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PLATELETS AND THROMBOPOIESIS

Deletion of Grinl in mouse megakaryocytes reveals
NMDA receptor role in platelet function and
proplatelet formation
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The process of proplatelet formation (PPF) requires coordinated interaction between
megakaryocytes (MKs) and the extracellular matrix (ECM), followed by a dynamic
reorganization of the actin and microtubule cytoskeleton. Localized fluxes of intracellular
calcium ions (Ca®") facilitate MK-ECM interaction and PPF. Glutamate-gated N-methyl-D-
aspartate receptor (NMDAR) is highly permeable to Ca?*. NMDAR antagonists inhibit MK
maturation ex vivo; however, there are no in vivo data. Using the Cre-loxP system, we
generated a platelet lineage-specific knockout mouse model of reduced NMDAR function
in MKs and platelets (Pf4-Grin1™/~ mice). Effects of NMDAR deletion were examined
using well-established assays of platelet function and production in vivo and ex vivo. We
found that Pf4-Grin1~/~ mice had defects in megakaryopoiesis, thrombopoiesis, and

® Pf4-Grin1~/~ mice have
prolonged bleeding
time and impaired PPF.

©® NMDAR regulates
cytoskeletal
reorganization in
platelets and MKs upon
cell contact with matrix.

platelet function, which manifested as reduced platelet counts, lower rates of platelet production in the immune
model of thrombocytopenia, and prolonged tail bleeding time. Platelet activation was impaired to a range of agonists
associated with reduced Ca®* responses, including metabotropic like, and defective platelet spreading. MKs showed
reduced colony and proplatelet formation. Impaired reorganization of intracellular F-actin and a-tubulin was identified
as the main cause of reduced platelet function and production. Pf4-Grin1~/~ MKs also had lower levels of transcripts
encoding crucial ECM elements and enzymes, suggesting NMDAR signaling is involved in ECM remodeling. In
summary, we provide the first genetic evidence that NMDAR plays an active role in platelet function and production.
NMDAR regulates PPF through a mechanism that involves MK-ECM interaction and cytoskeletal reorganization. Our
results suggest that NMDAR helps guide PPF in vivo.
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not control PPF.”® In 2012, sphingosine-1-phosphate produced
by the endothelial cells of BM sinusoids was reported to guide
proplatelets into the vessel lumen,” but these findings were later
contradicted.’® No other spatiotemporal signals regulating PPF
are currently known; their identification is essential to help design
novel therapies for patients with abnormal platelet counts.

Introduction

Mature megakaryocytes (MKs) adhere to bone marrow (BM)
sinusoids and initiate the process of platelet formation by
extending small cytoplasmic protrusions (MK podosomes).”
Podosomes penetrate through the vessel wall, combine into
broader pseudopods, and elongate into proplatelets that release
platelets under the shear of flowing blood.?* Proplatelet forma-

Intracellular calcium ion (Ca®™) signaling is pivotal for platelet
tion (PPF) and platelet release are regulated by dynamic reorga-

activation and thrombus formation; in comparison, the role of

nization of the MK cytoskeleton composed primarily of the
a/B-tubulin polymers and F-actin.* The structural aspects of PPF
have been well characterized, but the molecular drivers remain
poorly understood.>® Thrombopoietin (TPO) is the primary regu-
lator of MK expansion and differentiation; however, TPO does

intracellular Ca®™ in PPF is less well characterized.”""® Similar to
other cells, MKs store Ca®" in the endoplasmic reticulum (ER),
release it through the interaction between inositol 1,4,5-trisphos-
phate (IP3) and its receptors (IP3Rs), and, when ER Ca’*
becomes depleted, initiate store-operated Ca?* entry (SOCE)
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from the extracellular space.’® Orai1 is the platelet SOC chan-
nel, but Orail knockout mice have normal platelet counts.'
Other calcium channels likely compensate for the lack of Orait
in MKs, because there is increasing evidence that intracellular
Ca®" influx regulates thrombopoiesis. The prominent example is
adenosine 5'-diphosphate (ADP), which induces Ca®* influx into
MKs, leading to cytoskeletal rearrangements required for MK
adhesion, migration, and PPF."® Collagen receptors and mecha-
nosensitive ion channels also induce Ca®" influx into MKs fol-
lowed by cytoskeletal reorganization, which provides a
mechanism through which extracellular matrix (ECM) compo-
nents and their stifiness levels regulate PPF."”""?

The N-methyl-D-aspartate (NMDA) receptor (NMDAR) is an iono-
tropic glutamate-gated cation channel with high Ca?* permeabil-
ity, best known for its roles in the brain® but also found in
nonneuronal cells.?’ NMDARs are heterotetrameric transmem-
brane receptors that combine 2 GIuN1 subunits with another 2
GIuN2 (A-D) or GIuN3 (A-B) subunits. The GIuN1 subunit,
encoded by the GRINT gene, is an obligate NMDAR component;
the GIuN2 and GIuN3 subunits are regulatory.?’ Emerging evi-
dence has shown that NMDARs are functional and able to induce
intracellular Ca®* signals or mediate inward currents at negative
potentials in brain-derived microvascular endothelial cells?®® and
lung-derived vascular smooth muscle cells,®® which may regulate
vascular permeability and warrants testing in the BM. Using phar-
macologic modulators, we and others have demonstrated that
NMDAR supports platelet activation®*2® and MK maturation ex
vivo.?"?? In primary cultures of human and mouse MKs, NMDAR
channel blockers (MK-801 and memantine) inhibit PPF.%7-%8
However, all previous data on NMDAR effects in platelets and
MKs have been obtained using chemical modulators, and
the genetic evidence is missing. Therefore, we generated a Pf4
promoter—driven Cre-conditional Grin1 knockout mouse model
to determine NMDAR contribution in platelets and MKs in vivo.

Methods

MK:-specific deletion of Grin1 in mice

Animal studies were approved by the institutional animal ethics
committee (approval #001912 and #2516). Mice with MK-specific
NMDAR deletion (Pf4-Grin1~/~ mice) were generated by cross-
ing the Pf4-Cre (C57BL/6-Tg[Pf4-icre]Q3Rsko/J; JAX #008535)%°
with the GrinT-loxP (B6.12954/Grin1™?%/J; JAX #005246)*"
mouse strains purchased from The Jackson Laboratory (JAX, Sac-
ramento, CA). Breeding was guided by genotyping using end
point polymerase chain reaction (PCR) targeting Cre and the first
loxP site of the Grin1-loxP cassette (Figure 1A; supplemental
Figure 1; primers are provided in supplemental Table 1). Pf4-
Cre™’~ littermates from the F3 progeny (backcrossed onto the
GrinT-loxP parent strain) were used as controls (ie, control mice
were homozygous for the GrinT-loxP allele but did not carry the
Pf4-Cre transgene). Male and female mice were tested between
8 and 12 weeks of age. Loss of NMDAR channel function was
demonstrated in Pf4-Grin1~/~ platelets using the Fura-2-AM Cal-
cium Assay Kit (Abcam, Cambridge, United Kingdom).*2 All
methods are described in the data supplement.

Statistical analyses
Quantitative data are expressed as mean * standard error of the
mean (SEM) for parametric data or median * 95% confidence
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interval (Cl) for nonparametric data; data parametricity was
assessed via Shapiro-Wilk test. Statistical analyses were con-
ducted using GraphPad Prism 8.0 (GraphPad Software, San
Diego, CA). Differences between group means were compared
with either Student t test (2 tailed), Welch t test, 1-way analysis
of variance with Dunnett post hoc, 2-way analysis of variance,
or analysis of covariance for parametric data and with Mann-
Whitney U test for nonparametric data. To combine the statisti-
cal evidence provided by microarrays with the quantitative
reverse transcription PCR (RT-PCR) data, Student t test (2 tailed)
was performed, followed by a meta-analysis using the Stouffer
method.?33* P values <.05 were considered statistically
significant.

Results
Platelets from Pf4-Grin1~/~ mice show reduced
Ca2%* fluxes

This study generated a platelet lineage-specific NMDAR knock-
out mouse model, the Pf4-Grin1~'~ mouse, to examine NMDAR
function in MKs and platelets in vivo. The lineage-targeted
approach was required, because global NMDAR knockout
results in neonatal death in mice.*® Our model used the
MK-directed Pf4 promoter—driven Cre recombinase to excise
exons 11 to 22 of the Grin1 gene in MKs (Figure 1Ai). The
deleted exons encode the large transmembrane region of the
GluN1 protein required for receptor assembly (Figure 1Aii).?° To
validate Grin1 deletion, MKs were isolated from BM by density
gradient centrifugation, magnetic bead sorting, and microma-
nipulation (~100 MKs per mouse), and the levels of Grin1 DNA
and messenger RNA were determined relative to MKs of wild-
type (WT) mice. Pf4-Grin1~/~ MKs showed an 85% reduction of
genomic Grin1 (Figure 1B), and in Grin1 transcripts (Figure 1C),
compared with WT MKs. Expression of other Grin transcripts
(Grin2A, Grin2D, and Grin3B) was maintained (Figure 1D; other
subunits were not expressed). Immunofluorescence of BM sec-
tions showed loss of staining for the GIuN1 protein in Pf4-
Grin1™'~ MKs visualized with anti-CD61 (Figure 1E). Examination
of MKs by flow cytometry was precluded by the lack of suitable
antibodies (supplemental Figure 2). By western blotting, GIuN1
expression in washed platelets was reduced by up to 80%, with
up to 90% reduction detected after the depletion of red cells
and white cells, because these cells may also express
NMDAR®**3? (Figure 1F). To confirm NMDAR function was
reduced, mouse platelets were isolated and loaded with fura-2-
AM, and Ca®" fluxes were tested in response to NMDAR ago-
nists. NMDA (a synthetic but specific NMDAR agonist) triggered
Ca®* fluxes in WT platelets, but these were minimal in Pf4-
Grin1™/~ platelets (Figure 1G), confirming effective knockout of
the NMDAR channel function. Glutamate (endogenous but non-
specific NMDAR agonist) caused Ca?* fluxes that were weaker
in Pf4-Grin1™/~ platelets (peak responses were lower by 47.2%;
Figure 1H), consistent with the presence of other glutamate-
responsive Ca" pathways in platelets.*

Pf4-Grin1~’/~ mice have reduced platelet counts
and abnormal platelet function

Pf4-Grin1™’~ mice showed normal Mendelian inheritance, nor-
mal weight and growth rates, and no obvious signs of ill health
(data not shown). Blood counts on the blood collected via
saphenous vein puncture showed a mean 27% reduction in the
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Figure 1.

NMDA RECEPTOR ROLE IN PLATELETS AND MEGAKARYOCYTES
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peripheral blood platelet count in Pf4-Grin1~/~ mice (801 + 41
vs 1090 * 40 X 10%/L in WT mice; Figure 2A). No other changes
in blood count or platelet size were detected (Table 1), and no
changes in gross platelet morphology or platelet ultrastructure
were visible (supplemental Figure 3).

Pf4-Grin1~~ mice had increased tail bleeding time (421.8 + 39.7
vs 252.4 * 13.7 seconds in WT mice; Figure 2B). PfA-Grin1~/~
platelets showed impaired activation ex vivo manifested by
reduced CD62P externalization after activation with thrombin
(0.01-0.5 U/mL; Figure 2Ci)) and reduced JON/A binding after
stimulation with ADP (1-10 pM; Figure 2Ci) and convulxin (0.05-
0.5 wg/mL; Figure 2Ciii; supplemental Figures 4 and 5). The
reduction in CD62P and JONV/A surface staining was similar across
activators, implying that loss of NMDAR affected platelet activa-
tion in a systemic manner rather than via a specific pathway.
There was no difference in the intracellular detection of the dense
granule marker CD63 or a-granule marker CD62P in nonactivated
platelets (supplemental Figure 6). Expression of platelet glycopro-
teins (GPlba, GPIbB, GPVI, and GPlIb/llla) was also unchanged
when tested by flow cytometry (supplemental Figure 7). After
stimulation with a gradient of ADP (2.5-10 M), there was no dif-
ference in platelet ATP release (supplemental Figure 8) and no
clear defect in platelet aggregation in response to ADP and
thrombin by light transmission aggregometry (Figure 2D; supple-
mental Figure 9). These results support an NMDAR role in normal
hemostasis, but the mechanism remains unclear.

Pf4-Grin1~/~ platelets display reduced Ca®*
responses to thapsigargin and ADP

After activation with ligands, neuronal NMDAR is highly perme-
able to Ca?".?° Nonneuronal NMDAR may also operate in a
metabotropic manner and induce Ca’" release from the
ER.224142 |ntracellular Ca®* signaling is crucial for platelet acti-
vation®®; therefore, we studied Ca®* responses in Pf4-Grin1™/~
platelets. Platelets were loaded with fura-2-AM, and relative
intracellular Ca®" levels were determined from the fluorescent

expected; however, intracellular Ca®" levels also increased
when NMDA was added in the absence of extracellular Ca®*,
suggesting a metabotropic-like NMDAR function in platelets
(Figure 3A). The amplitude of this metabotropic-like response
slowly declined but increased after the addition of extracellular
Ca?* (Figure 3A), and it was abolished by Grin1 knockout
(Figure 3B). We then evaluated platelet Ca?" responses to thap-
sigargin (2 wM) and ADP (5 puM), first in the absence of NMDA
to determine whether NMDAR tonically regulates intracellular
Ca®* homeostasis (Figure 3C-D) and then after preincubation
with NMDA (100 wM; 10 minutes) to assess contribution of
active NMDAR (Figure 3E-F). In the absence of NMDA, there
was no clear difference in Ca?" response between WT and Pf4-
Grin1™"~ platelets (Figure 3C-D), arguing against constitutive
NMDAR contribution to platelet Ca?* homeostasis. In contrast,
preincubation with NMDA enhanced both thapsigargin- and
ADP-induced intracellular Ca®* store release and SOCE in WT
(Figure 3E-F) but not PfA-Grin1™/~ platelets (Figure 3F-G),
emphasizing an active role of NMDAR in platelet Ca®* signaling.
The weakening of the Ca®" response was also observed when
Pf4-Grin1~/~ platelets were tested in a buffer containing Ca®*
(1 mM) and glutamate (100 wM) to mimic conditions in
plasma (supplemental Figure 11).**> The reduced Ca?" signals in
Pf4-Grin1™/~ platelets may have influenced their abnormal
function.

Grin1 deletion alters platelet production

The decreased platelet counts in Pf4-Grin1~/~ mice could
have been caused by a defect in platelet production and/or a
defect in platelet lifespan. Platelet production kinetics were
investigated in a model of acute antibody-induced thrombo-
cytopenia. After IV injection of rabbit-derived antiplatelet
serum, Pf4-Grin1~'~ mice showed slower recovery of platelet
counts compared with WT mice, with a peak differential of a
29% lower count after 72 hours (Figure 4A), suggesting a
defect in platelet production. The rapid rise in platelet counts
beyond baseline levels was consistent with the mechanism of
emergency thrombopoiesis.***” Measurements of platelet

340/380 nm ratio. Release of intracellular Ca®>* stores and SOCE
were evaluated in a modified Ca?* add-back protocol*?**

(Figure 3; supplemental Figure 10). In the presence of extracellu-
lar Ca?*, NMDA (100 nM) induced Ca?* influx into platelets, as

half-life after platelet labeling with DyLight488-conjugated
anti-CD42 antibodies revealed no difference between
Pf4-Grin1~'~ and WT mice, indicating normal platelet clear-
ance rates (Figure 4B).

Figure 1. Validation of Grin1 knockout (KO) in mouse MKs. (A) Schematic demonstrating the Grin1 KO strategy. (A) The Grin1 gene locus (i) and the GIuN1 protein
(i) are drawn showing the targeted portion for deletion in blue. Exons 11 to 22 surrounded by the loxP sites are shown in panel Ai; black arrows indicate location of
the genotyping primers. The protein was truncated approximately at amino acid (aa) 400 (i, blue arrow). The deletion encompassed the transmembrane (TM) region
containing 4 TM domains (TM I-IV) and the C-terminus of GIluN1. (B-C) Bar graphs showing the relative level of Grin1 deletion by Cre recombinase (B) and Grin1
messenger RNA expression (C) examined by quantitative PCR in Pf4-Grin1~/~ MKs, calculated relative to WT MKs. Genomic DNA was amplified using primer sets
targeting a nondeleted region of GrinT (exons 7-8) and the loxP-flanked deleted region of GrinT (exons 13-14); levels of deleted Grin1 were normalized to nondeleted
Grin1 and made relative to WT (B); transcript levels of GrinT were normalized to GusB and made relative to WT (C). Four independent experiments were performed, in
triplicate. Bar graphs show mean = SEM. Statistical significance is shown (2-tailed Student t test). (D) RT-PCR results showing expression of NMDAR subunit transcripts
Grin2A, Grin2D, and Grin3B in WT and Pf4-Grin1™/~ MKs; transcripts for other NMDAR subunits were not expressed. Mouse brain tissue was used as positive control.
Negative control contained no DNA template (ie, no template control [NTC]). Actin B (Actb) served as a loading control. (E) Immunostaining of BM MKs (formalin-fixed
paraffin-embedded sections) for the MK marker CD61 (red) and the GIuN1 protein (green). An overlap between CD61 and GIuN1 staining was seen in WT but not
Pf4-Grin1™/~ mice (an example is indicated by arrows). Cell nuclei were counterstained with Hoechst 33358 (blue). Three independent experiments were performed. Scale
bar is shown. (Fi) Semiquantitative western blotting results demonstrating the level of the GIuN1 signal estimated relative to B-actin in washed platelets from WT and
Pf4-Grin1™'~ mice. Results from 4 experiments are shown, each relative to the mean of controls within that run (normalized to 100%). Green symbols mark platelet samples
processed by negative immunomagnetic selection procedure to deplete them of red cells (using anti-TER-119) and white cells (using anti-CD45 antibodies). (Fii) Western
blot examples showing GIuN1 and B-actin signals in washed platelets (lanes 1-5; 4 and 5 were loaded in duplicate) and in negatively selected platelets (lanes 6-9). (G-H)
Ca®* responses to NMDAR agonists in WT and Pf4-Grin1~/~ platelets loaded with fura-2-AM. Baseline values were recorded for 30 seconds, and cells were stimulated
by the addition of NMDA (100 pM) (G) and glutamate (500 wM) (H). Values are reported ratiometrically as 340 nm (Ca?* bound) over 380 nm (Ca®" free) (F340/F380)
after being normalized to (1) at baseline. (Gi-Hi) Line graphs showing the mean relative levels of intracellular Ca?* recorded over 120seconds. (Gii-Hii) Corresponding
scatterplots showing the peak relative levels of intracellular Ca®" during the observation period (mean + SEM). Data represent triplicate values from 3 biologic replicates
per genotype. Statistical significance is shown (1-way analysis of variance with Dunnett post hoc for panels Gi and Hi and 2-tailed Student t test for panels Fi, Gii, and Hii).
gDNA, genomic DNA; MW, molecular weight; ns, not significant.
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Table 1. Peripheral blood counts from WT, Pf4-Grin1*/~, and Pf4-Grin1~/~ mice

WT Pf4-Grin1*/~ P Pf4-Grin1*/~ P
Hemoglobin, g/L 152.4 + 4.0 1444 + 58 313 146.8 + 6.8 459
Hematocrit, % 51.8 £ 1.0 493 = 1.9 252 49.6 = 2.3 .367
Red blood cell count, 9.95 + 0.22 9.40 = 0.32 210 9.50 = 0.44 337
x10'? cells per L
White blood cell 121 +1.2 11.2+14 .170 143 = 1.1 197
count, X107 cells
per L
Platelet count, %107 1090 *= 40 1043 = 50 275 801 = 41 <.001
cells per L
Mean platelet 4.74 = 0.09 4.85 = 0.12 482 4.86 = 0.17 .750
volume, fL
Platelet distribution 14.61 = 0.05 14.6 = 0.03 .801 14.60 = 0.08 .970
width, fL

Data are given as mean = SEM.

Histologic examination of BM tissue showed no gross changes
in BM morphology (Figure 4C), including similar localization of
MKs relative to sinusoidal vessels visualized with GPIX and
CD105 immunostaining, respectively (Figure 4D). There was no
difference in numbers of MKs counted on marrow sections after
staining for CD61 (Figure 4Ei-i)), no change in ploidy distribution
tested by flow cytometry (Figure 4F; supplemental Figure 12),
and no obvious ultrastructural abnormalities in MKs from Pf4-
Grin1~'~ mice (supplemental Figure 13).

MK colony formation was examined ex vivo using the MegaCult
assay. Marrow progenitors were isolated and cultured on a colla-
gen matrix in the presence of a cocktail of cytokines, including
TPO, interleukin-3, and interleukin-6. After staining with acetylth-
iocholiniodide, MK colonies were counted and scored as small
(3-20 cells), medium (20-50 cells), or large (>50 cells; supplemen-
tal Figure 14). Pf4-Grin1~’~ cultures showed 18.2% fewer total
colonies (45.8 = 1.7 vs 38.7 £ 1.9) and 61.4% fewer large MK
colonies (1.9 = 0.5 vs 0.7 = 0.3) than WT cultures (Figure 4G).

To examine formation of proplatelets, BM explants were iso-
lated and cultured for 12 hours. MKs were counted and
scored as round, protrusion forming, or proplatelet forming
(Figure 4Hi). Pf4-Grin1~'~ explants generated half the number
of proplatelet-forming MKs of WT explants, accompanied by
a corresponding increase in the number of round MKs
(Figure 4Hii). In summary, these experiments identified an
NMDAR role in MK differentiation, particularly in PPF. The ex
vivo phenotype was stronger compared with the mild thrombo-
cytopenia in Pf4-Grin1~/~ mice, suggesting that other BM cells/
constituents provide compensation in vivo, as seen before.*®

Pf4-Grin1~/~ MKs and platelets demonstrate
defective cytoskeletal reorganization

upon spreading

Motivated by a defect in PPF in Pf4-Grin1~/~ mice, we sought
to investigate the impact of the Grin1 knockout on MK cytoskel-
eton reorganization. Isolated MKs were allowed to spread on
glass coverslips coated with collagen; cells were then fixed and
immunostained for F-actin and «-tubulin, and image analysis
was performed (Figure 5A-B). Compared with controls, Pf4-
Grin1T™/~ MKs remained smaller (cell area was lower by 30%;
Figure 5A-Bi) and more circular (Figure 5Bii), implying cells had
reduced ability to spread and form cytoplasmic projections.
Congruently, we saw fewer F-actin nodules in Pf4-Grin1™/~
MKs (37% fewer per pwm? [Figure 5Biii] and 60% fewer per cell
[Figure 5Biv]). These findings argue that impaired cytoskeletal
rearrangements inhibited PPF in Pf4-Grin1™/~ mice.

The cytoskeletal defect in MKs prompted us to also examine
cytoskeletal rearrangements in platelets. Platelets were activated
with either 10 wM of ADP or 0.1 U/mL of thrombin and allowed
to adhere and spread on glass coverslips coated with fibrino-
gen. F-actin and a-tubulin were stained as in MKs; in addition,
some preparations were sputter coated for scanning electron
microscopy (Figure 5C; supplemental Figure 15). In the
presence of ADP, WT platelets formed distinctive F-actin nod-
ules (Figure 5Ci), and in the presence of thrombin, their microtu-
bule coil collapsed (Figure 5Ciii). In contrast, Pf4-Grin1™/~
platelets showed fewer F-actin nodules in the presence of ADP
(Figure 5Cii) and more frequent preservation of the a-tubulin
coil in the presence of thrombin (Figure 5Civ). Congruently,

Figure 2. Impact of Grin1 deletion on platelet phenotype. (A-B) Scatterplots of platelet counts (A) and tail bleeding time (B) in WT, Pf4-Grin1™~, and Pf4-Grin1™/~
mice (8-17 biologic replicates per group). (C) Line graphs showing median fluorescence intensity of the platelet surface activation markers CD62P and JON/A after
activation with ADP (1, 2.5, 5, and 10 uM) (i), thrombin (0.01, 0.25, and 0.5 U/mL) (i), and convulxin (0.05 and 0.5 pg/mL) (iii), examined by flow cytometry. Four
independent experiments were performed. (D) Scatterplots showing platelet aggregation as a percentage of area under the curve. Platelets were stimulated with either
ADP (2.5, 5, and 10 uM) or thrombin (0.025, 0.05, and 0.1 U/mL), and platelet aggregation was measured by light transmission aggregometry. Three to 5 independent
biologic experiments were performed, with 3 technical replicates per group. Data points are mean * SEM. Statistical significance is shown (2-tailed Student t test for

panels A and B [with Welch correction]; 2-way analysis of variance for panels C and D).
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Figure 3. Impact of Grin1 deletion on intracellular Ca®* responses in mouse platelets. (A-H [i panels]) Line graphs showing mean * SEM relative levels of intracellular
Ca®" in platelets loaded with fura-2-AM (15 M) determined from a normalized fluorescent 340/380 nm ratio (Fs4o/Fss0) recorded over 535 seconds under the conditions
indicated. Platelets were prepared and tested in the presence of platelet inhibitors (100 wM of aspirin, 0.32 U/mL of apyrase, and 50 pg/mL of Intergrilin
[eptifibatide]). Line graphs start with showing the relative level of intracellular Ca?" in platelets recorded in the presence of 2 mM of Ca?"
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Figure 3 (continued) (30-second baseline), followed by the measurements recorded after the addition of EGTA (2 mM; dashed line) and then after the readdition of
extracellular Ca?* (2 mM; solid line). Downward arrow indicates a time point when a modulator was added: NMDA (100 uM) (A-B), thapsigargin (TG; 2 uM) C,E,G), or
ADP (5 uM) (D,F,H). The first wave of the Ca®* response, recorded after the addition of a modulator, corresponds to the release of intracellular Ca’" stores, and the
second wave, recorded after the readdition of extracellular Ca", corresponds to SOCE. In panels E, F, and G, “+ NMDA" refers to a 10-minute preincubation of platelets
with NMDA (100 pM) performed before the commencement of the recordings; panels C and D were recorded without preincubation with NMDA; panels G and H
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Figure 3 (continued) show the knockout platelet controls for both conditions. WT platelet controls are shown in supplemental Figure 10. (A-H [ii panels]) Corresponding
scatterplots showing changes in intracellular Ca?" store release and SOCE quantified from an area under the curve measured using Prism software for the first and
second waves of the Ca’" response, respectively. Five independent experiments were performed for each condition, with 3 technical replicates. Data points are
mean + SEM. Mouse genotype is indicated. Statistical significance is shown (unpaired Student t test). ns, not significant.

scanning electron microscopy demonstrated that Pf4-Grin1~/~
platelets produced fewer spiky filopodia in the presence of ADP
and spread less in the presence of thrombin (supplemental
Figure 15ii,iv, respectively). Quantitative analysis of the cytoskele-
tal staining highlighted changes in the platelet area, aspect ratio,
and circularity depending on the strength of activation (supple-
mental Figure 16). Taken together, these experiments identified
crucial NMDAR contribution to cytoskeleton reorganization and
cell shape change in adhering MKs and activated platelets.

Transcriptome analysis supports NMDAR
involvement in PPF and matrix remodeling

To search for molecular pathways altered in MKs from Pf4-
Grin1~'~ mice, whole-transcriptome analysis was performed on
isolated MKs and compared with WT MKs. An estimated

NMDA RECEPTOR ROLE IN PLATELETS AND MEGAKARYOCYTES

100000 CD41" MKs were isolated per strain using magnetic
beads, and the gene expression profiles were tested using Clar-
jom S Pico microarrays. Gene set enrichment analysis identified
79 gene ontology biologic processes and 56 Kyoto Encyclope-
dia of Genes and Genomes pathway gene sets that were differ-
entially expressed between Pf4-Grin1~/~ and WT MKs (selected
terms are shown in Figure 6A; other results are provided in sup-
plemental Tables 3 and 4; full data are provided in the data
supplement).

The impact of NMDAR deletion on intracellular Ca®" signaling
was reflected by changes in the phosphatidylinositol signaling
system, inositol phosphate metabolism,* and inflammatory
mediator regulation of TRP channels pathways'®*>*° (Figure 6A).
A number of transcripts involved in phosphatidylinositol signaling
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were affected, including those encoding phospholipase CB
(PLCB), phosphatidylinositol kinases (eg, FYVE finger containing)
and phosphatases (eg, of inositol polyphosphate), 1,2-diacyl-glyc-
erol kinases, lipid phosphatases (eg, myotubularin-related pro-
teins), protein kinase C, IP3Rs, and phosphatidylinositol-3-kinase
(Figure 6B; data supplement). Transcripts encoding TRP canoni-
cal (TRPC) channels TRPC1 and TRPCé were the most highly
expressed in both WT and Pf4-Grin1~/~ MKs, consistent with
previous reports.">"'*? Trpcl transcripts were mildly upregu-
lated in Pf4-Grin1™/~ MKs (39% increase). Expression of other
Trp genes was similar, but gene set enrichment analysis revealed
deregulated transcription linking NMDAR with TRP vanilloid
(TRPV1-TRPVA4), ankyrin (TRPAT) and melastatin (TRPM8) recep-
tors, and inflammatory-type signaling engaging arachidonate lip-
oxygenases, mitogen-activated protein kinases, and adenylate
cyclase (Figure 6C; data supplement).

Consistent with reduced differentiation of Pf4-Grin1~/~ MKs and
impaired platelet function, differential expression was identified
in the terms chromosome segregation, DNA replication, hemato-
poietic cell lineage, and platelet activation (Figure 6Ai-ii). In keep-
ing with the defect in PPF, changes were seen in the terms cell-
substrate adhesion, cell adhesion molecules, integrin-mediated
signaling, actin filament organization, tube formation, and den-
drite development (Figure 6Ai-ii). In support, NMDAR is required
for the actin reorganization underlying dendritic spine formation
in neurons, which bears similarities to PPF.>® Several other regula-
tory pathways were identified to be disturbed in the Kyoto Ency-
clopedia of Genes and Genomes data set, including TP53, Whnt,
Ras-proximate-1 (RAP1), and Ras (Figure 6Aii), highlighting the
widespread impact of NMDAR activity on MK signaling.

We then checked expression of selected molecules known
to be involved in MK-ECM interaction and remodeling
(Figure 7A).>* Transcripts for certain crucial ECM elements
(eg, collagen type 1 [Col1], fibronectin 1 [Fn1], lumican [Lum],
secreted protein acidic and cysteine rich [Sparc], and decorin
[Den)) and ECM-remodeling enzymes (eg, metalloproteinase
2 [Mmp2], Mmp14, Mmp16, and lysyl oxidase [Lox]) were
lower in Pf4-Grin1~/~ MKs, suggesting reduced capability to
remodel ECM (Figure 7A). Real-time RT-PCR was used to vali-
date deregulated expression of selected genes (Collal,
Sparc, Fn1, Dcn, Mmp2, and Mmp14), which confirmed that
microarray and quantitative RT-PCR data were directionally
matched (Figure 7B).

Discussion

This study provides the first in vivo evidence of the role of NMDAR
function in platelets and MKs. We found that compared with WT
mice, Pf4-Grin1~/~ mice had lower platelet counts, longer bleed-
ing time, and slower platelet recovery in an antibody-induced
model of thrombocytopenia. Ex vivo, Pf4-Grin1~/~ platelets
showed impaired activation with defective filopodia formation, and
Pf4-Grin1~'~ MKs produced fewer colonies and fewer proplate-
lets. Impaired cytoskeletal reorganization was identified as the
most direct mechanism underlying abnormal platelet function and
production in Pf4-Grin1~/~ mice. MK transcriptome analysis sup-
ported NMDAR contribution toward Ca®* signaling and ECM
remodeling. Our data identify NMDAR as an important regulator
of platelet function and PPF.

Our earlier work demonstrated that NMDAR antagonists inhibit
platelet function ex vivo.?*?> Congruently, this study shows that
Pf4-Grin1~’~ mice have prolonged tail bleeding time, and Pf4-
Grin1~'~ platelets have reduced ability to adhere and spread
over the fibrinogen matrix. We believe that the defect in matrix
sensing and related cytoskeletal reorganization represent the
main cause of impaired hemostasis in Pf4-Grin1~/~ mice. In sup-
port, others have found that exogenous glutamate instigates
platelet spreading and aggregation on immobilized matrices
under flow conditions.>®> Our data highlight the role of NMDAR
in platelet production. Pf4-Grin1™'~ mice have lower platelet
counts and slower platelet production rates in vivo, along with
reduced MK colony formation and PPF ex vivo. Pf4-Grin1™/~
MKs show impaired ability to adhere to collagen matrices and
reduced cytoskeletal rearrangements. Gene expression profiling
adds evidence that NMDAR regulates expression of molecules
involved in MK adhesion and ECM remodeling.

We provide novel insights into the role of NMDAR in platelet
Ca®" signaling. Similar to endothelial cells and astrocytes,?%4'42
platelet NMDAR may act in a metabotropic-like (flux-indepen-
dent) manner. Further characterization of this response is
required in platelets and MKs, including use of additional con-
trols (eg, IP3R and PLCB inhibitors) and elucidation of the under-
lying mechanism and downstream signaling. We saw no obvious
evidence that NMDAR constitutively regulates intracellular Ca®*
homeostasis in platelets; nevertheless, this cannot be excluded.
Recent work uncovered a direct link between the GIuN2 and
STIM proteins in neurons.** It is prudent to look for similar inter-
actions in platelets and MKs.

Figure 4. Impact of Grin1 deletion on megakaryopoiesis and thrombopoiesis in vivo and ex vivo. (A) Line graph showing peripheral platelet counts from
Pf4-Grin1~/~ and WT mice after injection with antiplatelet serum (APS). Three independent experiments were performed, with a total of 12 to 15 biologic replicates per
group. (B) Line graph showing platelet half-life of Pf4-Grin1™~ and WT mice. Platelets were labeled in vivo after IV injection of Dylight488-conjugated anti-CD42
(X488) antibodies, and the proportion of positively labeled platelets was measured by flow cytometry. Four independent experiments were performed, with a total of
10 biologic replicates per group per time point. (C-E) Representative images of BM sections from WT and Pf4-Grin1~/~ mice under bright-field microscopy stained with
hematoxylin and eosin (C), immunofluorescence staining of GPIX (megakaryocytic marker [green]) and CD105 (endothelial cell marker [red], with framed areas enlarged
in the right panels; nuclei stained with 4’,6-diamidino-2-phenylindole [blue]) (D), and CD61 immunostaining (Ei). Scale bars are shown. (Eii) Bar graph showing MK counts
(CD61* cells per 20X field counted from sections shown in panel Ei) from WT and Pf4-Grin1™/~ mice. (F) Bar graph showing level of nuclear ploidy (%) in WT and
Pf4-Grin1™/~ mice examined by flow cytometry; 2N, 4N, 8N, 16N, 32N, and 64N indicate ploidy classes. Five independent experiments were performed with 5 biologic
replicates per group. (G) Bar graphs showing number of MK colonies observed per matrix, examined using the MegaCult assay. MKs were stained with acetylthiocholiniodide
solution; colonies were counted and scored as small (3-20 cells), medium (20-50 cells), or large (>50 cells). Four independent experiments were performed. (H) Examination of
PPF by MKs migrating out of BM explants. (Hi) Representative images of MKs scored as round, protrusion forming, or proplatelet forming (indicated by arrows). Scale bar is
shown. (Hii) Bar graphs showing percentage of MK forms per explant. Three independent experiments were performed. Triplicate measures were recorded per biologic
replicate with a total of 3 biologic replicates per group. Line and bar graphs show mean * SEM in panels A-B and E-H. Statistical significance is shown (2-way analysis of
variance for panels A and F; analysis of covariance for panel B; 2-tailed Student t test for panels Eii, G, and Hii).
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Figure 5. Impact of Grin1 deletion on platelet and MK spreading on either a collagen or fibrinogen matrix. (A-B) Morphology of MKs from Pf4-Grin1~/~ and WT
mice spread on glass coverslips coated with collagen. (A) Representative images of MKs stained for F-actin (red), a-tubulin (green), and Hoechst 33342 nuclear counterstain
(blue). Red arrows indicate examples of F-actin nodules frequent in WT but not Pf4-Grin1~/~ MKs. Green arrowheads point to the a-tubulin coil often maintained in
Pf4-Grin1™/~ MKs. (B) Bar graphs showing cell area (i), cell circularity (i), F-actin nodule density per cell area (wm?) (iii), and numbers of F-actin nodules per cell (iv), quantified
from fluorescence images shown in panel A using ImageJ. (C) Morphology of platelets from Pf4-Grin1™/~ and WT mice spread on glass coverslips coated with fibrinogen. (C)
Representative images of platelets activated with either 10 M of ADP (i-ii) or 0.1 U/mL of thrombin (jii-iv) and stained for F-actin (red) and a-tubulin (green); red arrows point
to F-actin nodules common in WT but not Pf4-Grin1~/ platelets (i-i); green arrowheads point to deformed, collapsed, and centralized a-tubulin coil, and red arrowheads
indicate peripheral stress fibers of F-actin (iv), both more frequent in WT but not Pf4-Grin1~/~ platelets (iii); green arrows indicate partially maintained peripheral a-tubulin coil
in Pf4-Grin1™/~ platelets (iv). For panels A and C, 2 independent experiments were performed with a total of 5 biologic replicates per group. For panel B, 35 MKs were

analyzed per group. All bar graphs show median * 95% Cl. Statistical significance is shown (Mann-Whitney U test).

ADP is an established regulator of platelet cell shape change,
MK adhesion, and PPF'®%¢57. we show that NMDAR is also
involved in these processes. ADP and glutamate are both
released from activated platelets, as well as constitutively from
maturing MKs,*0%¢%8 setting a scene for cooperative signaling.
Upon binding to its metabotropic P2Y; and P2Y;3 receptors,
ADP acts through PLCB to increase intracellular Ca?* levels in
platelets and MKs."®*” Neuronal NMDAR can also act through
PLCB to regulate actin reorganization during dendritic spine for-
mation.>**' Two of our findings support cross-talk between
ADP and NMDAR signaling in platelets and MKs: (1) NMDA
increases ADP-mediated intracellular Ca®" responses in platelets
by up to 24%, and (2) PLC transcription is upregulated in Pf4-
Grin1~'~ MKs, implying compensation by other pathways, par-
ticularly those ADP mediated.’ These findings suggest that
NMDAR in platelets and MKs acts to enhance cellular effects of
endogenous ADP. A similar phenomenon was recently

2684 & blood” 28 APRIL 2022 | VOLUME 139, NUMBER 17

demonstrated for the Kc,1.1 calcium- and voltage-activated
potassium channel, but in the opposite direction.® Kc,1.1 ago-
nists reduce intracellular Ca®" levels in ADP-stimulated MKs;
therefore, it was proposed that Kc,1.1 inhibits PPF through
reducing MK sensitivity to ADP.42

In the BM microenvironment, ECM is mainly composed of fibril-
lar collagen, of which type 1 is pervasively distributed, and type
4 is more abundant around the sinusoids.>*3*° Type 1 collagen
inhibits and type 4 supports PPF,®>%” but even more than the
type of collagen, stiff ECM inhibits and soft ECM induces
PPF."848.58 The level of ECM stiffness is controlled by the bal-
ance between the type and abundance of ECM elements and
their cross-linking and degradation. MKs contribute to this bal-
ance by secreting their own ECM elements (eg, type 4 collagen
and fibronectin),** ECM cross-linking enzymes (eg, LOX),*? and
ECM degrading enzymes (eg, MMPs).”® We found that
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Figure 6. Gene set enrichment analysis of WT and Pf4-Grin1~/~ MK transcriptomes. (A) Bar graphs showing differential expression of the gene ontology (GO)
biologic processes () and Kyoto Encyclopedia of Genes and Genomes pathways (ii) in Pf4-Grin1™/~ MKs compared with WT MKs assayed with Clariom S Pico RNA
microarray (n = 6 samples per strain). Upregulated pathways are shown in red and downregulated in green. Gene set enrichment analysis was performed using the
WebGestalt online tool, and a gene set was considered enriched where the false discovery rate (FDR) adjusted P value was =.01. Selected enriched data sets are
shown, listed in order of descending FDR. FDR values were transformed and are shown as —logio(FDR). (B-C) Schematics showing transcriptional changes in
Pf4-Grin1~/~ MKs affecting the phosphatidylinositol signaling system (mmu04070) (B) and inflammatory mediator regulation of transient receptor potential (TRP) channel
(mmu04750) (C) pathways mapped with the R package Pathview. Upregulated genes are shown in red and downregulated in green, and genes not mapped from our
data set are in gray. Abbreviations of deregulated molecules are provided. Other pathway details can be found through the following links: https://www.genome.jp/
dbget-bin/www_bget?mmu04070 (for mmu04070 shown in panel B) and https://www.genome.jp/entry/mmu04750 (for mmu04750 shown in panel C). Molecules marked
by numbers refer to a series of inositol, diacylglycerol, or lipid synthases, kinases, and phosphatases. Additional data are provided in supplemental Tables 3 and 4, data
supplement, and under Gene Expression Omnibus accession number GSE183044. AC, adenylate cyclase; ASIC, acid-sensing ion channel; BK, kininogen; B1/B2,
bradykinin receptors; CaM or CALM, calmodulin; EP, prostaglandin E receptor; GF, insulin-like growth factor; Gg and Gs, guanine nucleotide binding proteins;

NMDA RECEPTOR ROLE IN PLATELETS AND MEGAKARYOCYTES € blood® 28 APRIL 2022 | VOLUME 139, NUMBER 17 2685

%20z AeIN 61 U0 3sanb Aq 4pd-000+10120ZPIGPOOId/YL8Y681/EL9Z/L LIGEL/IPd-a1o1Ie/pOO|q/Jou sUOlEDlIgNdysE//:d)y WOy papeojumoq


https://www.genome.jp/dbget-bin/www_bget?mmu04070
https://www.genome.jp/dbget-bin/www_bget?mmu04070
https://www.genome.jp/entry/mmu04750

———————————————————————————————————— # Proteases

PGE2
Oca?, Na* ’? Qe Nar

Primary sensory neuron

4

",
.
Tissue injury

transduction excitability

- - »=a—E
Macrophage DAG
~ O

Inflammatory mediator regulation of TRP channels

Lysophospholipids
HPETE

Increased _ p Peripheral

sensitization >42°C (O Capsaicin:
O liporygenase (@)
products
O Resiniferatoxirs <25°C O Menthol

AA

EET

N

3
3

Q
O
o
>
)

o

TRP channels involved in thermal transduction

Temperature  Nonthermal Channel Temperature  Nonthermal Channel
sensitivity agonists sensitivity agonists

~27°C-42°C _ Hypotonic - _/_.;-

4-a phorbol

ONADA— 3 ey Oelin ;_
e} Anandaw Iy OEucalyptol

Q Ethanol 1
AcidicpH = = = — — g <17°C O Cinnamaldehyde
52°C E—EEa O Mustard ol
52
QO Allicin

q Camph
=10 821:2“ B— | Oleilin

Figure 6 (continued) H1, histamine receptor; 5HTR, serotonin receptor; IL-1B, interleukin-1B; INPP4, inositol polyphosphate-4-phosphatase; p38/JNK, p38 MAP kinase;
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4-kinase; PIK3C, phosphoinositide-3-kinase regulatory subunits; PIKFYVE, phosphoinositide kinase, FYVE type; PKC, protein kinase C; PLCB, phospholipase C8; PP1,
protein phosphatase 1; PTEN, phosphatase and tensin homolog; SHIP, inositol polyphosphate-5-phosphatase D; Src, tyrosine-protein kinase Src; TrkA, neurotrophic
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expression of all these molecules was lower in Pf4-Grin1~/~
MKs, suggesting reduced ability of MKs to modulate their
immediate BM microenvironment. Our transcriptional data point
to a link between NMDAR, TRP channels, and inflammatory sig-
naling involving TRPV1-TRPV4, TRPA1, and TRPM8. TRPV4 is an
important mechanosensitive channel in MKs'® and was recently
proposed to link mechanosensation with immune responses in
immune cells.”” TRPV2,°" TRPV4,"® and TRPA17? are expressed
in MK cell lines and TRPV172 in human platelets. Our findings
raise the possibility that integrated function of NMDAR and TRP
channels modulates inflammatory signaling in MKs, which may
affect the BM microenvironment,””# including development of
fibrosis.”®

Other nonneuronal NMDARs in cartilage and kidney may also
regulate tissue remodeling.”®”’ Intriguingly, in a mouse model
of ureter obstruction, NMDAR overactivation leads to renal
fibrosis, and NMDAR inhibitors counteract this effect.”® In pri-
mary myelofibrosis (PMF), MKs overexpress LOX and show
stronger adhesion to collagen than normal MKs.”” MKs derived
from patients with calreticulin mutations display spontaneous
activation of SOCE, which increases MK proliferation.®*#' SOCE
inhibition reverses MK  proliferation, implying that targeting
abnormal Ca®" signaling may be useful in myeloproliferative
neoplasms.®” Our work demonstrates that NMDAR participates
in a number of mechanisms relevant to PMF pathophysiology,
including Ca?* and ADP signaling, inflammatory responses,

2686 & blood” 28 APRIL 2022 | VOLUME 139, NUMBER 17

MK-ECM interactions, and ECM remodeling. Therefore, NMDAR
inhibitors should be tested in PMF models.

Our results suggest that NMDAR in MKs helps link ECM sensing
with cytoskeletal rearrangements. Other MK molecules with simi-
lar functions include mechanosensitive cation channels (eg,
TRPV4 and Piezo1)""® and collagen receptors (eg, integrin a281
and GPVI).8? TRPV4 and Piezo1 sense matrix softness and sup-
port PPF through increased Ca®* influx."”'® Integrin «21 and
GPVI bind type 1 collagen, which inhibits PPF primarily through
Syk-independent GPVI signaling.®>#* However, both integrin
a2B1 and GPVI are dispensable for PPF, indicating that other
compensatory signaling pathways and receptors also regulate
thrombopoiesis.®* Neuronal NMDAR is mechanosensitive® and
interacts with integrins® and thus may be involved in direct
matrix sensing in MKs. However, an important difference
between NMDAR and other mechanosensitive channels is that
NMDAR is primarily regulated by ligands, particularly gluta-
mate.?® The functional glutamate-NMDAR axis in MKs, proven
genetically in this work, offers the potential to provide spatiotem-
poral control over PPF. Neuroscience provides important clues as
to how mechanotransduction can synergize with chemical (gluta-
mate) signals to guide PPF in vivo. Using cultures of retinal gan-
glion cells, it was found that neuronal axons grow and splay
projections toward softer tissue.®” This pattern of growth is bene-
ficial in regions where axons have to search for their targets to
form synapses guided by biochemical signals. Softer matrices
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Figure 7. Transcriptional evidence for NMDAR involvement in matrix remodeling and a model of the NMDAR role in PPF. (A) Heat map highlighting differential
expression of transcripts for selected ECM and matrix remodeling genes in Pf4-Grin1™/~ MKs compared with WT MKs. Microarray data are shown after z score transformation.
(B) Scatterplot showing relative transcript levels of selected matrix remodeling genes detected using Clariom S Pico microarray and by quantitative RT-PCR (RT-qPCR) in
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seem better suited to support a cross-talk between mechanical
and chemical signaling during axon pathfinding.®” We believe a
similar situation may apply during PPF and propose the following
model of NMDAR contribution to PPF in vivo (Figure 7C). In
maturing MKs, NMDAR enhances ADP signaling and assists
matrix remodeling through secretion of ECM elements (eg, colla-
gen and fibronectin) and ECM remodeling enzymes (eg, MMPs
and LOX). Mechanosensitive channels (integrins, TRPV4, and
Piezo1) sense softer matrices, which induces PPF. Then, NMDAR
provides additional spatiotemporal guidance to direct proplate-
lets inside blood vessels along the glutamate gradient. Sources
of glutamate in the vascular niche remain unknown. Possibilities
include that perisinusoidal pericytes and platelet extracellular
vesicles deliver pulses of glutamate to MKs (Figure 7C). In sup-
port, brain pericytes secrete glutamate.®® Platelets also have the
machinery to secrete glutamate,®” and glutamate elicits extensive
shedding of extracellular vesicles from activated platelets.>®

In conclusion, our findings from Pf4-Grin1~/~ mice confirm pre-
vious pharmacologic data that NMDAR assists platelet function
and MK maturation. We provide the first genetic evidence that
platelet NMDAR strengthens Ca®* response to ADP and regu-
lates cytoskeletal reorganization upon platelet contact with
matrix. In MKs, NMDAR regulates PPF through a mechanism
that links MK-ECM interactions with cytoskeletal dynamics. Our
findings implicate the glutamate-NMDAR axis in the localized
control of PPF in vivo. NMDAR is amenable to pharmacologic
modulation; many inhibitors are already available for applica-
tions in neuroscience, and some are in clinical use.” This pro-
vides an opportunity for rapid testing of NMDAR inhibitors in
disease models, including those of thrombosis and PMF.
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