
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=iplt20

Download by: [University of Auckland Library] Date: 14 March 2017, At: 19:17

Platelets

ISSN: 0953-7104 (Print) 1369-1635 (Online) Journal homepage: http://www.tandfonline.com/loi/iplt20

Inhibition of NMDA receptor function with an
anti-GluN1-S2 antibody impairs human platelet
function and thrombosis

Taryn N. Green, Justin R. Hamilton, Marie-Christine Morel-Kopp, Zhaohua
Zheng, Ting-Yu T. Chen, James I. Hearn, Peng P. Sun, Jack U. Flanagan,
Deborah Young, P. Alan Barber, Matthew J. During, Christopher M. Ward &
Maggie L. Kalev-Zylinska

To cite this article: Taryn N. Green, Justin R. Hamilton, Marie-Christine Morel-Kopp, Zhaohua
Zheng, Ting-Yu T. Chen, James I. Hearn, Peng P. Sun, Jack U. Flanagan, Deborah Young, P.
Alan Barber, Matthew J. During, Christopher M. Ward & Maggie L. Kalev-Zylinska (2017): Inhibition
of NMDA receptor function with an anti-GluN1-S2 antibody impairs human platelet function and
thrombosis, Platelets, DOI: 10.1080/09537104.2017.1280149

To link to this article:  http://dx.doi.org/10.1080/09537104.2017.1280149

© Taryn N. Green, Justin R. Hamilton, Marie-
Christine Morel-Kopp, Zhaohua Zheng, Ting-
Yu T. Chen, James I. Hearn, Peng P. Sun, Jack
U. Flanagan, Deborah Young, P. Alan Barber,
Matthew J. During, Christopher M. Ward &
Maggie L. Kalev-Zylinska. Published with
license by Taylor & Francis

View supplementary material 

Published online: 21 Feb 2017. Submit your article to this journal 

Article views: 143 View related articles 

View Crossmark data

http://www.tandfonline.com/action/journalInformation?journalCode=iplt20
http://www.tandfonline.com/loi/iplt20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/09537104.2017.1280149
http://dx.doi.org/10.1080/09537104.2017.1280149
http://www.tandfonline.com/doi/suppl/10.1080/09537104.2017.1280149
http://www.tandfonline.com/doi/suppl/10.1080/09537104.2017.1280149
http://www.tandfonline.com/action/authorSubmission?journalCode=iplt20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=iplt20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/09537104.2017.1280149
http://www.tandfonline.com/doi/mlt/10.1080/09537104.2017.1280149
http://crossmark.crossref.org/dialog/?doi=10.1080/09537104.2017.1280149&domain=pdf&date_stamp=2017-02-21
http://crossmark.crossref.org/dialog/?doi=10.1080/09537104.2017.1280149&domain=pdf&date_stamp=2017-02-21


ORIGINAL ARTICLE

Inhibition of NMDA receptor function with an anti-GluN1-S2 antibody
impairs human platelet function and thrombosis
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James I. Hearn 1, Peng P. Sun1, Jack U. Flanagan6,7, Deborah Young 5, P. Alan Barber 8,9, Matthew J. During1,10,
Christopher M. Ward3,4, & Maggie L. Kalev-Zylinska 1,11
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Zealand, 9Centre for Brain Research, University of Auckland, Auckland, New Zealand, 10Departments of Molecular Virology, Immunology and Medical
Genetics, Neuroscience and Neurological Surgery, Ohio State University, Columbus, OH, USA, and 11LabPlus Haematology, Auckland City Hospital,
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Abstract

GluN1 is a mandatory component of N-methyl-D-aspartate receptors (NMDARs) best known for
their roles in the brain, but with increasing evidence for relevance in peripheral tissues, including
platelets. Certain anti-GluN1 antibodies reduce brain infarcts in rodent models of ischaemic stroke.
There is also evidence that human anti-GluN1 autoantibodies reduce neuronal damage in stroke
patients, but the underlying mechanism is unclear. This study investigated whether anti-GluN1-
mediated neuroprotection involves inhibition of platelet function. Four commercial anti-GluN1
antibodies were screened for their abilities to inhibit human platelet aggregation. Haematological
parameters were examined in rats vaccinated with GluN1. Platelet effects of a mouse monoclonal
antibody targeting the glycine-binding region of GluN1 (GluN1-S2) were tested in assays of platelet
activation, aggregation and thrombus formation. The epitope of anti-GluN1-S2 was mapped and
themechanism of antibody actionmodelled using crystal structures of GluN1. Our work found that
rats vaccinated with GluN1 had a mildly prolonged bleeding time and carried antibodies targeting
mostly GluN1-S2. The monoclonal anti-GluN1-S2 antibody (from BD Biosciences) inhibited activa-
tion and aggregation of human platelets in the presence of adrenaline, adenosine diphosphate,
collagen, thrombin and a protease-activated receptor 1-activating peptide. When human blood
was flowed over collagen-coated surfaces, anti-GluN1-S2 impaired thrombus growth and stability.
The epitope of anti-GluN1-S2 was mapped to α-helix H located within the glycine-binding clam-
shell of GluN1, where the antibody binding was computationally predicted to impair opening of
the NMDAR channel. Our results indicate that anti-GluN1-S2 inhibits function of human platelets,
including dense granule release and thrombus growth. Findings add to the evidence that platelet
NMDARs regulate thrombus formation and suggest a novel mechanism by which anti-GluN1
autoantibodies limit stroke-induced neuronal damage.
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Introduction

GluN1 (previously known as NR1 or NMDAR1) represents an
obligate subunit of N-methyl-D-aspartate receptors
(NMDARs) [1, 2]. Typical NMDARs combine two GluN1
subunits with another two GluN2 components (of which
there are four possible; designated GluN2A to GluN2D).
GluN3 subunits (GluN3A or GluN3B) may also be present,
but are less common. The GluN1 subunits have important
structural roles and bind glycine (NMDAR co-ligand);
GluN2 subunits are regulatory and bind glutamate (main
NMDAR ligand). In response to binding of glutamate and
glycine, NMDARs facilitate intracellular influx of predomi-
nantly calcium ions (Ca2+), kinetics of which are differen-
tially regulated by the GluN2 subunits [2, 3].
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There is increasing evidence that similar to other peripheral
tissues [4], platelets express NMDAR components but their
roles remain unclear [5–11]. NMDARs have been shown to
reduce [6, 7], increase [10] or have no influence [12] over
different aspects of platelet function. Our previous work has
demonstrated that blockers of open NMDAR channels (MK-
801 and memantine) inhibit activation and aggregation of
human platelets, although these effects required relatively
high inhibitor concentrations [10].

Plasma glutamate levels are dynamically regulated by platelets
that take it up from plasma using excitatory amino-acid transpor-
ters, store it in dense granules and then release it after aggregation
[13–15]. In ischaemic stroke, glutamate levels rise, both in plasma
and cerebrospinal fluid, due to its excessive release from the
damaged brain and reduced re-uptake by activated platelets [16–
18]. High glutamate levels overactivate neuronal NMDARs, lead-
ing to intracellular Ca2+ overload and cell death [19, 20]. Our
previous research focused on designing experimental therapies for
ischaemic stroke that would interfere with overactive neuronal
NMDARs. We developed a novel anti-GluN1 vaccine that when
tested in rats generated high levels of anti-GluN1 antibodies and
markedly reduced brain infarcts in a model of stroke [21]. We
concluded that ischaemic breakdown of the blood–brain–barrier
delivered anti-GluN1 antibodies to the region of stroke where
antibodies interfered with overactive neuronal NMDARs, while
normal brain was spared from unwanted side-effects. Such neu-
roprotective properties of anti-GluN1 antibodies may be relevant
in humans, as up to 10% of healthy individuals and 20–40% of
stroke patients carry non-pathogenic anti-GluN1 antibodies [22–
27]. Some of such antibodies develop transiently after ischaemic
stroke and react only with GluN1 breakdown products [22] but
others, when present before the stroke, may reduce stroke
damage [27].

The phenomenon of anti-GluN1-mediated stroke protection
was confirmed in other models [28, 29], but we found the under-
lying mechanism difficult to elucidate. Early reports on NMDAR
functionality in platelets [5–9] led us to hypothesise that the
previously observed anti-GluN1-mediated stroke protection
involved inhibition of platelet function. This hypothesis was
examined in rats vaccinated with GluN1 followed by testing of
antibody effects on human platelets, including under blood flow
conditions equivalent to stenosed arteries. The results will
demonstrate how epitope mapping of anti-GluN1 antibodies led
us to a novel mechanism regulating human platelet function in the
setting of thrombosis.

Materials and methods

Cloning and generation of recombinant peptides

Sequences encoding all extracellular regions of mouse GluN1
(amino acid [aa] numbers: 1–562 and 654–812) were fused with
a 13-residue linker as previously reported (Figure 1A; [30]). The
fusion was subcloned into BamHI and NotI sites of a bacterial
expression plasmid, pTriEx-1.1 (Novagen, Madison, WI).
Sequences encoding full-length firefly luciferase were cloned as
controls into NcoI and EcoRI sites of pTriEx-1.1. Both constructs
contained histidine tags at the C-termini of protein-coding
sequences.

Recombinant GluN1 (80 kDa) and luciferase (65 kDa) pep-
tides were expressed in Escherichia coli BL21 (DE3) strain
(Novagen) and purified by nickel affinity on a Profinia Protein
Purification System (Bio-Rad, Hercules, CA) as before [22]. The
GluN1 peptide was concentrated through a centrifugal filter
device with a 50 kDa cut-off (Millipore, Darmstadt, Germany).
Both peptides were dialysed against phosphate-buffered saline

(PBS) in Slyde-A-Lyzer cassettes (ThermoFisher Scientific,
Rockford, IL).

Experiments in rats

Studies in rats were performed in accordance with the national
legal requirements and institutional guidelines; all procedures
were approved by the institutional Animal Ethics Committee
(AEC/11/2006/R532). Male Wistar rats (initially 180–220 g)
were housed in pairs in an animal facility under standard condi-
tions (23 ± 1°C, 50 ± 5% humidity, 12 h light/dark cycle) and
with free access to food and water. Recombinant GluN1, lucifer-
ase and vehicle only vaccines were injected subcutaneously into
rats starting at 6 weeks of age. Vaccine priming was conducted
using 100 μg of the recombinant peptides admixed 1:1 with an
Alum adjuvant (ThermoFisher Scientific), followed by 6 fort-
nightly boosts with 50 μg peptides.

Bleeding time was measured in rats anaesthetised with 60 mg
kg−1 sodium pentobarbitone (PhoenixPharm, Auckland, New
Zealand) injected intraperitoneally. At weeks 0 and 20, a distal
3 mm segment was cut from the tail, and the tail tip was blotted
on a filter paper every 15 s. At week 10, a skin cut was made
(0.5 cm long, 0.5 mm deep) along the tail vein, 5 cm from the
previously cut tail tip, and blotted as above. The bleeding time
was determined when filter paper was no longer stained with
fresh blood.

Full blood counts were obtained from peripheral blood sam-
ples taken from a tail vein of rats anaesthetised with 5% isoflur-
ane (Lunan Better Pharmaceutical, ShanDong, China). Tail was
placed in warm water for 40 s, dried, swabbed with alcohol, and
the tip punched with an 18-gauge needle. Free-flowing blood was
collected into EDTA microtainer tubes (BD Biosciences, San
Jose, CA). Blood counts were obtained within 6 h from collection
on an XE-2100 automated haematology analyser (Sysmex, Kobe,
Japan).

Plasma ferritin levels were measured using a Ferritin FTL Rat
ELISA kit (Abcam, Cambridge, UK).

Characterisation of anti-GluN1 antibody responses

Antibody levels were monitored by antigen-capture ELISA
employing recombinant GluN1 and luciferase peptides injected
as vaccines; blood was sampled fortnightly from tail veins of
restrained, un-anaesthetised rats. The assay was performed essen-
tially as before [22] except that o-phenylenediamine dihydrochlor-
ide (OPD) was used as a substrate.

To determine epitopes of anti-GluN1 antibody binding, anti-
gen capture was modified to include a library of 74 synthetic
peptides spanning all extracellular regions of GluN1 (Mimotopes,
PepSetsTM, Melbourne, Australia; Supplemental Table S1). The
13 aa linker was included in the library, although it was not a part
of the native protein. All synthetic peptides were 16 aa long
containing hexamer repeats overlapping the adjacent peptides at
both ends and a biotin label 5′.

Microtitre plates (Nunc MaxiSorp, ThermoFisher Scientific)
were coated with streptavidin (5 µg per well), blocked with 5%
skim milk (weight per volume [w/v]) and incubated with syn-
thetic peptides (250 pmol per well). Pooled rat sera were applied
in triplicate, diluted 1:200. Pools of human sera previously iden-
tified as anti-GluN1 positive or negative were used as controls
(1:100). After an overnight incubation with primary antibodies,
plates were washed and appropriate secondary antibodies applied
for 3 h (all were peroxidase-conjugated and diluted 1:10 000;
Sigma-Aldrich;Saint Louis, MO). Signals were developed using
OPD. Full details of the method are in the Supplemental Material.
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Experiments on human platelets

All work on human platelets was carried out in accordance with
the Declaration of Helsinki on Ethical Principles for Medical
Research Involving Human Subjects; all procedures were
approved by two regional Human Ethics Committees (AKX/03/
07/183 [Auckland] and CF07/0141 [Melbourne]). Written
informed consent was obtained from all participants prior to
testing. Platelet experiments were performed using samples from
34 healthy donors with a median age of 33 ± 9 years (standard
deviation); 23 were women. Most donors were European, but
included 7 Chinese, 3 Indian, 1 Samoan and 1 Māori. All donors
were self-reported to be medication-free for at least 2 weeks prior
to testing. Unless stated otherwise, blood was collected on 3.2%
trisodium citrate (BD Biosciences).

Platelet rich and platelet poor plasma (PRP and PPP, respec-
tively) were prepared and platelet aggregation examined by light
transmission aggregometry (LTA) as before [10]. Four commer-
cial anti-GluN1 antibody samples were screened for their abilities
to inhibit platelet aggregation. Two were mouse monoclonals
targeting 660–811 aa region of GluN1-S2 (MAB363, Millipore
and BD556308, BD Biosciences); the other two targeted the
GluN1 N-terminus: MAB1586 (Millipore; mouse monoclonal

targeting 1–564 aa) and SC9058 (Santa Cruz, Dallas, TX; rabbit
polyclonal targeting 19–318 aa). The exact epitopes were not
known for any of the antibodies. Each antibody (1 µg mL−1)
was incubated with PRP (200 × 109 L−1 platelets) for 1 min
prior to adding 10 µM adenosine diphosphate (ADP; Helena
Laboratories, Beaumont, TX). Further experiments investigated
effects of anti-GluN1-S2 (BD; 0.004–4 µg mL−1) on platelet
aggregation using an extended panel of agonists: adrenaline (5–
10 µM), ADP (2.5–10 µM), collagen (0.5–1 µg mL−1; all from
Helena Laboratories), thrombin (0.25 U mL−1; Sigma-Aldrich,
Saint Louis, MO) and a protease-activated receptor 1-activating
peptide (PAR1-AP; SFLLRN-NH2; 7–15 µM; Abcam). Lowest
effective concentrations of agonists were used for each platelet
donor. Normal mouse immunoglobulin (IgG; Sigma-Aldrich) was
used as a negative control.

To examine effects on platelet activation, anti-GluN1-S2 (1 µg
mL−1) was mixed with PRP in the presence of anti-CD62P-PE,
PAC-1-FITC, anti-CD61-PerCP or appropriate isotype controls
(all from BD Biosciences) and platelets were activated with
ADP (1 or 2.5 µM). Data was acquired on LSRII (BD
Biosciences) as in our previous studies [10, 31]. Platelets were
gated based on forward and side scatter characteristics (FSC-A–
SSC-A), verified by CD61 expression (based on CD61-PerCP–

Figure 1. Vaccine design and antibody responses.
(A) Study groups (A.i); recombinant GluN1
design (A.ii) and a Coomassie-blue-stained gel
showing recombinant GluN1 and luciferase pep-
tides (rec-GluN1 and rec-Luc) used in vaccina-
tion (A.iii). (B) Study time-line and study
procedures. (C) Levels of anti-GluN1 and anti-
Luc antibodies produced in vaccinated rats. Data
points are mean ± SEM (n = 10 per group). (D)
Epitopes of anti-GluN1 antibody binding in vac-
cinated rats. Epitopes were mapped using 74
synthetic peptides spanning all extracellular
regions of GluN1 (data are for pooled sera, n =
10 per group; synthetic GluN1 peptides are
numbered, sequences are in the Supplemental
Table S1). Z-scores were calculated relative to
negative control sera with the positivity threshold
set greater than 2x SD from the mean of negative
controls. No significant anti-GluN1 reactivities
were detected in control rats (naïve, vehicle or
luciferase vaccinated, hence bars for these groups
are not visible). The following domains of the
native GluN1 protein are marked: the amino-ter-
minus (ATD), S1, S2, cleavage site for alteplase
(black arrowhead; [29]), binding site for patho-
genic anti-NMDAR antibodies that cause limbic
encephalitis (red arrowhead; [52]) and residues
that interact with glycine (orange and blue stars
for S1 and S2, respectively; [35]). Abbreviations:
Luc, luciferase; rec, recombinant.
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FSC-A) and restricted to single cell events (based on both SSC-
H–SSC-A and FSC-H–FSC-A; Supplemental Figure S1).

Surface binding of anti-GluN1-S2 was measured on platelets
activated with thrombin (0.05–0.1 U mL−1) and convulxin (100
ng mL−1, Enzo Life Sciences, Farmingdale, NY) in the pre-
sence of integrilin to prevent platelet aggregation (50 µg mL−1;
Merck & Co, Kenilworth, NJ). The activation procedure and the
analysis of GluN1 expression on CD62P-positive platelets were
conducted based on the recently published method [32]. Briefly,
PRP (24 × 109 L−1 final platelet concentration) was incubated
with integrilin for 2 min and subsequently activated with either
thrombin or convulxin for 15 min. Control platelets were pro-
cessed the same way but contained no added activators nor
inhibitors. Anti-GluN1-S2 or an isotype control
(DAKOCytomation, Glostrup, Denmark) were applied and
incubated with PRP for 30 min. Platelets were washed, incu-
bated with secondary goat anti-mouse IgG-FITC, washed again
and incubated with anti-CD62P-PE (both for 30 min). After a
further wash, platelets were fixed with 0.2% (w/v) paraformal-
dehyde (PFA) and kept in the dark at 4°C until acquisition. The
intracellular binding of anti-GluN1-S2 was examined in plate-
lets permeabilised with IntraPrepTM (Beckman Coulter,
Marseille, France).

Dense granule secretion was assessed from the levels of extra-
cellular adenosine triphosphate (ATP) measured using an ATPlite
Luminescence Detection System (Perkin-Elmer, Boston, MA)
before and after platelet activation with ADP (0.5–10 μM), collagen
(1 and 5 µg mL−1; both from Helena Laboratories) and PAR1-AP
(10–40 µM; Abcam). The procedure was conducted in 96-well
white, clear bottom plates (Corning Inc, Corning, NY) according
to manufacturer’s instructions. PRP (with the platelet count adjusted
to 200 × 106 mL−1) was added to the reaction mixture at 1:5 dilution
and platelets were activated in the presence of either anti-GluN1-S2
(BD Biosciences) or mouse control IgG (Sigma-Aldrich; both at 10
ng per 100 000 platelets). Luminescence was read on an EnSpire
2300 Multimode Plate Reader (Perkin-Elmer).

Immunocytochemistry was performed on platelets activated/
aggregated with thrombin (0.1 U mL−1, Sigma-Aldrich). Cytospins
were prepared using Aerospray HaematologyPro (ELITech,
Puteaux, France). Slides were fixed in 2% (w/v) PFA for 15 min
and stained using the Novolink Polymer Detection System (Leica
Biosystems, Newcastle, UK) as before [33]. The anti-GluN1-S2
antibody (MAB363, Millipore) and an isotype control were incu-
bated overnight at 4°C. Staining was imaged using an Eclipse Ni
upright microscope (Nikon, Tokyo, Japan).

Thrombus formation under flow conditions

Human whole blood was collected in hirudin (800 U mL−1) and
pre-incubated with either anti-GluN1-S2 (BD Biosciences) or
mouse control IgG (Sigma-Aldrich; both at 10 μg mL−1) for 15
min at 37°C. The blood was then mixed with the fluorescent
membrane stain 3,3′-dihexyloxacarbocyanine iodide (DiOC6, 1
μg mL−1) and flowed over collagen (50 μg mL−1) coated micro-
slides at 1800 s−1 for 3 min, followed by a 4 min wash-out with
Tyrode’s buffer, essentially as before [34]. Platelet deposition and
thrombus volume were monitored in real-time by the acquisition
of continuous Z-series throughout the assay and calculated offline
using NIS software (Nikon).

Characterisation of the anti-GluN1-S2 epitope

The epitope of anti-GluN1-S2 (BD) was identified as described
above for rat sera (further details are in the Supplemental
Methods). Anti-GluN1-S2 was diluted 1:500 and peroxidase-con-
jugated anti-mouse secondary antibody 1:10 000 (Sigma-Aldrich).

Western blotting on platelet proteins was conducted as
described before [10]. Protein samples (30 μg per lane) were
separated by 10% SDS-polyacrylamide gel electrophoresis and
transferred to a nitrocellulose membrane (Hybond-ECL,
Amersham, Piscataway, NJ). The anti-GluN1-S2 antibody was
incubated with membranes overnight (1:1000–3000). To verify
specificity of anti-GluN1-S2 binding, antibodies were pre-
absorbed with recombinant GluN1 peptides added in excess
according to the equation: n(antigen) = n(antibody) × 2[molecu-
lar weight(antigen) /molecular weight(antibody)]. The mixtures
were incubated at 4°C overnight with constant rotation and spun
at 10 000 rpm for 5 min prior to further use. Signals were
developed using ECLPlus (ThermoFisher Scientific) and imaged
by a FujiFilm LAS-3000 phosphoimager (Life Science,
Stamford, CT).

The epitope of anti-GluN1-S2 was visualised in 3D using the
following X-ray crystal structures of GluN1: Protein Data Bank
(PDB) entry 1PB7, complexed with glycine (active GluN1 con-
formation) and PDB 1PBQ, complexed with 5,7-dichlorokynure-
nic acid (DCKA; inactive GluN1 conformation) [35]. The crystal
structures were superimposed using PyMol Molecular Graphics
version 1.7.4 based on the S1S2 domain 1 of the GluN1 glycine-
binding clamshell, chains A 4–140 and 251–285 aa [35]. Protein
alignments were generated using Geneious version 8.1.4.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism for
Windows (San Diego, CA). Mean differences between groups
were analysed by independent-samples Student’s t-test (two-
tailed), one-way or two-way analysis of variance (ANOVA) for
multiple groups, as appropriate. p values less than 0.05 were
considered statistically significant. Data are shown as mean ±
standard error of the mean (SEM), except for the age of platelet
donors reported as median ± standard deviation (SD)

Results

Rats vaccinated with recombinant GluN1 have prolonged
bleeding time

Male Wistar rats were vaccinated subcutaneously with recombi-
nant GluN1 peptides containing all extracellular regions of
GluN1. Recombinant luciferase and vehicle only vaccines were
used as negative controls (n = 10 rats per group; Figure 1A).
Seven doses of each vaccine were administered to rats over 18
weeks (Figure 1B). All rats gained weight at the same rate with no
obvious systemic ill effects and no signs of bleeding (data not
shown). Both peptides induced high levels of antibodies with
similar titres between anti-GluN1 and luciferase vaccinated rats
(Figure 1C). Epitopes of anti-GluN1 antibodies were mapped
using a library of 74 synthetic peptides spanning all extracellular
regions of GluN1. Similar to our earlier GluN1 vaccine that was
neuroprotective [21], rats vaccinated with recombinant GluN1
peptides produced antibodies targeting mostly GluN1-S2 that
contains sites for glycine binding (Figure 1D).

Haematological tests were performed in vaccinated rats in
weeks 10 and 20 (Figure 2). Unexpectedly, we found that rats
vaccinated with GluN1 had a mildly prolonged bleeding time,
compared with both luciferase- and vehicle- injected controls
(2.2-fold increase in week 20; p < 0.001; Figure 2A). Platelet
counts and platelet volumes remained unaffected, excluding
thrombocytopaenia as a cause (Figure 2B). GluN1-vaccinated
rats also developed microcytic hypochromic anaemia typical of
iron deficiency that was confirmed by reduced reticulocyte hae-
moglobin-equivalent (Ret-He) and low plasma ferritin in week 20
(p < 0.05; Figure 2B; Supplemental Tables S2 and S3). The
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development of iron deficiency in GluN1-vaccinated rats con-
firmed that they lost more blood.

Anti-GluN1-S2 antibody inhibits platelet function

Four commercial antibodies targeting various extracellular
regions of human GluN1 (listed in Materials and Methods)
were screened for their ability to inhibit human platelet aggre-
gation in the presence of 10 µM ADP. Of these, the anti-
GluN1-S2 mouse monoclonal antibody (BD556308, BD
Biosciences) provided the strongest level of inhibition (screen
data not shown) and its effects were tested further (Figures 3–
6). In the flow cytometry-based assay of platelet activation
(using 1 and 2.5 µM ADP), anti-GluN1-S2 (1 µg mL−1) pro-
vided little interference. Nevertheless, compared with mouse
control IgG, CD62P exposure mildly declined accompanied by
a reciprocal increase in PAC-1 binding of 6.2 ± 3.6% (p <

0.05; Figure 3A). The biological significance of these small
changes is unclear, but the results suggested that anti-GluN1-
S2 interfered with some aspects of platelet activation, such as
granule release, but not with the conformational change of
glycoprotein (GP) αIIbβ3.

In comparison to subtle effects on platelet activation, platelet
aggregation was strongly inhibited by anti-GluN1-S2 both at 0.4
and 4 μg mL−1 (Figure 3B; Supplemental Figure S2). In the
presence of adrenaline (5–10 µM) and ADP (2.5–10 µM),
aggregation was virtually abrogated (primary wave only
remained). With collagen (0.5–1 µg mL−1), effects of anti-
GluN1-S2 were weaker but aggregation was still reduced to
42 ± 9% of controls (p = 0.005). The degree of inhibition
was most variable in the presence of thrombin (0.25 U mL−1)
and PAR1-AP (7–15 µM), ranging from 4 to 95% between
donors (overall 29 ± 9% inhibition; p = 0.026). In addition to

Figure 2. Haematological parameters in GluN1-vaccinated rats. Rats received fortnightly subcutaneous injections with recombinant GluN1 and
luciferase peptides or a vehicle control. Bleeding time, peripheral blood counts and ferritin levels were tested after 10 and 20 weeks from vaccine
priming. (A) Bleeding times are shown, measured from cut tails at baseline and week 20, and from a skin cut at week 10. (B) Line graphs highlight
changes in selected haematological parameters occurring between weeks 10 and 20. Data points indicate mean ± SEM (n = 10 per group). In A,
Dunnett’s post-hoc p values are shown. In B, p values indicate group differences; post-hoc values are in Supplemental Tables S2 and S3 (one-way
ANOVA). Abbreviations: ns, non-significant; Reticulocyte-He, Reticulocyte Haemoglobin equivalent.
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a reduction in the maximum amplitude of aggregation, mild
platelet disaggregation was also seen over time, in particular
in the presence of collagen and PAR1-AP (Figure 3B.ii, arrow-
heads; Supplemental Figure S2). In the presence of adrenaline
and ADP, the inhibitory effects of anti-GluN1-S2 persisted
down to 0.01 μg mL−1, indicating potent inhibition by the
antibody (Supplemental Figure S3).

The strong inhibition of ADP-induced platelet aggregation
by anti-GluN1-S2 raised the question whether this antibody
inhibits dense granules release. This possibility was examined
by measuring levels of ATP, that is abundantly stored in dense
granules, before and after platelet activation with ADP (0.5–10
μM), PAR1-AP (10–40 μM) and collagen (1 and 5 μg mL−1) in
the presence of either anti-GluN1-S2 or control IgG. The

results revealed that ATP levels declined by up to 47 ± 9%
when platelets were activated with ADP (p < 0.001), consistent
with the inhibition of dense granules release (Figure 4A). The
effect was weaker in the presence of PAR1-AP (17 ± 5%
reduction; p < 0.05) and not detected in the presence of
collagen (Figure 4B and 4C), suggesting dependency on the
agonist/strength of activation.

Anti-GluN1-S2 inhibits thrombus formation under flow
conditions

The effect of anti-GluN1-S2 on thrombus formation was exam-
ined in real-time using a whole blood thrombosis assay where
platelet thrombi were formed on collagen-coated glass

Figure 3. Effects of anti-GluN1-S2 on platelet activation and aggregation. (A) Human platelets were activated with ADP (1 and 2.5 μM) in the presence
or absence of anti-GluN1-S2 (1 µg mL−1). (A.i) Relative changes in the CD62P exposure and PAC-1 binding imposed by anti-GluN1-S2 (1 µg mL−1)
graphed as percentage change in MFI (mean fluorescence intensity) compared with mouse control IgG. Data points are mean ± SEM; n = 5 per group
(7 donors; median age 29 ± 9 years; 3 women); p values are shown (unpaired, two-tailed, Student’s t-test). (A.ii) Histogram examples demonstrating
CD62P and PAC-1 MFI occurring in the presence of anti-GluN1-S2 (green) compared with control activation (red) and resting platelets (grey). (B)
Human platelets were pre-treated with either anti-GluN1-S2 (0.4 and 4 µg mL−1) or control mouse IgG (4 µg mL−1) and platelet aggregation was
induced using adrenaline (5–10 µM), ADP (2.5–10 µM), collagen (0.5–1 µg mL−1), thrombin (Thr; 0.25 U mL−1) or PAR1-AP (7–15 µM). (B.i)
Relative changes in aggregation area under the curve (AUC) imposed by anti-GluN1-S2 graphed as percentage change in AUC compared with mouse
control IgG. Data points are mean ± SEM; n = 5–9 per group (19 donors; median age 29 ± 10 years; 11 women); p values are shown (one-way
ANOVAwith Dunnett’s post-hoc). (B.ii) Representative examples of aggregation traces for the agonists indicated; arrowheads point to signs of platelet
disaggregation over time. MFI, mean fluorescence intensity.
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microslides as described before [34]. This revealed that pre-treat-
ment of human blood with anti-GluN1-S2 decreased the total
volume of thrombus deposited on the slides, when compared
with effects of a control mouse IgG (p < 0.01, n = 6;
Figure 5A and 5B). Detailed analysis of thrombus formation
kinetics demonstrated that the initial platelet deposition and
early thrombus growth were largely unaffected by anti-GluN1-
S2, but peak thrombus formation was impaired, which persisted
throughout the thrombus consolidation period and subsequent
buffer perfusion (Figure 5C). Video analysis suggested that the
decrease in thrombus size was due to impaired adhesion of plate-
lets recruited into late-stage thrombi in the presence of anti-
GluN1-S2 (Supplemental Videos S1 and S2). The reduction in
thrombus growth detected in flowing human blood was in keep-
ing with the reduced maximum aggregation and platelet disag-
gregation demonstrated by LTA, as shown in Figure 3B and
Supplemental Figure S2.

Anti-GluN1-S2 binds on a small population of activated
platelets

GluN1 was not reliably detected on the surface of resting platelets
using membrane biotinylation (data not shown) and flow cytome-
try (Figure 6A and as previously reported [10]). Further testing
was therefore conducted using platelets activated with thrombin
(0.1 U mL−1) and convulxin (100 ng mL−1) in the presence of
integrilin (50 µg mL−1) to prevent platelet aggregation. These
experiments found that anti-GluN1-S2 co-localised with CD62P
on the surface of a small population of activated platelets (the
overall mean 4.7 ± 1.7%; Figure 6B), despite the fact that the
majority of platelets became positive for CD62P after activation
with thrombin and convulxin. The anti-GluN1-S2 binding on the
surface of platelets correlated with the strength of platelet activa-
tion but combining thrombin and convulxin did not obviously
increase surface binding of anti-GluN1-S2 (data not shown).

Activated or aggregated platelets were also spun onto slides
and GluN1 immunocytochemistry was performed (Figure 6C).
Without prior activation, the intracellular GluN1 staining was
punctate and widely distributed inside platelets, which changed
after activation to a stronger concentric pattern but remained
mostly intracellular. The strongest GluN1 staining was detected
on the surface of platelet aggregates (Figure 6C). This dynamic
immunocytochemistry pattern suggested activation-dependent
GluN1 re-distribution in platelets, consistent with findings by

flow cytometry (Figure 6B) and previous electron micro-
scopy [10].

The specificity of anti-GluN1-S2 antibody binding to platelet
GluN1 was confirmed on Western blots. The reactivity of the
antibody with the 120 kDa platelet protein, consistent with plate-
let GluN1, was virtually abrogated after the antibody was pre-
absorbed with recombinant GluN1 peptides (Figure 6D).

Binding of anti-GluN1-S2 is predicted to inhibit NMDAR
channel opening

The epitope of anti-GluN1-S2 (BD) was mapped to the following
synthetic peptide: NYESAAEAIQAVRDNK (Supplemental
Table S1; Supplemental Figure S4). This sequence is located at
the end of exon 16 and beginning of exon 17 of human GluN1.
The epitope is highly conserved between human, mouse and rat
GluN1 proteins (Figure 7A) and shows no synergy with other
GluN2 or GluN3 sequences (Figure 7B).

The epitope of anti-GluN1-S2 was visualised within two crys-
tal structures of GluN1, complexed with either glycine (PDB
entry 1PB7, carrying active GluN1 conformation) or DCKA
(PDB entry 1PBQ, carrying inactive GluN1 conformation;
Figure 7C). The epitope sequence was located on α-helix H of
the glycine-binding region shaped as a clamshell. In the presence
of glycine, α-helix H relocated upwards, which is known to close
the GluN1 clamshell and open (activate) the NMDAR channel
(Figure 8A) [35, 36]. Further examination in PyMol predicted that
binding of anti-GluN1-S2 could impede the upward movement of
α-helix H, thus preventing the GluN1 clamshell closure and
stabilising the NMDAR channel in an inactive (closed) conforma-
tion (Figure 8B).

Discussion

This study demonstrates that anti-GluN1-S2 antibodies inhibit
function of human platelets in vitro and associate with prolonged
bleeding time in GluN1-vaccinated rats. The monoclonal anti-
GluN1-S2 antibody (from BD Biosciences) interfered with plate-
let aggregation in the presence of all agonists tested and caused
platelet disaggregation. In keeping with this, the initial thrombus
formation over collagen-coated surfaces was unaffected but peak
thrombus growth was reduced and over time, platelets were seen
to peel off the initial thrombi. The epitope of anti-GluN1-S2 was
located within α-helix H of the GluN1 glycine-binding clamshell.

Figure 4. Effects of anti-GluN1-S2 on ATP release. Human platelets were activated with ADP (0.5–10 µM; A), PAR1-AP (10–40 µM; B) and collagen
(1 and 5 µg mL−1; C) in the presence of anti-GluN1-S2 or mouse control IgG (both at 10 ng per 100 000 platelets). Bars indicate relative ATP levels
compared with non-activated controls. Data points are mean ± SEM; n = 3–4 per group (6 donors; median age 30 ± 8 years; 3 women); Statistical
significance is shown (*p < 0.05, ***p < 0.001; two-way ANOVA with Dunnett’s post-hoc); other differences were not statistically significant.
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Structural modelling predicted that binding of anti-GluN1-S2
impaired NMDAR channel opening by stabilising the glycine-
binding clamshell in an open conformation.

To our knowledge, this is the first study to report that anti-
GluN1-S2 antibodies inhibit platelet function, including dense
granule release and thrombus growth, which strengthens evidence
for the NMDAR functionality in platelets and may help explain
previous stroke-limiting effects of anti-GluN1 antibodies in
rodents and humans [21, 27–29].

There is increasing evidence that human platelets contain
functional NMDARs [5–11]. Platelets bind radiolabelled gluta-
mate (NMDAR agonist) and MK-801 (NMDAR antagonist) [5,
6]. The presence of GluN1 in platelets was first shown by
Hitchcock et al. using immunocytochemistry [9] and then by us
using flow cytometry and Western blotting [10]. Our previous

quantitative RT-PCR revealed that platelets contain transcripts for
GluN1, GluN2A and GluN2D (products of their respective
GRIN1, GRIN2A and GRIN2D genes). Recent independent tran-
scriptomic analysis of the ion channelome in human platelets
confirmed that platelets carry transcripts of GRIN2D and
GRINA [11]. Emerging data suggest that platelet NMDARs are
distinct from their neuronal counterparts, including different sub-
unit composition [8–11], agonist-preferring state [5, 6] and
sequestration inside resting platelets [10], features that likely
impact our ability to detect NMDAR effects in different platelet
function assays.

Glutamate is getting increasingly recognised as a late platelet
agonist [37]. Previous studies demonstrated that glutamate ampli-
fies platelet activation through two other types of ionotropic
glutamate receptors, both of which were Ca2+ impermeable: α-

Figure 5. Anti-GluN1-S2 inhibits thrombus formation under flow conditions. Human whole blood was pre-treated with either anti-GluN1-S2 or control
mouse IgG (both at 10 µg mL−1) and perfused over microcapillary slides coated with type I collagen at a shear rate of 1800 s−1. (A) Representative
video stills taken at 7 min showing thrombi of reduced density in the presence of anti-GluN1-S2. (B) Representative Z-series stacks of DiOC6-labelled
thrombi formed after 7 min and imaged via confocal microscopy showing the smaller overall size and lower density of thrombi formed in the presence
of anti-GluN1-S2. (C) Total average thrombus volume (µm3) in one continuous field of view over the full experiment, determined from confocal-based
reconstructions. Data are mean ± SEM of n = 6 independent experiments (6 donors; median age 29 ± 9 years; 4 women). p < 0.01 (unpaired, two-
tailed, Student’s t-test).
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amino-3-hydroxy-5-methyl-4-isoxazolepropionic (AMPA) and
kainate [12, 38]. In comparison, NMDA has been shown to
increase Ca2+ concentrations inside platelets but inhibit platelet
aggregation in the presence of low concentrations of agonists [6,
7]. Competitive NMDAR antagonists, CPP and D-AP5 (3-[2-
carboxypiperazin-4-yl]propyl-1-phosphonic acid and D(−)-2-
amino-5-phosphonopentanoic acid, respectively) did not affect
platelet function [10, 12], likely because they needed to compete
with saturating concentrations of glutamate and other agonists. In
steady state plasma, glutamate concentrations range from 30 to
100 µM but rise >300 µM after platelet aggregation [12, 15, 39].
In our previous experiments, un-competitive NMDAR blockers
(MK-801 and memantine) inhibited platelet aggregation from 100

µM [10], and antibody effects described in this study are
consistent.

Our results do not diminish the importance of previous dis-
coveries by other investigators that AMPA and kainate receptors
regulate glutamate effects in platelets [12, 38]. In fact, our data
adds to the body of evidence that the glutamatergic system is
functional in platelets and involves all three types of ionotropic
glutamate receptors previously characterised in the brain (AMPA,
kainate and NMDA receptors). AMPA receptors (AMPARs) facil-
itate influx of Na+ across the plasma membrane both in neurons
and platelets, which causes depolarisation required for the
NMDAR activation [2, 12]. Because AMPARs act upstream of
the NMDARs, and AMPAR inhibitors abrogate platelet

Figure 6. Platelet binding of anti-GluN1-S2. (A) Platelets were washed and anti-GluN1-S2 binding examined before (black) and after (pink)
permeabilisation with IntraPrepTM. A representative scatter-plot is shown indicating percentages of platelets that bound anti-GluN1-S2 under these
conditions. (B) Unwashed platelets were activated with thrombin (0.1 U mL−1) or convulxin (100 ng mL−1) and tested for surface binding of anti-
GluN1-S2. (B.i) Bars showing percentages of activated platelets expressing surface GluN1 under conditions of activation as indicated (n = 3–5 per
group; 5 donors; median age 31 ± 9 years; 3 women). Thr, thrombin; Cxn, convulxin; Int, integrilin. Statistical significance is shown (*p < 0.05, **p <
0.01; one-way ANOVA with Dunnett’s post-hoc). (B.ii) Representative examples of flow cytometry scatter-plots demonstrating preferential binding of
anti-GluN1-S2 on the subpopulations of activated platelets. (C) Representative GluN1 immunocytochemistry images showing: (C.i) diffuse and
punctate intracellular GluN1 staining in platelets not previously exposed to an agonist (grey arrowhead); (C.ii) enhanced but still predominantly
intracellular GluN1 staining in activated platelets (black arrowheads; a white arrowhead points to the surface of a platelet); (C.iii) strong GluN1
staining on the surface of small platelet aggregates (arrows). Scale bars: 10 µM. (D) Western blots showing binding of anti-GluN1-S2 to the 120 kDa
platelet protein consistent with full-length GluN1 (arrow); marked reduction in binding is seen after the antibody was pre-absorbed with recombinant
GluN1 peptides. NP, not pre-absorbed; P, pre-absorbed; 2 refers to a biological repeat.
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aggregation [12], we could not reliably determine additional
effects of anti-GluN1-S2 in the presence of AMPAR inhibitors.
We will pursue potential independent roles of AMPARs and
NMDARs in transgenic mice with platelet-specific NMDAR dele-
tion that we recently generated (data not shown). This transgenic
mouse model will also allow us to determine if NMDAR modula-
tion affects surface expression of major platelet glycoproteins, as
short-term in vitro experiments with the antibody incubations
cannot rule out such changes.

Our study also has other limitations. We have not examined
thrombosis and haemostasis in GluN1-vaccinated rats nor tested
effects of anti-GluN1-S2 in a stroke model. The stroke protective
effects of anti-GluN1 antibodies were concluded from previous

studies, including our own [21, 28, 29]. The mechanism through
which anti-GluN1 antibodies regulate platelet function was mod-
elled, but remains to be empirically tested.

We observed that binding of anti-GluN1-S2 on the surface
of platelets required strong activation. The exact trigger for
GluN1 externalisation is however unknown, as anti-GluN1-S2
bound only on a very small proportion of CD62P-positive
platelets. Recent work revealed that upon strong activation,
subpopulations of platelets become necrotic providing procoa-
gulant surface for thrombus formation [32]. Considering that
NMDAR overactivation links with necrosis in neurons [19, 20],
studies into a similar link in activated platelets may be
informative.

Figure 7. Characterisation of the anti-GluN1-S2 epitope. Sequence alignments of human GluN1-S2 against mouse and rat GluN1 (A) and against other
human GluN2 and GluN3 proteins (B). The following NCBI accession numbers were used: NM_007327.3 (human GluN1), X63255.1 (rat GluN1),
NM_008169.3 (mouse GluN1), NM_000833.4 (human GluN2A), NM_000834.3 (human GluN2B), NM_000835.4 (human GluN2C), NM_000836.2
(human GluN2D), NM_133445.2 (human GluN3A) and NM_138690.1 (human GluN3B). Arrows mark β-strands, rectangles α-helices, stars indicate
glycine-interracting residues (orange for GluN1-S1 and blue for GluN1-S2; designated as in [35]). The epitope of anti-GluN1-S2 co-localises with α-
helix H (framed in pink). (C) Two GluN1-S1S2 crystal structures are superimposed: 1PB7 (active GluN1 conformation; apple green) and 1PBQ
(inactive GluN1 conformation; light blue). The anti-GluN1-S2 epitope is shown in pink on the inactive GluN1 structure. The front view of α-helix H
emphasises the conformational rearrangement that occurs upon glycine (Gly) binding (α-helix H relocates upwards – cf upper green with lower pink-
on-blue).
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The functional effects of anti-GluN1-S2 antibodies we found
include interference with dense granules release and induction of
platelet disaggregation. Under arterial shear rates (1800 s−1), anti-
GluN1-S2 restricted thrombus growth resulting in smaller and less
stable thrombi. These effects are important in ischaemic stroke. By
limiting thrombus growth and facilitating thrombus breakdown,
anti-GluN1 antibodies may help re-open cerebral arteries. Normal
activation of GP αIIbβ3 in the presence of anti-GluN1-S2 suggested
that NMDAR modulation spares resting platelets; however some-
what contrary to this, rats vaccinated withGluN1 hadmore bleeding.
Repeat venipunctures may have contributed to greater loss of blood
in vaccinated rats but a direct antibody effect on resting platelets
cannot be excluded.

Others [7] and we [10] have already shown that glutamate and
NMDA increase intra-platelet Ca2+ levels, implying that platelet
NMDARs operate as Ca2+ channels. Previous observations were
made in resting platelets, so likely underestimated NMDAR function-
ality; further testing of Ca2+ fluxes in activated platelets should be
more informative. The initial platelet activation culminates in the
release of Ca2+ stored in the dense tubular system (DTS) [40]. The
emptying of stores initiates store-operated Ca2+ entry (SOCE), pri-
marily through the interaction of STIM1 with Orai1 channels [41].
However, SOCE takes up to 15 s to be completed [42], and its lack
does not prevent prolonged Ca2+ influx, platelet activation [43–46] or
thrombin generation [47], indicating that other mechanisms of Ca2+

entry also exist and can compensate. Of those, P2X1, canonical
transient receptor potential 6 (TRPC6) and nicotinic cholinergic chan-
nels are known [48–50], but further mechanisms remain to be
elucidated.

We propose that the following sequence of events applies under
high shear rates. Stable adhesion of platelets to subendothelial col-
lagen requires early interactions through GP VI and α2bβ1, and to
von Willebrand factor through GP Ibα and αIIbβ3 [51]. The resultant
downstream signalling mobilises Ca2+ from the DTS, promoting
granule secretion followed by high-affinity interactions between GP
αIIbβ3 and fibrinogen. Thrombus growth and stability depend on
prolonged Ca2+ influx assisted by SOCE [44, 45, 51]. We speculate
that NMDARs contribute to SOCE supporting platelet activation and
thrombus growth but do not primarily interfere with earlier events of
platelet adhesion and aggregation. Such late NMDAR effects are of
clinical interest, as NMDAR inhibition may help restrict arterial

thrombosis without disturbing early haemostasis. Further studies to
determine mechanisms through which NMDARs contribute to Ca2+

homeostasis and thrombus growth are warranted.
In conclusion, anti-GluN1-S2 antibodies interfere with platelet

aggregation and thrombus formation under flow conditions,
which may help explain previously reported stroke-limiting
effects of anti-GluN1 antibodies in rodents and humans. Our
findings strengthen evidence that platelet NMDARs are func-
tional, justifying further work to examine NMDAR involvement
in platelet Ca2+ signalling and arterial thrombosis.
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