) failed to induce an 
additional increase in [Ca2+]i upon 15 min washout which is indica-
tive of receptor desensitization
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bath 100 s before restoration of extracellular Ca2+ levels, the 
only physiological stimulus responsible for Ca2+ entry was 
ER Ca2+ store depletion. As widely discussed elsewhere [64, 
65], neither ionotropic receptors, i.e., NMDARs [49, 50], nor 
second messenger-operated channels, e.g., Transient Recep-
tor Potential (TRP) Vanilloid 4 (TRPV4) [26], can be gated 
in the absence of agonist binding to their cognate recep-
tors. In addition, hCMEC/D3 cells express very low levels 
of TRP Canonical 7 (TRPC7) channel, which is gated by 
DAG [14]. However, 1-oleoyl-2-acetyl-sn-glycerol (OAG), 
a membrane-permeable analogue of DAG, failed to induce 
sizeable Ca2+ signals in hCMEC/D3 cells [14]. This finding 
has been confirmed in Supplementary Figure 1A. Collec-
tively, these pieces of evidence strongly support the view 
that SOCE mediates glutamate-induced extracellular Ca2+ 
entry in hCMEC/D3 cells. A previous report demonstrated 
that hCMEC/D3 cells express STIM2, but not STIM1, as 
well as all Orai isoforms. However, SOCE was sensitive 
to Pyr6 [14], which is a selective Orai1 inhibitor [66–68]. 
These data, therefore, strongly support the notion that SOCE 
is mediated by STIM2 and Orai1 in hCMEC/D3 cells. In 
agreement with this model, glutamate-induced extracel-
lular Ca2+ entry was suppressed by Pyr6 (10 µM, 10 min) 
(Fig. 2c, f). In addition, Pyr6 (10 µM, 10 min) curtailed the 
Ca2+ response to glutamate without affecting the initial peak 
(Fig. 2d, e), thereby mimicking the Ca2+ signal recorded in 
the absence of extracellular Ca2+. To further support the 
involvement of Orai1 in glutamate-evoked Ca2+ entry, we 
probed the effect of two other specific Orai1 inhibitors, S66 
[69, 70] and BTP-2 [69, 71]. Unfortunately, S66 (10 μM) 
induced intracellular Ca2+ oscillations even in the absence of 
extracellular Ca2+ (0Ca2+) (Supplementary Figure 2), which 
might reflect previously unreported off-target effects. Con-
versely, BTP-2 (10 μM) did not elicit any increase in [Ca2+]i 
(Supplementary Figure 3B). Our preliminary experiments 

confirmed that BTP-2 (10 μM, 20 min) suppressed SOCE 
induced by previous depletion of the ER Ca2+ pool with 
CPA (10  μM) (Supplementary Figure  3). Furthermore, 
BTP-2 (10 μM, 20 min) also inhibited glutamate-evoked 
Ca2+ entry (Fig. 2g, h), which reinforces the hypothesis that 
Orai1 mediates glutamate-dependent SOCE in hCMEC/D3 
cells.

Taken together, these results indicate that group 1 
mGluRs drive the Ca2+ response to glutamate in hCMEC/
D3 cells. In agreement with this hypothesis, we next found 
that glutamate-evoked Ca2+ signals were abolished by 
MCPG (150 µM, 20 min) (Fig. 3a, c, d), a broad-spectrum 
group 1 mGluR antagonist [32, 51, 62]. Conversely, the 
Ca2+ response to glutamate was phenocopied by trans-
1-amino-1,3-cyclopentanedicarboxylic acid (trans-ACPD 
or tACPD; 100 µM), a selective agonist of group 1 mGluRs 
[72] (Fig. 3b–d). In agreement with these observations, 
Western blot analysis confirmed that both mGluR1 and 
mGluR5 proteins were broadly expressed in hCMEC/D3 
cells. Immunoblots showed a major band of about 150 kDa 
for both mGluR1 and mGluR5 (Fig. 4a), which is in the size 
range indicated by the manufacturer. Moreover, qRT-PCR 
analysis, carried out using the specific primers described 
in Materials and methods, found that both mGluR1 and 
mGluR5 transcripts were expressed in hCMEC/D3 cells, 
although the latter was less abundant (Fig. 4b). In agree-
ment with these recordings, the Ca2+ response to glutamate 
(100 µM) was sensitive to both CPCCOEt (100 µM, 10 min) 
and MTEP (100 µM, 10 min) (Fig. 4c), which, respectively, 
block mGluR1 and mGluR5 [39–42]. Accordingly, MTEP 
significantly (p < 0.05) reduced the percentage of respond-
ing cells (Fig. 4d, left panel) and the peak Ca2+ response 
(Fig. 4d, right panel), whereas CPCCOEt only attenuated 
the amplitude of the initial Ca2+ peak (Fig. 4d). Notably, 
the inhibitory effect of MTEP was slightly stronger as com-
pared to CPCCOEt (Fig. 4d, right panel). To confirm the 
hypothesis that mGluR5 was tightly coupled to intracellu-
lar Ca2+ signalling in hCMEC/D3 cells, we exploited the 
selective mGluR5 agonist CHPG [73]. As shown in Sup-
plementary Figure 4, CHPG (25 μM) induced an increase 
in [Ca2+]i in 65 out of 65 hCMEC/D3 cells. Unfortunately, 
no specific mGluR1 agonist is available and we could not 
assess mGluR1 capability to elicit intracellular Ca2+ signals 
in hCMEC/D3 cells. Taken together, these findings demon-
strate that mGluR1 and mGluR5 mediate glutamate-evoked 
Ca2+ signals in hCMEC/D3 cells.

The PLCβ/InsP3 signalling pathway sustains 
the intracellular Ca2+ response to glutamate 
in hCMEC/D3 cells

As anticipated earlier, glutamate-induced endogenous 
Ca2+ release in the absence of extracellular Ca2+ is likely 

Fig. 2   The Ca2+ response to glutamate requires endogenous Ca2+ 
release and Orai1-mediated Ca2+ entry. a Glutamate (100  µM) 
induced a biphasic increase in [Ca2+]i in the presence of extracellular 
Ca2+ in hCMEC/D3 cells. b Removal of extracellular Ca2+ (0Ca2+) 
did not affect the initial Ca2+ peak, although it curtailed the dura-
tion of the Ca2+ response. Restoration of extracellular Ca2+ upon 
removal of glutamate resulted in a second bump in [Ca2+]i, which 
was indicative of SOCE. c Pyr6 (10 µM, 10 min), a selective inhibi-
tor of Orai1, prevented glutamate-induced Ca2+ entry in hCMEC/D3 
cells. d Preincubating the cells with Pyr6 (10  µM, 10  min) did not 
affect the magnitude of the Ca2+ response to glutamate, but curtailed 
the plateau phase. e Bar histogram shows the mean ± SE of the ampli-
tude of the Ca2+ release in control (Ctrl) cells, under 0Ca2+ condi-
tion and upon treatment with Pyr6 (10 µM, 10 min). f Bar histogram 
shows the mean ± SE of SOCE amplitude in control cells and upon 
treatment with Pyr6 (10 µM, 10 min). g BTP-2 (20 µM, 20 min), a 
selective inhibitor of Orai1, prevented glutamate-induced Ca2+ entry 
in hCMEC/D3 cells. h Bar histogram shows the mean ± SE of SOCE 
amplitude in control (Ctrl) cells and upon treatment with BTP-2 
(20 µM, 20 min)

◂
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to be supported by ER-embedded InsP3Rs, as mGluR1 and 
mGluR5 are coupled to Gq [47, 63]. In agreement with this 
hypothesis, the intracellular Ca2+ response to glutamate 
(100 µM) was suppressed by U73122 (10 µM, 30 min) 
(Fig. 5a, c, d), an aminosteroid which selectively blocks PLC 
in brain microvascular endothelial cells [51, 53, 56], and 
by 2-aminoethoxydiphenyl borate (2-APB; 50 µM, 30 min), 
which selectively inhibits InsP3Rs in the absence of extra-
cellular Ca2+ at this concentration [74, 75] (Fig. 5a, c, d). In 
addition, glutamate-induced endogenous Ca2+ release was 
abrogated by depleting the ER Ca2+ store with cyclopiazonic 
acid (CPA; 10 µM), which is widely employed to impair 
Sarco-Endoplasmic Reticulum Ca2+-ATPase (SERCA) 
activity. As reported elsewhere [53], CPA caused a tran-
sient increase in [Ca2+]i, which was due to passive Ca2+ 
efflux through ER leakage channel followed by Ca2+ removal 
from the cytosol (Fig. 5b). The subsequent addition of glu-
tamate (100 µM) failed to induce any detectable elevation 
in [Ca2+]i due to previous emptying of the ER Ca2+ store. 
Taken together, these data confirmed that the PLCβ/InsP3 
signalling pathway sustains glutamate-induced endogenous 
Ca2+ release in hCMEC/D3 cells, as suggested by the role of 
mGluR1 and mGluR5 in the onset of the signal.

NAADP‑induced Ca2+ mobilization contributes 
to glutamate‑induced intracellular Ca2+ release 
in hCMEC/D3 cells

We recently reported that acetylcholine-induced intracel-
lular Ca2+ release in hCMEC/D3 cells was supported by 
NAADP-dependent EL Ca2+ mobilization through TPC1-2 
[53]. Likewise, Glycyl-l-phenylalanine 2-naphthylamide 
(GPN; 200 µM), a cathepsin C substrate that mobilizes 
lysosomal Ca2+ by osmotic rupture of the acidic vesi-
cles [76, 77], caused a transient increase in [Ca2+]i in the 
absence of extracellular Ca2+ (0Ca2+), thereby prevent-
ing the subsequent glutamate-induced endogenous Ca2+ 
release (Fig. 6a, c, d). Furthermore, the intracellular Ca2+ 
response to glutamate (100 µM) was prevented by NED-19 
(100 µM, 30 min) (Fig. 6b–d), a selective TPC1-2 antago-
nist [78, 79]. Collectively, these findings demonstrated 
that NAADP-gated EL TPC1-2 contribute to glutamate-
induced endogenous Ca2+ release in hCMEC/D3 cells.

Fig. 3   The Ca2+ response to glutamate is mediated by metabotropic 
glutamate receptors (mGluRs). a Glutamate (100 μM) caused a rapid 
increase in [Ca2+]i which was inhibited by MCPG (150 µM, 20 min), 
a broad-spectrum group 1 mGluR antagonist. b Trans-ACPD (100 
μM), a selective agonist of group 1 mGluRs, mimicked the Ca2+ 

response to glutamate. c Bar histogram shows the mean ± SE of the 
percentage of responding cells under the designated treatments. The 
asterisk indicates p < 0.05. d Bar histogram shows the mean ± SE of 
the amplitude of the Ca2+ response under the designated treatments. 
The asterisk indicates p < 0.05



2243Group 1 metabotropic glutamate receptors trigger glutamate‑induced intracellular Ca2+…

1 3

Glutamate‑induced intracellular Ca2+ signaling 
drives NO release in hCMEC/D3 cells

To assess whether and how glutamate induces 
Ca2+-dependent NO release, we loaded hCMEC/D3 cells 
with the NO-sensitive fluorophore, DAF-FM, as described 
in [53]. Glutamate (100 µM) caused an immediate increase 
in DAF-FM fluorescence that was inhibited by pretreating 
the cells with L-NAME (100 µM, 1 h) (Fig. 7a), a widely 
employed NOS inhibitor, or BAPTA (30 µM, 2 h) (Fig. 7a), 
a membrane-permeant buffer of intracellular Ca2+ levels 
[51, 53]. Furthermore, glutamate-induced NO release was 
phenocopied by tACPD (100 µM) (Fig. 7b) and blocked by 
MCPG (150 µM, 20 min) (Fig. 7c). In further agreement 
with the Ca2+ imaging data, MTEP (100 µM, 10 min) and 
CPCCOEt (100 µM, 10 min) significantly (p < 0.05) reduced 
NO production in hCMEC/D3 cells challenged with gluta-
mate (Fig. 7d). The statistical analysis of NO release under 

each of these conditions is presented in Fig. 7e, f. These 
data, therefore, demonstrate that mGluR1 and mGluR5 drive 
NO release by recruiting eNOS in a Ca2+-dependent manner 
also in human brain microvascular endothelial cells.

Subsequently, we found that glutamate-induced NO 
release occurred also in the absence of extracellular Ca2+ 
(0Ca2+), whereas Ca2+ restitution to the perfusate did not 
cause any detectable increase in DAF-FM fluorescence 
(Fig. 8a). Furthermore, pharmacological blockade of SOCE 
with Pyr6 (10 µM, 10 min) did not reduce glutamate-induced 
NO release (Fig. 8b). Likewise, suppressing SOCE with 
BTP-2 (20 μM, 20 min) did not affect glutamate-induced 
NO production (Supplementary Figure 5). As expected, 
OAG failed to increase DAF-FM fluorescence in hCMEC/
D3 cells (Supplementary Figure 1B–D). Furthermore, gluta-
mate-induced NO release was not affected by simultaneously 
blocking SOCE with Pyr6 (10 μM, 10 min) and TRPC7 with 
La3+ (100 μM, 20 min) (Supplementary Figure 6). These 

Fig. 4   The Ca2+ response to glutamate is mediated by mGluR1 and 
mGluR5. a Expression of mGluR1 and mGluR5 proteins in hCMEC/
D3 cells. Blots representative of four independent experiments were 
shown. Lanes were loaded with 30  µg of proteins, probed with 
affinity purified antibodies, and processed as described in “Materi-
als and methods”. The same blots were stripped and re-probed with 
anti-beta-2-microglobulin (B2M) polyclonal antibody, as housekeep-
ing. Major bands of the expected molecular weights were indicated. 
b Expression of mGluR1 and mGluR5 transcripts in hCMEC/D3 
cells. Reverse transcription polymerase chain reaction of total RNA 

was performed using specific primers as indicated in Materials and 
methods. c Glutamate (100 μM) caused a rapid increase in [Ca2+]i 
which was reduced by CPCCOEt (100  µM, 10  min) and MTEP 
(100 µM, 10 min), which, respectively, block mGluR1 and mGluR5. 
d Left panel, bar histogram shows the mean ± SE of the percentage of 
responding cells in control conditions and upon treatment with MTEP 
(100  µM, 10  min) and CPCCOEt (100  µM, 10  min). Right panel, 
bar histogram shows the mean ± SE of the amplitude of the response 
under the designated treatments. The asterisk indicates that p < 0.05
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data strongly suggest that glutamate drives NO produc-
tion through the endogenous Ca2+ release. Accordingly, 
glutamate failed to increase DAF-FM fluorescence in the 
presence of U73122 (10 µM, 30 min) and 2-APB (50 µM, 
30 min) (Fig. 8c). Moreover, glutamate-induced NO release 
was abrogated following depletion of the EL Ca2+ pool with 
GPN (200 µM, 30 min) (Fig. 8d) and upon pharmacologi-
cal blockade of TPC1-2 channels with NED-19 (100 µM, 
30 min) (Fig. 8d). Taken together, these findings demon-
strated that InsP3 and NAADP sustain glutamate-induced 
NO release in hCMEC/D3 cells. The statistical analysis of 
these data has been reported in Fig. 8e, f.

Discussion

Herein, we showed for the first time that glutamate induces 
a transient increase in [Ca2+]i in human brain microvascular 
endothelial cells. The Ca2+ response to glutamate is trig-
gered by mGluR1 and mGluR5, initiated by endogenous 
Ca2+ release driven by the Ca2+ releasing messengers, InsP3 

and NAADP, and sustained by SOCE. Glutamate-induced 
intracellular Ca2+ signalling, in turn, causes a robust NO 
release, which could play a key role in the slower component 
of NVC. These data, therefore, lend further support to the 
emerging notion that neuronal activity may be sensed by 
perisynaptic microvessels [38, 42, 49, 80, 81] and that brain 
microvascular endothelial cells fulfil a crucial function in the 
hemodynamic response to synaptic activity [8, 29].

mGluR1 and mGluR5 trigger the Ca2+ response 
to glutamate in hCMEC/D3 cells

Early studies demonstrated that group 1 mGluRs mediate 
glutamate-induced decrease in blood–brain barrier (BBB) 
permeability by inducing the dephosphorylation of vasodi-
lator-stimulated phosphoprotein (VASP) [54]. Notably, dis-
assembly of adherent junctions between adjacent vascular 
endothelial cells may also be triggered by endothelial Ca2+ 
signals [82]. A recent investigation demonstrated that glu-
tamate evokes metabotropic Ca2+ signals in mouse brain 
microvascular endothelial cells, thereby resulting in massive 

Fig. 5   Glutamate-induced endogenous Ca2+ mobilization requires 
ER-dependent Ca2+ release through InsP3Rs. a The Ca2+ response 
to glutamate (100  µM) was inhibited by U73122 (10  µM, 30  min), 
a selective PLC blocker. Moreover, the Ca2+ signal was inhibited by 
blocking InsP3Rs with 2-APB (50 µM, 30 min). b Emptying the ER 
Ca2+ pool with CPA (10 µM), a selective SERCA inhibitor, prevented 
the Ca2+ response to glutamate. As expected, CPA elicited a tran-

sient elevation in [Ca2+]i due to the passive depletion of the ER Ca2+ 
pool followed by Ca2+ clearing through the plasma membrane and by 
mitochondria. c Bar histogram shows the mean ± SE of the percent-
age of responding cells under the designated treatments. The asterisk 
indicates that p < 0.05. d Bar histogram shows the mean ± SE of the 
amplitude of the Ca2+ response under the designated treatments. The 
asterisk indicates that p < 0.05. NR no response
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NO production [51]. Therefore, we decided to assess whether 
group 1 mGluRs were expressed and able to increase the 
[Ca2+]i in the human cerebrovascular endothelial cell line 
hCMEC/D3 [83–86]. Glutamate induced a dose-dependent 
increase in [Ca2+]i in hCMEC/D3 cells, which attained a peak 
at 100 µM and consisted in a rapid Ca2+ transient which then 
declined to a plateau level before returning to the baseline. 
This Ca2+ waveform was strikingly different from the repeti-
tive [Ca2+]i oscillations induced by glutamate in bEND5 cells 
[51], as more widely illustrated below, and was indicative of 
receptor desensitization during the prolonged exposure to the 
agonist. Accordingly, the Ca2+ response to glutamate did not 
resume upon 15 min of washout. The following pieces of evi-
dence indicate that glutamate-evoked Ca2+ signals in hCMEC/
D3 cells are triggered by group 1 mGluRs. First, NMDARs-
induced Ca2+ entry in microvascular endothelial cells cannot 
be elicited by physiological doses of glutamate, such as those 
employed in the present investigation [60, 61], in the absence 
of its co-agonists d-serine or glycine [49, 81]. Second, the Ca2+ 

response to glutamate arose in the absence of extracellular 
Ca2+, i.e., a condition which prevents NMDAR signaling [62], 
whereas GqPCRs are still able to release endogenous Ca2+ in 
an InsP3-dependent manner [51, 53]. Third, glutamate-induced 
increase in [Ca2+]i was inhibited by MCPG and phenocop-
ied by tACPD, which, respectively, inhibit [32, 51, 62] and 
activate [72] group 1 mGluRs. Fourth, mGluR1 and mGluR5 
transcripts and proteins were expressed in hCMEC/D3 cells, 
as previously demonstrated in primary human brain microvas-
cular endothelial cells [54] and in human cortical microvessels 
[55]. Moreover, pharmacological blockade of mGluR1 and 
mGluR5 with CPCCOEt and MTEP, respectively, impaired 
the Ca2+ response to glutamate, although only MTEP sig-
nificantly reduced also the percentage of responding cells. In 
addition, the extent of inhibition of the Ca2+ response to glu-
tamate by MTEP was larger as compared to CPCCOEt. These 
observations led us to conclude that mGluR1 and mGluR5 
drive glutamate-induced elevation in [Ca2+]i in hCMEC/
D3 cells, although the contribution of mGluR5 is seemingly 

Fig. 6   NAADP-induced intracellular Ca2+ mobilization contrib-
utes to glutamate-induced endogenous Ca2+ release in hCMEC/D3 
cells. a GPN (200  μM), a lysosomotropic agent that is widely used 
to deplete the EL Ca2+ store, prevented the Ca2+ response to glu-
tamate (100  μM). b Glutamate-induced increase in [Ca2+]i in the 
absence, but not in the presence, of NED-19 (100  μM, 30  min), a 

selective TPC inhibitor. Glutamate was administered at 100  μM. c 
Bar histogram shows the mean ± SE of the percentage of responding 
cells under the designated treatments. The asterisk indicates p < 0.05. 
d Bar histogram shows the mean ± SE of the amplitude of the Ca2+ 
response under the designated treatments. The asterisk indicates 
p < 0.05. NR no response
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larger. Accordingly, specific mGluR5 activation with CHPG 
induced a Ca2+ signal in 100% of the recorded cells. Intrigu-
ingly, mGluR5 represents also the main isoform whereby glu-
tamate triggers intracellular Ca2+ waves in rodent astrocytes 
both in vitro and in vivo [36, 63, 87]. Despite the fact that 
mGluR5 are less expressed as compared to mGluR1 tran-
scripts in hCMEC/D3 cells, the finding that mGluR5 plays a 
pivotal role in the Ca2+ response to glutamate is not surprising. 

Accordingly, it has long been known that, when mGluR1 and 
mGluR5 are co-expressed in brain neurons, mGluR1 induces 
lower PIP2 hydrolysis, and, therefore, InsP3-dependent sign-
aling, as compared to mGluR5 [88, 89]. In addition, recent 
work provided the evidence that only small clusters of InsP3Rs 
located beneath the plasma membrane are licensed to respond 
to extracellular stimuli [90]. One could speculate that most of 
these InsP3R clusters are packed in close proximity of mGluR5 

Fig. 7   Glutamate-induced NO release in hCMEC/D3 cells through 
the stimulation of mGluR1 and mGluR5. a Glutamate (100  µM) 
caused a robust increase in DAF/FM fluorescence in hCMEC/D3 
cells, that was strongly reduced by either L-NAME (100  µM, 2  h), 
an inhibitor of NO synthase, or BAPTA (30 µM, 2 h), a membrane-
permeable intracellular Ca2+ chelator. b Glutamate induced a massive 
increase in NO production, which was inhibited by MCPG (150 µM, 
20  min). c Trans-ACPD (100  µM) induced robust NO release in 

hCMEC/D3 cells, thereby phenocopying the response to glutamate. 
d Glutamate-induced NO release was reduced by CPCCOEt (100 µM, 
10  min) and MTEP (100  µM, 10  min). e Bar histogram shows the 
mean ± SE of the percentage of responding cells under the designated 
treatments. The asterisk indicates p < 0.05 as compared to control 
cells. f Bar histogram shows the mean ± SE of the amplitude of the 
response under the designated treatments. The asterisk indicates that 
p < 0.05 as compared to control cells
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rather than mGluR1 in hCMEC/D3 cells. Therefore, the desen-
sitization of the Ca2+ signal occurring at higher doses of glu-
tamate and during prolonged stimulation could be ascribed 
either to the prolonged phosphorylation of the intracellular 
COOH-terminus at position Ser839 of mGluR5 [91], which is 
the major receptor isoform involved in the onset of the signal, 
or the receptor internalization by G protein-coupled receptor 
kinase 2 [92], as observed in other brain cell types.

The role of InsP3, NAADP, and SOCE 
in glutamate‑induced Ca2+ signals

The following pieces of evidence indicate that the Ca2+ 
response to glutamate is supported by InsP3- and NAADP-
dependent intracellular Ca2+ release and prolonged by 
SOCE. First, glutamate-induced Ca2+ signals were abrogated 
by U73122, a selective PLC blocker, and by 2-APB, which 

Fig. 8   Glutamate-induced intracellular Ca2+ signaling drives NO 
release in hCMEC/D3 cells. a Glutamate-induced NO release was 
not prevented by removal of extracellular Ca2+ (0Ca2+). Glutamate 
was administered at 100  μM. b Glutamate-induced NO release was 
not prevented by SOCE inhibition with Pyr6 (10 µM, 10 min). Glu-
tamate was administered at 100 μM. c Glutamate-induced NO release 
was abolished by U73122 (10 µM, 30 min) and by 2-APB (50 µM, 
30  min). Glutamate was administered at 100  μM. d Glutamate-

induced NO release was inhibited by GPN (200  μM) and NED-19 
(100  μM, 30  min). Glutamate was administered at 100  μM. e Bar 
histogram shows the mean ± SE of the percentage of responding cells 
under the designated treatments. The asterisk indicates p < 0.05. f 
Bar histogram shows the mean ± SE of the amplitude of the response 
under the designated treatments. The asterisk indicates that p < 0.05. 
NR no response
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specifically targets InsP3Rs under the conditions employed in 
the present investigation. Accordingly, the effect of 2-APB, 
which could also target Orai and TRP channels at 50 μM [67], 
has been probed upon removal of extracellular Ca2+, when 
extracellular Ca2+ entry cannot occur. InsP3R3 presents the 
lowest affinity to InsP3 and Ca2+ as compared to InsP3R1 and 
InsP3R2 and lacks the Ca2+-induced inhibition observed at 
high Ca2+ concentrations nearby the receptor [93, 94]. There-
fore, InsP3R3 functions as anti-oscillatory unit and maintains 
transient Ca2+ signatures [93, 94]. Conversely, bEND5 cells 
express InsP3R1 and InsP3R2, while they lack InsP3R3: this 
subtle difference in the Ca2+ toolkit could explain why glu-
tamate initiates long-last intracellular Ca2+ oscillations in 
this cell type [51]. Second, depletion of the ER Ca2+ pool 
with CPA fully suppressed the intracellular Ca2+ response to 
glutamate. Third, glutamate-induced increase in [Ca2+]i was 
eradicated by depleting the EL Ca2+ pool with GPN and upon 
pharmacological blockade of TPC1-2 with NED-19. Notably, 
NAADP and InsP3 interact to sustain the endogenous Ca2+ 
response to glutamate also in rodent hippocampal neurons 
[95] and astrocytes [96] and in mouse brain microvascular 
endothelial cells [51]. Moreover, NAADP and InsP3 also coop-
erate to trigger acetylcholine-induced Ca2+ and NO release 
in hCMEC/D3 cells [53] and to trigger the endothelial Ca2+ 
activity induced by multiple agonists throughout the vascular 
bed [24, 97, 98]. According to the so-called “trigger hypoth-
esis”, extracellular stimuli evoke NAADP-mediated spatially 
restricted EL Ca2+ signals which are then globalized into a 
cytosolic Ca2+ wave by the recruitment of juxtaposed InsP3Rs 
through the Ca2+-induced Ca2+ release (CICR) process [76, 
99]. RyRs, which are also engaged by NAADP-dependent EL 
Ca2+ release [99], are absent in hCMEC/D3 cells [53], and are 
not involved in the Ca2+ response to glutamate. The peak Ca2+ 
signal was not affected in the absence of extracellular Ca2+, 
although its duration was remarkably curtailed (see Fig. 2a, 
b). These effects were mimicked by Pyr6, thereby suggest-
ing that SOCE was engaged by ER Ca2+ depletion to prolong 
glutamate-induced increase in [Ca2+]i. The role of SOCE was 
further supported by the evidence that glutamate-induced 
extracellular Ca2+ entry was sensitive to BTP-2. Moreover, 
glutamate-induced extracellular Ca2+ entry could arise upon 
ER Ca2+ depletion and in the absence of the agonist from the 
bath, which suggests that Ca2+ influx does not require ligand 
or second messenger binding to the Ca2+ permeable pathway 
[64, 65]. We, therefore, hypothesize that SOCE prolongs the 
duration of the Ca2+ response to glutamate, as observed when 
hCMEC/D3 cells are challenged with acetylcholine [53] and in 
vascular endothelial cells upon GqPCR stimulation [9, 11]. Our 
previous work provided the evidence that SOCE was medi-
ated by STIM2 and Orai1 in hCMEC/D3 cells, as STIM1 was 
not expressed [53] and Pyr6 is regarded as a selective Orai1 
blocker [66, 67]. Herein, we further showed that glutamate-
evoked Ca2+ entry is sensitive to BTP-2, another established 

Orai1 inhibitor [69, 71]. Indeed, although BTP-2 may also tar-
get TRPC5 [100], this channel is not expressed in hCMEC/D3 
cells [14]. Previous work also showed that hCMEC/D3 cells 
express Orai2 and Orai3 [14]. However, Orai2 has been shown 
to serve as negative modulator of Orai1 in brain microvascu-
lar endothelial cells [15], a finding that has been confirmed 
also in mouse enamel cells [16] and T cells [17]. Moreover, 
a number of studies argued against the contribution of Orai3 
to endothelial SOCE [11, 101, 102], as this Orai isoform has 
hitherto been implicated only in leukotriene C4-induced Ca2+ 
entry in vascular endothelial cells [103].

Glutamate‑induced Ca2+ signals drive NO release 
in hCMEC/D3 cells

It has recently been shown that glutamate-induced metabo-
tropic Ca2+ oscillations promote NO release in bEND5 
cells [18]. The present investigation revealed that mGluR1 
and, at a larger extent, mGluR5 elicited NO release through 
NAADP- and InsP3-induced intracellular Ca2+ signals also 
in hCMEC/D3 cells. Accordingly, glutamate-induced NO 
release was phenocopied by t-ACPD and suppressed by 
any of the following treatments: (1) unspecific inhibition of 
group 1 mGluRs with MCPG; (2) pharmacological block-
ade of mGluR1 and mGluR5 with CPCCOEt and MTEP, 
respectively; and (3) preventing the increase in [Ca2+]i 
with BAPTA or through pharmacological blockade of the 
InsP3- and NAADP-signaling pathways. Conversely, gluta-
mate-induced NO release was not impaired by removal of 
extracellular Ca2+ or pharmacological blockade of SOCE, 
which suggests that SOCE does not drive eNOS recruitment. 
This finding was somehow unexpected as SOCE is routinely 
required to sustain NO production in vascular endothelial 
cells [9, 21], including mouse [56] and human [53] brain 
endothelial cells challenged with acetylcholine. It is, there-
fore, likely that the eNOS pool recruited by glutamate is 
physically closer to InsP3R3 and TPC1-2 rather than Orai1 
in hCMEC/D3 cells and is selectively engaged by endog-
enously released Ca2+. In vascular endothelial cells, the vast 
majority of eNOS is localized to plasma membrane cave-
olae [104], which are apposed to ER cisternae and could 
be easily invested by InsP3-induced ER Ca2+ release [105]. 
As functionally different sources of eNOS exist in vascular 
endothelium [104, 106], it is conceivable that acetylcholine 
and glutamate impinge on two distinct eNOS pools, one that 
is regulated by Orai1 and a second pool that is activated by 
InsP3R3.

The putative role of endothelial group 1 mGluRs 
in NVC

The following pieces of evidence recently hinted at an 
unexpected role of brain microvascular endothelial cells 
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in NVC [8, 27, 29]. First, the hemodynamic response to 
neuronal activity is often initiated by cortical capillaries, 
which are enwrapped by contracting pericytes and deliver 
a retrograde vasorelaxing signal to upstream arterioles and 
pial arteries to irrigate the activated area [32, 38, 42, 80]. 
According to this model, brain microvascular endothelial 
cells are placed in the ideal position to sense neuronal 
activity and directly control CBF [8, 27, 29]. Second, 
discrete interruption of endothelial signaling dampens 
stimulus-evoked retrograde propagation of vasodilation in 
pial arteries, whereas wide-field disruption of the endothe-
lial monolayer significantly attenuates the hemodynamic 
signal [107]. Third, activation of endothelial GqPCRs by 
neuronal activity at capillary level was recently shown 
to modulate the onset and retrograde propagation of the 
hemodynamic signal in a Ca2+-dependent manner [26]. 
These observations indicated that brain microvascular 
endothelial cells endowed with NMDARs, and/or mGluRs, 
were able to detect and react to synaptically released gluta-
mate. Consistently, it was first shown that neuronal activ-
ity stimulated perisynaptic astrocytes to release d-serine, 
thereby inducing cortical arteriole vasodilation by activat-
ing endothelial NMDARs and recruiting eNOS in mouse 

brain [49, 50, 81]. Subsequently, glutamate was found to 
induce metabotropic Ca2+ signals and NO release in mouse 
brain microvascular endothelial cells [51]. The findings 
reported in the present investigation lend further support 
to the notion that brain microvascular endothelium actively 
participates in NVC and suggest an alternative mechanism 
to understand the role played by group 1 mGluRs in func-
tional hyperemia. Neuronal (and endothelial) ionotropic 
NMDARs trigger NVC by inducing fast NO release, which 
directly or indirectly elicits the rapid component of the 
vasorelaxing response [31–34, 81]. Endothelial mGluRs 
could in turn support the slower component of the hemo-
dynamic signal during prolonged (up to 1 min) synaptic 
stimulation either by directly vasorelaxing mural cells 
(i.e., vascular smooth muscle cells and pericytes) or facili-
tating EETs-induced vasodilation [31, 33, 34]. The finding 
that group 1 mGluRs are expressed in brain microvascu-
lar endothelial cells and elicit Ca2+-dependent NO release 
could help to understand the long known inhibitory effect 
of CPCCOEt and MTEP on NVC. Accordingly, although it 
has long been known that group 1 mGluRs somehow regu-
late NVC and drive the Ca2+-dependent release of EETs 
from astrocytes, how this occurs is matter of controversy 

Fig. 9   Schematic representation of glutamate-induced Ca2+ and NO 
signals in hCMEC/D3 cells. The neurotransmitter glutamate binds to 
mGluR1 and mGluR5 to elicit an increase in [Ca2+]i in hCMEC/D3 
cells. The Ca2+ response to glutamate is patterned by InsP3R3, TPC1-

2, and SOCE, and results in eNOS recruitment and NO release. NO, 
in turn, is predicted to regulate neurovascular coupling (NVC) within 
brain microcirculation
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[39–42]. Notably, a recent study demonstrated that synap-
tic glutamate induces astrocytic Ca2+ signals and arteri-
olar vasodilation by inducing endothelial-dependent NO 
release in vivo [48]. Therefore, we hypothesize that the 
effect exerted by CPCCOeT and MTEP on NVC should 
rather be ascribed to its inhibitory action on endothelial 
group 1 mGluRs, which triggers robust NO production and 
could, therefore, be responsible for astrocyte activation 
and EET release. This hypothesis, however, remains to 
be experimentally probed and will be the focus of future 
investigation.

Conclusion

In conclusion, this investigation demonstrates for the first 
time that glutamate is able to induce Ca2+-dependent NO 
release by selectively activating mGluR1 and mGluR5 in 
human brain microvascular endothelial cells. The Ca2+ 
response to glutamate is initiated by endogenous Ca2+ 
release through InsP3R3 and NAADP-gated TPCs and sus-
tained by SOCE (Fig. 9), although only endogenous Ca2+ 
mobilization drives NO production. These observations rein-
force the view that the cellular and molecular mechanisms 
of NVC should be revisited by taking brain microvascular 
endothelial cells into account and propose an alternative 
model to explain the documented involvement of group 1 
mGluRs in NVC.
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