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Expression of a FunctionalN-Methyl-p-Aspartate—Type Glutamate Receptor
by Bone Marrow Megakaryocytes

By Paul G. Genever, David J.P. Wilkinson, Amanda J. Patton, Nicky M. Peet, Ying Hong,
Anthony Mathur, Jorge D. Erusalimsky, and Tim M. Skerry

Better understanding of hemostasis will be possible by the
identification of new lineage-specific stimuli that regulate
platelet formation. We describe a novel functional mega-
karyocyte receptor that belongs to a family of ionotropic
glutamate receptors of the N-methyl-p-aspartate (NMDA)
subtype responsible for synaptic neurotransmission in the
central nervous system (CNS). Northern blotting and reverse-
transcriptase polymerase chain reaction (RT-PCR) studies
identified expression of NMDAR1 and NMDAR2D type sub-
unit mRNA in rat marrow, human megakaryocytes, and
MEG-01 clonal megakaryoblastic cells. Immunohistochemis-
try and in vivo autoradiographic binding of the NMDA
receptor-specific antagonist MK-801 confirmed that mega-

tors in vivo. Western blots indicated that megakaryocyte
NMDAR1 was either unglycosylated or only glycosylated to
low levels, and of identical size to CNS-type NMDARL1 after
deglycosylation with endoglycosidase F/peptide-N-glycosi-
dase F. In functional studies, we demonstrated that NMDA
receptor activity was necessary for phorbol myristate ac-
etate (PMA)-induced differentiation of megakaryoblastic cells;
NMDA receptor blockade by specific antagonists signifi-
cantly inhibited PMA-mediated increases in cell size, CD41
expression, and adhesion of MEG-01 cells. These results
provide evidence for a novel pathway by which mega-
karyocytopoiesis and platelet production may be regulated.
© 1999 by The American Society of Hematology.

karyocytes expressed open channel-forming NMDA recep-

HROMBOPOIESIS FOLLOWS a complex sequence of type glutamate receptors was the megakaryocyte, which sug-
events beginning with megakaryocyte differentiation from gests a role for glutamate signaling in megakaryocyte matura-
pluripotent bone marrow stem cells and culminating with thetion and platelet formation.
release of platelets into the circulation from megakaryocyte Glutamate is the predominant excitatory amino acid in the
cytoplasmic fragmentsThe major regulator of this process is vertebrate CNS, mediating synaptic neurotransmission through
the c-Mpl ligand thrombopoietii:# In addition, a variety of  diverse ionotropic and metabotropic receptors. Three subtypes
pleiotropic hematopoietic growth factors acting on different of the ionotropic receptors have been describe@mino-3-
cells of the megakaryocytic lineage promote the growth andhydroxy-5-methyl-4-isoxazole propionate (AMPA), kainate,
maturation of megakaryocytésDespite these advances, the and NMDA glutamate receptors, which are classified according
precise cell-signaling events underlying the regulation of megato their pharmacologic responses to these agohiblisIDA
karyocytopoiesis are incompletely understood. receptors have received particular attention as principal partici-
In a recent study to investigate responses of bone cells tpants in synaptic plasticity, which is believed to underlie key
mechanical load in vivo, we identified a glutamate/aspartateneuronal events such as development, learning, and méaipry
transporter (GLAST), previously only detected in the centralin vivo, they function as a heteropentamer of NMDAR1
nervous system (CNS)GLAST performs an essential function subunits with one of the four structurally related NMDAR2
during glutamate-mediated synaptic neurotransmission by actsubunits (A, B, C, or D}! In addition, overstimulation of
ing as a high-affinity reuptake system to remove releasedNMDA receptors, causing excessive?Canflux, is thought to
glutamate from the synaptic cleft, thus preventing overstimula-promote neuronal degeneration and its clinical sequélabe
tion of postsynaptic glutamate receptors. The presence oNMDA-type glutamate receptors we have identified on mega-
GLAST in bone led us to hypothesize that glutamate signalingkaryocytes form open channels in vivo and have functional
may also have a function outside the CNS. To explore thisactivity in a human megakaryocyte-like cell line. These data
hypothesis initially, we have investigated the expression ofsuggest that an auxiliary glutamate-mediated signaling pathway
glutamate receptor types in bone and bone marrow. One cetihay be involved in the regulation of megakaryocytopoiesis.
type in bone marrow expressiihgmethylb-aspartate (NMDA)-
MATERIALS AND METHODS

From the Department of Biology, University of York, York; and The Cell culture. Culture media and supplements were obtained from
Wolfson Institute for Biomedical Research, University College London,GIBCO-BRL (Paisley, UK). MEG-01 cells were maintained in RPMI
Cruciform Project Laboratories, Rayne Institute, London, UK. 1640 medium (as supplied contains 140 pmol/L L-glutamate) supple-
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Medical Research Council, and Smith and Nephew. atmosphere. Differentiation was induced by culturing MEG-01 cells in
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charge payment. This article must therefore be hereby mdikeder- magnetic immunoselection technique (Milteny Biotec, Auburn, CA)
tisement”in accordance with 18 U.S.C. section 1734 solely to indicate and cultured in Iscove’s modified Dulbecco’s medium supplemented
this fact. with minimum essential amino acids, 100 U/mL penicillin, 100 pg/mL
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blood platelet-poor plasma, and 10 ng/mL thrombopoietin. After 14 Acetylcholinesterase activity was used to identify rat megakaryo-
days, megakaryocytic differentiation was assessed by flow cytometry asytes. Unfixed sections were incubated in 0.1 mol/L acetate buffer, pH
previously describeétt 6.0, containing 3 mmol/L copper sulfate, 5 mmol/L sodium citrate, 0.5

Reverse-transcriptase polymerase chain reaction and Northern blot-nmol/L potassium ferricyanide, and 0.5 mg/mL acetylthiocholine
ting. Total RNA was isolated from MEG-01 cells and bone marrow iodide, for up to 2 hours at room temperature in a humidified chamber.
using Trizol reagent (GIBCO-BRL). First-strand cDNA was synthe- The slides were then rinsed in buffer and fixed in 4% paraformaldehyde.
sized using Superscript RNase H reverse transcriptase (RT) (GIBCOFor colocalization with NMDAR1, acetylcholinesterase-stained sec-
BRL). The following polymerase chain reaction (PCR) primers were tions were blocked for 30 minutes with 10% goat serum (Vector
used: 3-AATGACCCCAGGCTCAGAAAC-3 and 5-TGAAGCC- Laboratories), then incubated with the primary NMDAR1 antibody
TCAAACTCCAGCAC-3, which amplify a product of 201 bp and (Pharmingen; 1 pg/mL overnight at 4°C). Antibody binding was
correspond to position 2001 to 2222 of rat brain NMDAR1 (accessiondetected by incubation with fluorescein isothiocyanate (FITC)-
no. U08261), 5AGGTGTTCTATCAGCGTG-3and 3-TGTAGCTGT- conjugated goat anti-mouse secondary antibody (Sigma; 1:100 dilution)
GCATGTCAG-3, which amplify a product of 619 bp and correspond for 45 minutes at room temperature and the mounted slides were viewed
to position 1570 to 2189 of rat brain NMDAR2D (accession no. under UV light illumination.

L31612), and 5GATGTCTTCCAAGTATGCGGA-3 and 3-GGG- For immunofluorescent localization of glutamate transporters on
AATCTCCTTCTTGACCAG-3, which amplify a product of 667 bp MEG-01 cells, cytospins were fixed in 4% paraformaldehyde for 5
and correspond to position 992 to 1658 of human NMDAR1 (accessiomminutes, blocked with 10% goat serum for 30 minutes, and rabbit
no. L05666). polyclonal antibodies against GLAST, GLT-1, and EAACL1 (provided

PCR was performed for 35 cycles of 94° for 30 seconds, 50°C for 30by Dr Jeffrey Rothstein, Johns Hopkins University, Baltimore, MD)
seconds, and 72°C for 30 seconds. The PCR products were subcloneeere applied to sections (0.1 to 0.5 pg/mL, overnight, 4°C). Antibody
into pCR11 using the TA cloning kitnvitrogen, Groningen, The Nether-  binding was identified using FITC-conjugated goat anti-rabbit second-
lands) or into pGEM-T (Promega, Southampton, UK), and sequencedry antibody (Sigma; 1:50 dilution) for 45 minutes, mounted, and
using the ABI 377 DNA sequencer (Perkin Elmer, Warrington, UK). viewed under UV illumination.

The cloned human NMDAR1 cDNA was used as a probe for Radioligand binding. Male rats (50 to 70 g) were injected intracar-
Northern blotting of RNA extracted from megakaryocytes derived from dially with 15 pg/kg (in 0.9% saline) of tritiated MK-801 ([34]-MK-
CD34" progenitor cells using the technique described earlier. Northern801; 23.9 Ci/mmol; Dupont NEN, Stevenage, UK), a specific noncom-
blots were performed using 2 pg total RNA extracted from cultures petitive NMDA receptor antagonist. After 15 minutes, the animals were
containing greater than 90% megakaryocytes. killed and flushed with saline by intracardiac perfusion until the tissues

Western blotting. Brain homogenates and MEG-01 cells were lysed were blanched, to remove unbound ligand. To control for nonspecific
in 50 mmol/L Tris, 10% glycerol, 1 mmol/L EDTA, 0.5 mmol/L labeling, three rats were injected intracardially with a 60-fold excess of
dithiothreitol (DTT), 1% sodium dodecyl sulfate (SDS), and separatedcold MK-801 (1 mg/kg dizocilipine maleate; Research Biochemicals
by SDS-polyacrylamide gel electrophoresis (PAGE). Western blottinglnternational, Natick, MA) 15 minutes before administration of radiola-
was performed using a monoclonal antibody against NMDAR1 (clonebeled MK-801. Tissues were then rapidly removed, frozen, and sections
54.1; Pharmingen, San Diego, CA). This antibody identifies an extracelcut as described previously.
lular peptide sequence that is conserved among NMDARL1 splice Sections were dehydrated through graded alcohols, dipped in EM-1
variants. Deglycosylation was achieved by preincubating samples witlemulsion (Amersham International, Little Chalfont, UK), and cooled on
endoglycosidase F/peptidéglycosidase F (Oxford Glycosystems, an ice tray for 30 minutes. They were then air-dried in desiccated
Abingdon, UK) for 18 hours at 37°C. light-tight boxes at room temperature for 4 hours, and finally exposed at

Immunolocalization. Adult rat ulnae and neonatal rat tibiae used for 4°C for up to 24 weeks. Sontel-MK-801-labeled tissue sections were
immunolocalization studies were dissected out, dipped in 10% poly-subjected to the NMDAR1 immunoperoxidase localization protocol
vinyl alcohol (PVA) (Sigma, Poole, UK), and immediately frozen in described earlier, before dipping in emulsion.
chilled n-hexane{70°C). The tissues were mounted in 10% PVA on  Flow cytometry. CD41 (GPIIb/llla) expression on MEG-01 cells
brass chucks and 5- to 7-um sections were cut using a Brights cryostatas determined following PMA treatment in the presence or absence of
(Brights Instrument, Huntington, UK). Sections were collected on 100 pumol/L MK-801, using flow cytometry and anti-human CD41
Vectorbonded slides (Vector Laboratories, Peterborough, UK) andmonoclonal antibody (clone 5B12; Dako, High Wycombe, UK), which
stored at—35°C until use. Before immunolocalization, the sections identifies glycoproteins IIb and Illa. MEG-01 cells (1 to610F cells)
were fixed in 4% paraformaldehyde for 5 minutes and endogenousvere centrifuged, washed in cold phenotyping buffer (PB; calcium and
peroxidase activity depleted with 3% hydrogen peroxide (Sigma) for 30magnesium-containing PBS with 0.1% bovine serum albumin), and
minutes. A further preincubation was performed with 10% normal horseblocked with PB containing 1 pg/mL normal rabbit IgGs for 10 minutes.
serum (Vector Laboratories) for 30 minutes to block nonspecific Following centrifugation, the cells were incubated with anti-human
antibody binding. The sections were incubated for 30 minutes withCD41 (1:100 dilution) in 100 pL PB for 30 minutes on ice. Following
anti-NMDAR1 monoclonal antibody (Pharmingen; 1 pg/mL) followed washing with PB, 50 pL goat anti-mouse FITC-conjugated secondary
by biotinylated horse anti-mouse secondary antibody (Vector Laboratoantibody (Sigma; 1:100 dilution) was added and the cells were
ries; 1:200 dilution) for 10 minutes and avidin-biotinylated-peroxidase incubated for a further 30 minutes on ice. After a final wash with PB, the
reagent (ABC Elite, Vector Laboratories; 1:50 dilution) for 15 minutes. cells were resuspended in 1 mL PB for analysis. FITC control samples
Peroxidase activity was visualized with 0.5 mg/mL 3, 3'-diaminobenzi- were treated identically except that they received the same concentration of
dine (Sigma) and 0.3% hydrogen peroxide as substrate. All dilutionsnormal mouse IgGs in place of primary antibody. Live cells were analyzed
were made up in phosphate-buffered saline (PBS), pH 7.4, andvith a Coulter XL flow cytometer (Coulter, Miami, FL) using light-scatter
incubations were performed at room temperature with three PBSparameters. The percentage of CD4Ells was evaluated according to an
washes between each incubation. Negative controls received the sanfiéTC gate set at 1% on samples stained with the control antibody.
concentrations of normal mouse IgGs (Vector Laboratories) in place of Similar experiments were repeated using an antibody that recognizes
primary antibody. Some sections were counterstained with hematoxylira different epitope on the GPIIb/llla complex. FITC-conjugated mono-
before mounting in glycerol/PBS. Similar immunolocalizations were clonal antibody Y2/51 (Dako), which detects the megakaryocytic
performed on blood and marrow smears from normal human subjectfineage-specific antigen CD61 (glycoprotein llla), was used as previ-
and on cytospins of MEG-01 cells. ously described?*Antigen expression was determined using a FACScan



2878 GENEVER ET AL

Fig 1. Expression of NMDA receptor subunits by
megakaryocytes. RT-PCR amplified products for the
NMDAR1 (A) and NMDAR2D (B) receptor subunit
from rat bone marrow; NMDAR2A-C were identified
in brain only (B). (C) RT-PCR confirmed expression of
NMDAR1 (NR1) and NMDAR2D (NR2D) subunits by
MEG-01 cells. (D) Northern blot analysis of total RNA
(2 pg) from primary human megakaryocytes using
an NMDARL1 probe, which identified a 4.4-kb mRNA
species. (E) Western blot analysis of NMDAR1 pro-
tein in rat cerebellum, MEG-01 cells (cultured in the
100KDansdp ! absence or presence of 10~7 mol/L PMA for 3 days)
and N-deglycosylated rat cerebellum. CNS-type NM-
DAR1 was of expected size,!” 116 kD, which was
reduced to ~100 kD following N-deglycosylation.
=188 Major MEG-01 NMDARL1 protein bands were de-

ﬁ-actin@ tected at ~100 kD, matching N-deglycosylated CNS-
type NMDARL1 size.

D

4=28S

NMDAR1
4.4kbr 116KDammlp-

instrument and Lysis Il software (Becton Dickinson, Mountain View, receptor subunits NMDAR1 and NMDAR2D of predicted size
CA). Light-scatter parameters were used to exclude dead cells. Relativgrig 1A and B). In agreement with these results, amplification of
antigen expression was estimated on live cells using the mediafgy\\iDAR1 and NMDAR2D using cDNA from the human
fluorescence intepsity. The fluorescence of F:ells stained with a:]negakaryoblastic cell line, MEG-01, identified single products
frC-conugated opermatched control antibody was SUBACteG 667 bp and 619 bp, respectively (Fig 1C). RT-PCR did not
Adhesion assays.Adhesion assays were performed as described byIdentlfy expression of NMDAR2A, B, or C in rat marrow or
De Luca et d@F with minor modifications. Briefly, MEG-01 and cMK MEG-01 cells. All of the PCR products showed 100% sequence
cells (2 x 10° cells/mL) were cultured in 96-well plates with and homology with corresponding CNS-type NMDA subunits.
without PMA (107 mol/L) for 72 hours in the presence of varying NMDA receptor mRNA expression was confirmed on Northern
concentrations (0 to 100 pmol/L) of MK-801 or the competitive blots of total RNA derived from primary human megakaryo-
glutamate receptor antagonist D-AP5 (D(-)-2-amino-5-phosphonopencytes. As shown in Fig 1D, the NMDAR1 probe hybridized to
tanoic acid; Research Biochemicals International). Medium was thergn mRNA species of approximately 4.4 kb, which matched the
removed and the wells were rinsed three times with PBS to remove;j,a of 5 previously identified NMDARL transcrifftWestern
nonadherent cells. Adherent cells were fixed in 70% ethanol (15blots of cell lysates from MEG-01 cells showed the presence of

minutes) and stained with 0.5% crystal violet (25 minutes), followed by ~ . tein bands of imatelv 100 kD ding t
extensive washing with water to remove unbound dye. Dye was eluted@Or protein bands of approximately corresponding to

by the addition of 50% ethanol/0.1 mol/L sodium citrate, pH 4.2. the size of dgglycosylated CNS-typg NMDARL (Fig 1E). Since
Absorbances were measured on a plate reader (Dynatech MR500ONMDAR2D is the least characterized of CNS NMDA-type
Dynatech, Billingshurst, UK) at 570 nm. subunits, and no anti-NMDAR2D antibodies yet exist commer-
The methylthiotetrazole (MTT) assay was used to determine celicially, our immediate studies concentrated on investigating the
viability.16 Briefly, parallel cultures were grown as described earlier in localization and expression of NMDARL in megakaryocytes.
phenol red-free RPMI 1640 growth medium. After 72 hours, MTT Megakaryocytes express NMDARL1 protein in vivepecific
(3-[4,5-dimethylthiazo_l-2-y|]-2,5-dipher_1yltetrazolium bromidg; Thi_a- NMDAR1 immunoreactivity was observed on megakaryocytes
zol blue; S|_gma) solution was added directly to_the wells to give af|na|in sections of neonatal and adult rat bone (Fig 2A) and spleen
concentration of 1 mg/mL and_the plates were |ncqb_ated for a further 3(data not shown). Positive staining was also detected on
hours. The cells were lysed with 0.05N HCI containing 10% SDS and :
absorbances read at 570 nm. megakaryocytes in smears of mouse and human marrow on
Statistical analysis. Where indicated, significant differences were human platelets and. on. CytOSp'r_‘S of MEG-01 cells (Fig 2C
determined using Studentsest, as described in the text. through E). Colocalization studies showed that NMDAR1
staining was present only on acetylcholinesterase-positive cells,
and that all acetylcholinesterase-positive megakaryocytes dis-
Expression of NMDA receptor subunits in ex vivo—generatedblayed NMDARL1 staining regardless of stage of maturation
megakaryocytes and megakaryoblastic celBCR of cDNA  (Fig 2F and G). Intense immunostaining for the glutamate
from rat marrow amplified single products for the NMDA transporter GLAST was seen on MEG-01 cells (Fig 2H),

RESULTS

Fig2. Immunolocalization of NMDAR1 on megakaryocytes. (A) Cryosection of rat bone indicating intense NMDAR1 immunoreactivity (brown
reaction product) on bone marrow megakaryocytes (arrows). (B) Antibody control, hematoxylin counterstain. Positive immunostaining was also
identified on human megakaryocytes (C, arrow), human platelets (D, arrows), and MEG-01 cells (E). (F and G) Colocalization studies showed that
cells displaying NMDAR1 immunofluorescence in rat bone marrow (F, arrow) were acetylcholinesterase-positive (G, arrow). (H) MEG-01 cells
demonstrated strong immunostaining for the glutamate transporter, GLAST. () MEG-01 antibody control. Original magnification: A and B, x250;
C, D, and E, x1,000; F and G, x500; H and I, x200.

Fig 3. Binding of the specific NMDA channel blocker, MK-801 to megakaryocytes in vivo. Autoradiography studies localized *H-MK-801,
identified as numerous black silver particles (A, arrows) to NMDARZ1-positive (brown staining) megakaryocytes in rat ulna cryosections. Ligand
binding was displaced by excess cold MK-801 (B). Original magnification x 1,000.
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Fig4. Effect of the NMDA channel blocker, MK-801, on CD41 (GPIIb/llla) expression by MEG-01 cells. Charts show flow cytometric analyses of
CD41 expression by (A) untreated MEG-01 cells, (B) MEG-01 cells treated with PMA (10-7 mol/L), and (C) MEG-01 cells treated with PMA (10-7
mol/L) and MK-801 (10~* mol/L) for 3 days. Representative contour plots are shown indicating forward-scatter (FS, cell size) against CD41-FITC
fluorescence (FL1). Events lying within the F gate indicate CD41 positivity. PMA-stimulated increases in cell size and CD41 expression (compare A
and B) are reduced in the presence of MK-801 (C). See Table 1.

although expression of the related transporters, GLT-1 andsPllla expression in PMA-stimulated cultures of MEG-01 cells
EAAC1, was not observed on these cells. (Fig 5).

Radioligand binding demonstrates open NMDA receptor In addition, we investigated the effect of NMDA receptor
channels. MK-801 binds specifically to channel-forming blockade on MEG-01 cell adhesion. It was found that PMA
NMDA receptors in the CNS. As shown in Fig 3A, when markedly increased MEG-01 adhesion, and that this effect was
animals were injected with3f]-MK-801, and binding was significantly inhibited P < .005) by MK-801 in a dose-
examined in bone marrow sections, prominent radioactivity wasdlependent manner (Fig 6A). In addition, another NMDA
detected on bone marrow megakaryocytes, which colocalizedeceptor antagonist, D-AP5, which competitively blocks gluta-
with NMDARL1 antibody staining. The number of developed mate binding to receptors, also caused a significBnt (.01)
silver grains present on megakaryocytes was markedly reduceidhibition of PMA-mediated adhesion (Fig 6B). MK-801 and
when the animals were pretreated with an excess of cold
MK-801 (Fig 3B).

Functional studies. MEG-01 cells undergo further differen- 120
tiation when treated with PMA3 As shown earlier, these cells £
were found to express NMDA receptor subunits by RT-PCR g2 100
(Fig 1C) and Western blotting (Fig 1E) and immunostaining % %
(Fig 2E). Having demonstrated that megakaryocytes bindE g g .
MK-801 in vivo, a specific noncompetitive antagonist of the \?, 8
CNS-type NMDA receptor, we investigated the effect of this in %g 60 -
MEG-01 cells. 28
Flow cytometric analyses showed that 100 pmol/L MK-801 § S
inhibited PMA-mediated increases in cell size and CD41 §% 40 1
(GPIIb/llla) expression. Thus, in the presence of MK-801, ;%
mean forward scatter was significantly reduced from 480 to 3265 8 20 A
nm (P < .05), and CD41 events from 34% to 2098(< .005) o
(Fig 4 and Table 1). To confirm these observations further, 0 -
experiments were repeated using an alternative antibody recog °<<‘S°\ @# N QQ\*‘ Q@“\ %@;“\
nizing a different epitope on GPIllla. These studies again 5 ((\09 Q\(’ & © Q\(‘
demonstrated that MK-801 caused a 30% to 55% inhibition of \%‘(\\"o ?30 x“&"b “\4.3’ “\qﬁ
X X
¢ & W

Table 1. Effect of MK-801 (100 wmol/L) on PMA-Stimulated Increases

in Size and CD41 (GPIIb/llla) Expression of MEG-01 Cells Fig 5. Effect of MK-801 on GPllla expression in MEG-01 cells.
MEG-01 cells were incubated in the presence of the indicated

Treatment Mean Forward Scatter* CD41* Events (%)

compounds for 3 days. Results expressed as percentage of the
None 294.2 = 2.8 (4) 1.1 +0.1(3) increase in the median fluorescence intensity observed in the pres-
+PMA 479.6 = 36.7 (4) 33.9 +05(3) ence of PMA alone. Addition of the PKC inhibitor GF109203X (3
+PMA + MK-801 326.0 = 1.9 (4)t 19.8 + 0.7 (3)f pmol/L) was used as a positive control and fluorescence intensity of

samples not treated with PMA was subtracted from values obtained
*Mean values = SEM; number of replicates in parentheses. in the presence of PMA. Results indicated that 50 to 150 pmol/L
Statistically significant differences were observed (1P < .05 and MK-801 caused a 30% to 55% inhibition of PMA-induced increase in

P < .005) vPMA-stimulated MEG-01s in the absence of MK-801. GPllla expression.
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Fig 6. Effect of NMDA receptor antagonists on MEG-01 adhesion.
MEG-01 cells were cultured in the absence (M) or presence ((J) of PMA
(10-7 mol/L). (A) The noncompetitive antagonist, MK-801, and (B) the
competitive antagonist, D-AP5, caused significant dose-dependent
inhibition of PMA-stimulated adhesion. MTT assays of parallel cul-
tures indicated that MK-801 (C), and D-AP5 (D), had no effect on cell
numbers or viability. Values are means = SEM (n = 4). *P < .05, **P <
.01, ***pP < .005 v controls (t-test).

D-APS5 did not affect cell numbers or viability in MTT assays of
parallel cultures (Fig 6C and D).

To rule out the possibility that the inhibition of PMA-induced
adhesion was a characteristic of this particular cell line, th

effect of MK-801 was also investigated in another megakaryo-

cytic cell line. Figure 7 shows that treatment of CMK cells with
1 to 100 umol/L MK-801 caused a significar®® (< .005)
dose-dependent inhibition of PMA-mediated cell attachment.
DISCUSSION
Identification of additional regulatory signals governing

megakaryocyte maturation and platelet release is fundament
to our understanding of thrombopoiesis. Megakaryocytic expres-
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Fig 7. Effect of the NMDA receptor antagonist, MK-801 on CMK
adhesion. Treatment of CMK cells with various concentrations of
MK-801 in the absence (M) or presence (O) of PMA (10-7 mol/L)
caused a significant dose-dependent inhibition of PMA-induced adhe-
sion. Values are means = SEM (n = 4). *P < .05, ***P = .001 vcontrols
(t-test).
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sion of an NMDA-type glutamate receptor provides evidence
for an additional level of control in this regulatory hierarchy.
Although NMDA receptors are concentrated at CNS synaptic
junctions, expression outside the CNS is not without precedent.
Similar functional receptors have been described in guinea pig
ileum, rat adrenal gland, islet cells of rat pancr&%8and bone
cell$5, indicating that glutamate receptors may have a more
widespread distribution, including some nonneuronal periph-
eral tissues. Megakaryocytes are not classical excitable cells,
yet they interact directly with several peripheral neurotransmit-
ters. They express receptors, and display storage and transporter
mechanisms for serotonin (5-HFF°mimicking central seroton-
ergic neurond! and megakaryocytes interact with dopamine in
a similar mannet?33Receptors for vasoactive intestinal peptide
have been demonstrated on megakarocytes and plételats

the same cells express neuropeptidev. addition, megakaryo-
cytes synthesize acetylcholinesteré&s&which may play a role

in megakaryocytopoiesialthough classically it is responsible
for terminating cholinergic neurotransmission at central and
peripheral synapses, by hydrolyzing acetylcholine. It is note-
worthy that the codistribution of acetylcholinesteragiéh gluta-
mate receptors at noncholinergic synaptic junctions enhances
glutamate-mediated signaligg?°possibly through direct inter-
action with NMDA receptoré! and such synergy may also
operate in megakaryocytes. Similarly, activation of serotonin
5-HT2 receptors, which can stimulate growth and colony
formation in megakaryocyteé§, also enhances ion currents
through isolated NMDA receptor channéfs.

Our findings may help to reinterpret the observation that
platelets express a high-affinity binding site for the NMDA
receptor antagonist phencyclidifieét* Results from those stud-
ies suggested that this binding site was not related to CNS
NMDA receptors. In contrast, in this work we have provided
compelling evidence for functional megakaryocyte NMDA
receptors. Furthermore, we have observed immunoreactivity for
NMDAR1 on platelets.

The NMDA receptors expressed by megakaryocytes are open
channel-forming structures, as evidenced by their binding of

é\{IK-SOl, which cannot bind to closed channels, confirming in

vivo functionality. It is likely that these receptor complexes are
composed predominantly of NMDAR1-type subunits, although
our finding that NMDAR2D-type subunit transcripts are also
expressed suggests that native megakaryocyte NMDA receptors
form as heteromeric assemblies of NMDAR1/NMDAR2D
subunits, consistent with current theories regarding NMDA
receptor assembly in central neuroA®&n interesting observa-
tion is that the level of glycosylation in megakaryocyte NMDA
receptors is reduced or absent compared with CNS-type,
although the functional significance of this is not entirely clear.

It may be that the enhanced stability that carbohydrate moieties
would provide to NMDA receptors in the synaptic membrane,
where precise orientation and localization is essential, is
deemed unnecessary in megakaryocytes, which display evenly
distributed receptors across their cell surfaces, susceptible to
multidirectional agonist stimulation.

The finding that NMDA receptors are present on bone
marrow megakaryocytes is highly suggestive that glutamate-
like signaling mechanisms are important for these cells. This
view is reinforced by our recent finding that in vivo, megakaryo-
cytes exist in intimate contact with cells bearing the glutamate
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transporter proteins GLT-1 and GLAST, which are found on Oort PJ, Grant FJ, Heipel MD, Burkhead SK, Kramer JM, Bell LA,
mononuclear bone marrow cells and osteoblasts, respeciivelySpreacher CA, Blumberg H, Johnson R, Prunkard D, Ching AFT,
These transporters are essential requirements for function&flathewes SL, Bailey MC, Forstrom JW, Buddle MM, Osborn SG, Evans
glutamate-mediated communication; at CNS synaptic junC—S‘J’ Sheppard PO, Presnell SR, O’Hara PJ, Hagen FS, Roth GJ, Foster
tions, they initiate the reuptake of released glutamate intd?C: Cloning and expression of murine thrombopoietin cDNA and
nearby cells, terminating neurotransmissteFurthermore, we stimulation of platelet production in vivo. Nature 369.:565, 1994

have demonstrated expression of NMDA-type glutamate recep; 4. Kaushansky K, Lok S, Holly RD, Broudy VC, Lin N, Bailey MC,

o . orstrom JW, Buddle MM, Oort PJ, Hagen FS, Roth GJ, Papayannopou-
tors by osteoblasts and osteocl&@8tspinting to the existence of . . 9 apay P
f . . . lou T, Foster DC: Promotion of megakaryocyte progenitor expansion
a multicellular glutamate signaling pathway in bone.

. and differentiation by the c-Mpl ligand thrombopoietin. Nature 369:
Megakaryocyte-like MEG-01 cells also express NMDA ggg 1994

receptors and GLAST, Sugggsting that autocrine glutamate 5. Wendling F, Han Z-C: Positive and negative regulation of
signaling pathways operate in these cell cultures. In vitromegakaryocytopoiesis. Baillieres Clin Haematol 10:29, 1997
studies with MEG-01 cells indicated that functional NMDA 6. Mason DJ, Suva LJ, Genever PG, Patton AJ, Steuckle S, Hillam
receptors are necessary to allow these cells to progress througtn, Skerry TM: Mechanically regulated expression of a neural
PMA-induced differentiation. The differentiation-promoting ef- glutamate transporter in bone: A role for excitatory amino acids as
fects of PMA are believed to be achieved through activation ofosteotropic agents? Bone 20:199, 1997
protein kinase C (PKCY4647There is substantial evidence that ~ 7- HoI_Iman M, Heinemann S: Cloned glutamate receptors. Ann Rev
NMDA receptor activity is regulated by PK&52 and that ~ Neurosci17:31,1994 _ o
NMDA ion currents are positively modulated by phorbol 8. C_olllngrl(_ige GL, Singer W: Exmtatgry amino acid receptors and
estergl05153541t is possible therefore, that PMA-induced PKC SYNaptic plasticity. Trends Pharmacol Sci 11:290, 1990

o . ’ Lo 9. Bliss TV, Collingridge GL: A synaptic model of memory:
activation may stimulate NMDA receptor activity in MEG-01 L . .

. . . g . Long-term potentiation in the hippocampus. Nature 361:31, 1993

cells to promote their differentiation. This is consistent with our

™ . . 1 . 10. Collingridge GL, Bliss TV: Memories of NMDA receptors and
finding that PMA-stimulated increases in cell size and CD41| 1p Trends Neurosci 18:54, 1995

expression by MEG-01 cells were significantly reduced by 11 Monyer H, Sprengel R, Schoepfer R, Herb A, Higuchi M, Lomeli
blockade of NMDA receptors with the specific antagonist, 4, Burnashev N, Sakmann B, Seeburg PH: Heteromeric NMDA
MK-801 (Figs 4 and 5). Increased adhesiveness is an additionakceptors: Molecular and functional distinction of subtypes. Science
feature of PMA-induced differentiation of megakaryoblastic 256:1217, 1992
cell lines and primary megakaryocytés® The striking effect 12. Choi DW: Glutamate neurotoxicity and diseases of the nervous
that MK-801 and D-AP5 had on inhibiting PMA-stimulated system. Neuron 1:623, 1988
MEG-01 adhesion suggests that one of the primary actions of 13. OguraM, Morishima'¥, Okumura M, Hotta T, Takamoto S, Ohno
megakaryocyte NMDA receptors may lie in regulating cell-cell R Hirabayashi N, Nagura H, Saito H: Functional and morphological
and cell-matrix adhesion, both critical elements of megakaryo_dlfferennatlon induction of a megakaryoblastic leukemia cell line
cyte and platelet function. AB1-integrins are likely mediators (Meg-01s) by phorbf)l esters. Blood 72:49, 1988 ) R
. . . . 14. Hong Y, Martin JF, Vainchenker W, Erusalimsky JD: Inhibition
of PMA-induced adhesion of erythroleukemia cell likéshe o S L
; . . of protein kinase C suppresses megakaryocytic differentiation and
rglatlonshlp betwee_n megakaryocyte NMDA re_ceptor aCtlva's_timulates erythroid differentiation in HEL cells. Blood 87:123, 1996
tion and the expression of these and other adhesion moleculesis 5 pe | yca M, Tamura RN, Kajiji S, Bondanza S, Rossino P,
currently being investigated. Cancedda R, Marchisio PC, Quaranta V: Polarized integrin mediates
This work demonstrates that megakaryocytes express ionGmuman keratinocyte adhesion to basal lamina. Proc Natl Acad Sci USA
tropic receptors that have distinct similarities to NMDA-type 87:6888, 1990
glutamate receptors of the CNS, although detailed pharmacoki- 16. Mossman T: Rapid colorimetric assay for cellular growth and
netic studies have not yet been performed. The strong implicaapplication to proliferation and cytotoxicity assays. J Immunol Methods
tion that these receptors are involved in megakaryocyte adhef5:55, 1983
sion and differentiation stimulates further research to determine 17- Moriyoshi K, Masayuki M, Ishii T, Shigemoto R, Mizuno N,

the precise physiologic role of megakaryocyte NMDA recep- Nakanishi S: Molecular cloning and characterisation of the NMDA
tors receptor. Nature 354:31, 1991

18. Shannon HE, Sawyer BD: Glutamate receptors of the N-methyl-
D-aspartate subtype in the myenteric plexus of the guinea pig ileum. J
Pharmacol Exp Ther 251:518, 1989
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