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Abstract
Abstract
Human megakaryocytes were previously shown to release glutamate and express glutamategated Ca2+-permeable N-methyl-D-aspartate receptors (NMDARs). Their involvement in
megakaryocytic maturation has been shown in 2003 but details remain limited. The
importance of Ca2+ homeostasis in malignant megakaryocytes has been further highlighted
only in 2013 through the discovery of Calreticulin mutations in approximately 30% of
patients with megakaryocytic neoplasias. The role of Ca2+ and glutamate pathways in
megakaryocytic malignancies remains unknown but their oncogenic potential has already
been demonstrated in other cancers.
The main objective of this thesis was to characterise the functional role of NMDARs in both
normal and leukaemic megakaryocytes. Most of our studies were conducted using three
human megakaryocytic cell lines, Meg-01, Set-2 and K-562 that served as models of
leukaemic megakaryoblasts. We have characterised NMDAR expression and function as a
Ca2+ ion channel in these cells. NMDAR contribution to cell growth and differentiation was
examined using well-established NMDAR antagonists (memantine, MK-801, AP5 and
riluzole) and agonists (glutamate and NMDA). Cells from patients with megakaryocytic
cancers were also used to confirm NMDAR expression. The second part of this thesis used
normal mouse megakaryocytes in primary cultures to examine NMDAR contribution to
normal megakaryocytic maturation.
We found that megakaryocytic leukaemia cells (cell lines and patient-derived) expressed a
range of NMDAR subunits, but their combinations differed from normal human
megakaryocytes and the brain, suggesting distinct properties of megakaryocytic NMDARs
and their deregulation in the context of malignancy. Megakaryocytic NMDARs were
functional, contributing Ca2+ entry in Meg-01 cells and amplifying Ca2+ responses to
adenosine diphosphate (a known regulator of megakaryocytic maturation). We found that
NMDAR agonists increased and NMDAR antagonists reduced growth and proliferation of
Meg-01, Set-2 and K-562 cells. Unexpectedly, NMDAR antagonists also facilitated
differentiation of leukaemic cells in culture. In contrast to the pro-differentiating effect of the
NMDAR inhibition in leukaemia cell lines, NMDAR antagonists inhibited megakaryocytic
differentiation of normal mouse megakaryocytes in three primary culture systems: bonemarrow explants, CD41-enriched and lineage-depleted cultures.
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Finally, NMDAR inhibition was associated with distinct cytoplasmic vacuolation in both
leukaemic and normal cells. This was shown not to be due to apoptosis; the nature and
significance of this phenomenon will require further elucidation.
In conclusion, functional NMDARs support growth of leukaemic megakaryocytes but are not
required for leukaemia cells differentiation. In contrast, in normal mouse megakaryocytes,
active NMDARs were required to support cell differentiation. These opposing effects of the
NMDAR inhibition in normal and leukaemic megakaryocytes suggest that Ca2+ pathways
may be subverted in cancerous megakaryocytes away from differentiation towards
proliferation. Our results contribute new insights into the importance of glutamate-mediated
Ca2+ pathways in megakaryocytic cells, suggesting novel ways to manipulate
megakaryocytic differentiation and treat megakaryocytic cancers.
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Chapter 1: Introduction
1.0 Context of this thesis
1.1 Megakaryocytic disorders: short clinical overview
Despite tremendous progress towards better understanding of leukaemia biology, the
effectiveness of anti-leukaemic therapies remains unsatisfactory. In New Zealand, blood
cancers are the fifth most common cancer and it is estimated that about 10,000 people are
living with a form of blood cancer or a related malignancy (Leukaemia, 2015). Acute
megakaryocytic leukaemia (AMKL) represents a rare subtype of an acute myeloid leukaemia
(AML) that affects the megakaryocytic lineage (Jayasudha et al., 2015) (Hahn et al., 2015).
In the French-American-British (FAB) classification, AMKL has been classified as AML-M7
(Mathur, Joshi, Singh, & Singh, 2011). This classification has now been superseded but the
term remains in frequent use. The AMKL has two peaks of distribution, one in adults and
another in children 1-2 years of age (S. Sharma et al., 2009). AMKL represents 1-2% of
cases of adult AML, compared to 7-10% in children (S. Sharma et al., 2009). The overall
incidence of AMKL is 0.5 per million per year (Mathur et al., 2011). Children with Down
syndrome have a significantly increased risk of AMKL. In Down syndrome, AMKL accounts
for 50% of AML and occurs at a rate 500-fold higher than in the general population (Mateos,
Barbaric, Byatt, Sutton, & Marshall, 2015; Mathur et al., 2011). In New Zealand, 1 in 1000
live-born infants are affected with Down syndrome (Health, 2013). The association between
Down syndrome and AMKL emphasises the relevance of trisomy 21 for disease biology,
suggesting that trisomy 21 directly and functionally contributes to the neoplastic and
malignant transformation of haematopoietic cells toward the megakaryocytic lineage (Pelleri
et al., 2014). In addition, 4-10% of children with Down syndrome are born with transient
abnormal myelopoiesis typically derived from the megakaryocyte lineage, characterised by
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the presence of immature megakaryoblasts in the foetal liver and peripheral blood (Mateos et
al., 2015; Miyauchi, 2014). True AMKL develops in 20-30% of children with transient
abnormal myelopoiesis within 4 years (Ambey, Gaur, & Agarwal, 2013; Hahn et al., 2015).
The development of AMKL in Down syndrome has a big impact on survival of these
children as they tolerate chemotherapy poorly, compared with other children. The long-term
survival for the majority of Down syndrome-associated AMKL ranges from 74-91% (Ambey
et al., 2013) (Figure 1-1).

Figure 1-1: Overall survival of children with Down syndrome compared to AMKL.
Overall survival probability for children with Down syndrome (DS) and acute
megakaryocytic leukaemia (DS-AMKL), and children without DS and leukaemia other than
AMKL (non-DS non-AMKL), as well as AMKL (non-DS AMKL) (Figure adapted and
edited with permission from (O'Brien et al., 2008).

Outside of Down syndrome, AMKL may arise de novo, secondary to chemotherapy, or
progress from a proceeding myeloproliferative neoplasm or a myelodysplastic syndrome,
including a megakaryocytic blast crisis of chronic myeloid leukaemia (CML) (Pullarkat et
al., 2008; S. Sharma et al., 2009). CML is a type of a myeloproliferative malignant disorder
characterised by the Philadelphia (Ph) chromosome that results from the translocation
between chromosomes 9 and 22, leading to the oncogenic BCR-ABL fusion (Pullarkat et al.,
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2008). Megakaryoblastic crisis accounts for less than 3% of CML in transformation
(Pullarkat et al., 2008). AMKL may also develop from the transformation of Ph-negative
myeloproliferative neoplasms that include polycythaemia vera, essential thrombocytosis or
primary myelofibrosis, where atypical megakaryocytes contribute to disease biology
(Mercher et al., 2006). Novel treatment strategies are required to improve outcomes for
patients with AMKL and chronic myeloproliferative disorders. For this to happen we need a
better understanding of disease mechanisms.
1.2 Glutamate as a potential new modulator of megakaryocyte biology
Although best known for their neuronal functions, megakaryocytes and platelets appear to
use glutamate and their N-methyl-D-aspartate receptors (NMDARs) as a means of signalling
(P. G. Genever et al., 1999). Data on this is limited but pharmacologic modulation of
NMDARs affects platelet function and megakaryocyte maturation in vitro (Hitchcock,
Skerry, Howard, & Genever, 2003; Kalev-Zylinska et al., 2014). Aberrations in NMDARmediated glutamate signalling have been suggested to participate in the etiology of human
myeloproliferative and myelodysplastic malignancies; morphologically, myelodysplastic
megakaryocytes resemble effects of NMDAR inhibition (Hitchcock et al., 2003).
Dysregulation of NMDAR activation has been proposed to contribute to malignant
megakaryopoiesis (Zheng et al., 2008). Several well-known pro-cell survival or antiapoptotic pathways are activated downstream of the NMDAR, including ERK (extracellular
signal-regulated kinase) (Van Dongen AM 2008). Activation of these pathways increases
proliferation of a number of other cancer cell lines (Mehrotra A, 2015; Rzeski, Turski, &
Ikonomidou, 2001) and NMDAR inhibition suppresses their proliferation (Malsy et al., 2015;
M. P. C. Ribeiro, Nunes-Correia, Santos, & Custódio, 2014).
At this stage, little is known about megakaryocytic NMDARs and how they contribute to
megakaryocyte biology. Specifically, the underlying mechanisms of glutamate and NMDAR
contribution towards the malignant transformation of megakaryocytes remain speculative
(Skerry & Genever, 2001). Neuroscience can offer knowledge and tools to determine how
NMDARs contribute towards abnormalities in megakaryopoiesis.
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1.3 An overview of neuronal glutamate signalling
Glutamate is an essential amino acid that provides a negative charge in proteins, which plays
an important role in stabilising protein structure (Brosnan & Brosnan, 2012; Low & Wee,
2010). It was first identified in 1954 that glutamate has an excitatory role in the brain
(Hayashi, 1954; Verkhratsky & Kirchhoff, 2007). It is now widely accepted that glutamate
acts as a major excitatory neurotransmitter in the brain, assisting neuronal development,
differentiation, and synaptic plasticity (Hinoi, Takarada, Ueshima, Tsuchihashi, & Yoneda,
2004; Kalariti, Pissimissis, & Koutsilieris, 2005).
1.3.1 Glutamate signalling in the central nervous system
Glutamate is commonly derived from products of the tricarboxylic acid (TCA) cycle where it
is converted from aspartate by aspartate transaminase (J.-L. Yang, Sykora, Wilson Iii,
Mattson, & Bohr, 2011). The recycled glutamate is converted into glutamine by glutaminase.
Glutamate is packaged into presynaptic neurons and pumped into synaptic vesicles by
vesicular glutamate transporter (VGLUT) proteins (Rudy, Hunsberger, Weitzner, & Reed,
2015). Following depolarisation, these synaptic vesicles cluster and fuse with the presynaptic
plasma membrane, leading to the release of glutamate into the synaptic cleft (Niciu,
Kelmendi, & Sanacora, 2012; Rudy et al., 2015). Released glutamate diffuses across the
synaptic cleft and binds to glutamate receptors located in the extracellular membrane of the
post-synaptic cell, including NMDARs (Rudy et al., 2015; J.-L. Yang et al., 2011).
Glutamate binding to the NMDAR triggers an influx of Ca2+ and Na+ causing depolarisation
and activation of multiple signal transduction pathways and intracellular signalling cascades
downstream (J.-L. Yang et al., 2011). Glutamate is removed from the synaptic cleft by the
excitatory amino acid transporters (EAATs) (Rudy et al., 2015). The EAATs are mostly
localised in astrocytes (Featherstone, 2009; Masocha, 2015; Niciu et al., 2012). Glutamate is
taken up by astrocytes via EAATs which is then converted to glutamine and released into the
extracellular space (Masocha, 2015; Rudy et al., 2015). In response to repolarization,
glutamine is recycled back into the neurons and converted back into glutamate (Rudy et al.,
2015; J.-L. Yang et al., 2011). This recycling system helps to regulate extracellular glutamate
concentrations in order to prevent over-activation of glutamate receptors (Herman & Jahr,
2007) (Figure 1-2).
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Figure 1-2: Model of synaptic glutamate signalling.
VGlut, vesicular glutamate transporter; EAAT, excitatory amino acid transporter; NMDA, Nmethyl-D-Aspartate receptor; Glu, glutamate; Gln, glutamine. Glutamate concentration added
here from (Nedergaard, Takano, & Hansen, 2002). Figure adapted and reproduced with
permission from (Niciu et al., 2012).
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1.3.2 Glutamate signalling in peripheral tissues
Evidence accumulates that glutamate also signals in non-neuronal tissues; however, details
are poorly known (Hinoi et al., 2004). The signalling mechanism of glutamate in nonneuronal cells appears to also include a range of glutamate receptors; signal termination via
plasma glutamate transporters (EAAT1/GLAST, EAAT2/GLT-1, EAAT3/EAAC1, EAAT4,
and EAAT5); and signal output through vesicular glutamate transporters (VGLUT1,
VGLUT2 and VGLUT3) (Hinoi et al., 2004).
1.3.3 Glutamate signalling in the bone
Bone cells including osteoblasts, osteocytes and osteoclasts use glutamate for a variety of
homeostatic functions (Paul G. Genever & Skerry, 2000; Seidlitz, Sharma, Saikali, Ghert, &
Singh, 2009). Because bone creates an environment for adult haematopoiesis and
megakaryocytes are known to interact with bone cells, some information on glutamate
signalling in the bone will be provided here. A functional glutamate transporter GLAST
(EAAT1) was documented in osteoclasts (Cowan, Seidlitz, & Singh, 2012). Osteoblasts also
express EAAT1 and release glutamate into the bone microenvironment through a vesicular
pathway (Brakspear & Mason, 2012; Spencer et al., 2007). This encourages neighbouring
bone progenitors to differentiate and form bone (Spencer et al., 2007). EAAT3 and EAAT4
are also constitutively expressed by osteoblasts and osteoclasts (Hinoi et al., 2007), indicating
that levels of glutamate are tightly regulated in the bone environment (Figure 1-3) (Table 11).
Table 1-1: Summary of glutamate signalling components expressed by normal bone
cells.
Glutamate transporters Osteoclast
Osteoblast
Osteocyte
EAAT1 (GLAST1)
+
+
+
EAAT2
+
+
EAAT3
−
+
EAAT4
+
±
EAAT5
−
−
VGLUT1
+
+
VGLUT2
−
−
VGLUT3
−
−
Information has been taken from (Brakspear & Mason, 2012; Cowan et al., 2012; Traynelis
et al., 2010).
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Figure 1-3: Schematic illustration of the glutamate signalling in bone.
Legend has been provided. See text for details. Figure adapted with permission from (Spencer, McGrath, & Genever, 2007).
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1.3.4 Glutamate signalling in blood cells
Glutamate signalling has been documented in blood cells such as neutrophils, monocytes,
dendritic cells, macrophages, B and T lymphocytes and platelets (Li, Yin, Li, Woo Kim, &
Wu, 2007). Platelets carry EAAT1–3 and VGLUT1 and 2. Evidence indicates that platelets
take up glutamate from plasma, accumulate it in dense granules and secrete it upon activation
(Kasatkina & Borisova, 2013).
1.3.5 Glutamate signalling in megakaryocytic cells
Megakaryocytes also release glutamate and the Meg-01 megakaryocytic cell line expresses
NMDARs in an open (active) conformation (P. G. Genever et al., 1999; Thompson,
Schilling, Howard, & Genever, 2010). Megakaryocytes release glutamate increasingly as
they mature and take it up via EAAT1-3 (Hoogland et al., 2005; Rainesalo, Keranen,
Saransaari, & Honkaniemi, 2005; Thompson et al., 2010; Zoia et al., 2004). Inside
megakaryocytes, glutamate is packaged into granules using VGLUT1-2 transporters
(Tremolizzo et al., 2006). Megakaryocytes release glutamate via a process dependent on
soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins,
which is similar to the brain (Thompson et al., 2010). Overexpression of VGLUT1 in Meg-01
cells augments the amount of glutamate released during differentiation (Traynelis et al.,
2010). The release of glutamate from megakaryocytes within the bone marrow environment
may provide a cellular source of glutamate to regulate megakaryocytopoiesis and platelet
production, although such regulation has only been so far shown in vitro (P. G. Genever et
al., 1999; Hitchcock et al., 2003). The arising role of glutamate in megakaryocyte and
platelets is intriguing but poorly understood; hence, further studies are required. (Figure 1-4).
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Figure 1-4: A proposed model of glutamate signalling in megakaryocytes.
Megakaryocytes take up glutamate using EAAT1-3, package it into vesicles using VGLUT12 and respond to glutamate release through NMDAR activation. Deregulation may be
contributing to disease; hence, these mechanisms warrant further elucidation.
1.3.6 The role of glutamate in cancer cells
There is evidence to support that extracellular glutamate supports propagation and migration
of neoplastic cells in vitro (Hinoi et al., 2004; Stepulak, Rola, Polberg, & Ikonomidou, 2014).
A range of cancer cell lines, including A549 (lung cancer cells), B16F1 (mouse melanoma),
MDA-MB-231 (human breast cancer cells) and MATLyLu (rat prostate cancer cells), release
significant quantities of glutamate into their extracellular environments (Mehrotra A, 2015;
M. K. Sharma, Seidlitz, & Singh, 2010). Plasma membrane EAAT and VGLUT1 transporters
are expressed in cancer cell lines (M. K. Sharma et al., 2010). Recent xenograft studies have
confirmed that tumours release high amounts of glutamate, which in turn facilitates tumour
growth (Mehrotra A, 2015).
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1.4 Classification of glutamate receptors
There are two distinct groups of glutamate receptors expressed in the brain: ionotropic
(iGluRs) and metabotropic (mGluRs) (Kew and Kemp 2005). Three families of iGluRs
include α-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA), N-methyl-D-aspartate
(NMDA) and kainate receptors – these have been named after their pharmacological agonists
and structural similarities. NMDARs mostly mediate the influx of Ca2+, whereas AMPA and
kainate receptors mediate influx of Na+ upon ligand binding (Featherstone 2010) (Figure 15). This thesis examined glutamate contribution through NMDARs; other glutamate receptors
will not be discussed.

Figure 1-5: Overview of glutamate receptors.
This flow-chart illustrates subtypes of glutamate receptors with the focus on ionotropic
subtypes and NMDARs. GluN proteins are NMDAR subunits that carry different
numbers. R, receptor.
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1.5 Architecture of NMDARs
Functional NMDARs contain two glycine-binding obligatory GluN1 subunits and two
glutamate-binding modulatory GluN2 subunits (Jespersen, Tajima, Fernandez-Cuervo,
Garnier-Amblard, & Furukawa, 2014; Lee et al., 2014) (Figure 1-6). Specific combinations
are very heterogeneous as there are seven possible NMDAR subunits - one GluN1, four
GluN2 (2A to 2D) and two GluN3 (3A and B) (Jespersen et al., 2014; Pierre Paoletti, 2011)
(Table 1-2).

Figure 1-6A: General model of the NMDAR.
GluN1 subunits are obligate and bind glycine. GluN2 subunits bind glutamate (or NMDA)
and are regulatory. Other modulating molecules such as Zn2+ (for the glycine-binding site)
and polyamines for the glutamate-binding site) are also shown.
Table 1-2: NMDAR nomenclature.
Human gene name

Human chromosomal location

Protein nomenclature

GRIN1
GRIN2A
GRIN2B
GRIN2C
GRIN2D
GRIN3A
GRIN3B

9q34.3
16p13.2
12p12
17q25
19q13.1
9q31.1
19p13.3

GluN1
GluN2A
GluN2B
GluN2C
GluN2D
GluN3A
GluN3B

Information has been based on (Collingridge, Olsen, Peters, & Spedding, 2009; Traynelis et
al., 2010).
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All GluN1 proteins share some important structural characteristics. The extracellular Nterminus (amino terminal domain; ATD) is involved in subunit assembly and the intracellular
C-terminus (carboxyl terminal domain; CTD) associates with receptor trafficking, anchoring
and coupling to signalling complexes (Kumar & Mayer, 2010; Wyllie, Livesey, &
Hardingham, 2013) (Figure 1-6B. Two ligand binding domains (S1 and S2) bind glycine on
GluN1 and GluN3 subunits and glutamate on GluN2 subunits. Four hydrophobic
transmembrane domains named M1, M2, M3, and M4 are involved in forming of an ion
channel (Pierre Paoletti, 2011). M1, M3 and M4 cross the membrane as helices whereas the
M2 segment forms a cytoplasmic re-entrant hairpin loop that connects M1 and M3 domains
(Blanke ML; Pierre Paoletti, 2011). The ATD domain also contains binding sites for subtypespecific allosteric modulator compounds, including Zn2+ (GluN2A and 2B) and polyamines
(GluN2B) (P. Paoletti, Bellone, & Zhou, 2013; Sirrieh, MacLean, & Jayaraman, 2015). The
ligand binding domains bind agonists and antagonists to control ion channel opening
(Karakas & Furukawa, 2014). The transmembrane domains form the hetero-tetrameric ion
channels and contribute to receptor trafficking. The CTD associates with postsynaptic density
proteins, which in turn facilitates intracellular signalling (Karakas & Furukawa, 2014)
(Figure 1-6B).

Figure 1-6B: Assembly of the NMDAR subunits – GluN1 and GluN2.
Membrane topology of the NMDAR subunits. The agonist binding domains (S1 and S2)
form the binding sites for glutamate on GluN2, and glycine on GluN1. The transmembrane
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domains are M1, M2, M3 and M4. M2 domains form the NMDAR ion channel pore; circles
within M2 indicate residues interacting with ions. Figure adapted and edited with permission
from (Benarroch, 2011).
1.5.1 Molecular arrangement of the GluN1 subunits
Typical NMDARs are hetero-tetrameric (or sometimes pentameric) complexes that consist of
two different types of homologous GluN1 subunits that combine together to form a Ca2+ ion
channel (von Engelhardt et al., 2015). The complexes can be di-heteromeric or triheteromeric – i.e. combining two GluN1 together with two or three GluN2 or GluN3 subunits
– the latter can be all the same or different (S. G. Cull-Candy, 2007; Gambrill, Storey, &
Barria, 2010; P. Paoletti et al., 2013) (Figure 1-7). Different combinations of GluN subunits
account for very diverse functional characteristics of the NMDARs, including different
sensitivities to modulators. The functional properties of the NMDARs are primarily
controlled by the identity of the GluN2 subunits present in the receptor(Glasgow, Siegler
Retchless, & Johnson, 2015).

Figure 1-7: GluN1 – GluN2 heterodimers form the functional unit of the NMDAR.
Examples of combinations of GluN proteins are shown. Different GluN2 subunits can also
assemble to form a functional receptor.
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1.5.2 Principles of the NMDAR activation
NMDARs function as Ca2+ ion channels, at least in the brain. Their activation requires two
conditions: first, membrane depolarisation is required to release the blocking Mg 2+ ion out of
the channel pore and second, binding of glutamate and glycine is required, as receptor
ligands (Cummings & Popescu, 2015; Glasgow et al., 2015). Upon ligand binding, a closure
of the ligand binding domain can lead to separation of the transmembrane domains linkers,
resulting in opening of the ion channel pore (Cheriyan, Mezes, Zhou, Balsara, & Castellino,
2015; Pierre Paoletti, 2011) (Figure 1-8).

Figure 1-8: Structural mechanism of the NMDAR activation.
The opening and closing gating of the NMDAR is primarily maintained by the clamshell-like
ligand binding domains. At resting state, ligand binding domains allow glutamate (Glu) and
glycine (Gly) to bind at their respective recognition site, resulting in the closure of the
clamshell, which induces the opening of NMDAR channel (Lee et al., 2014). Figure adapted
and edited with permission from (Pierre Paoletti, 2011).

Glycine plays an important role as a co-agonist for the conformational change required for
NMDAR activation (Suzuki et al., 2013). However, the presence of glycine can be sufficient
to allow receptor activation in the absence of glutamate (Blanke & Van Dongen, 2009).
NMDAR activity is greatly influenced by the numerous factors that can influence the levels
of endogenous agonists and their downstream effects; some are presented in Figure 1-9.
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Figure 1-9: Schematic illustrating a range of factors directly and indirectly involved in
normal NMDAR function.
Selected processes/factors that can modulate NMDAR activity are also shown. Figure
adapted and edited with permission from (Danysz & Parsons, 2012).

1.5.3 The functions of NMDAR
1.5.3.1 Ion conductance of the NMDAR
Neuronal NMDARs act as channels for Na+, K+ and Ca2+ ions. NMDARs are highly
permeable to Ca2+ but at a resting state the NMDAR pore is blocked by Mg2+ (Wrighton,
Baker, Chen, & Wyllie, 2008; Zito & Scheuss, 2009). Zn2+ also acts as a negative regulator,
restricting the permeability of Ca2+ and modulating the receptor via allosteric inhibition upon
binding with the ATD on the GluN2A/B subunits (Gielen et al., 2008). The influx of Ca2+
ions in the post synaptic neuron causes membrane depolarisation, which relieves the Mg2+
block of the channel initiating downstream signalling (Hardingham & Bading, 2003).
Receptor composition, in particular its GluN2 subunits have an impact on ion conductance
(Yashiro & Philpot, 2008) (Figure 1-10).
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Figure 1-10: The ion conductance of conventional NMDARs under different conditions.
A) At resting membrane potential, NMDAR is blocked by Mg2+. B) During membrane
depolarisation, glutamate is released from the presynaptic neuron, binds to the glutamate
binding site on the NMDAR and Mg2+ is released from the NMDAR. C) After membrane
depolarisation, the NMDAR allows influx of Ca2+ and Na+.
1.5.3.2 NMDARs as signalling molecules
Apart from their roles as Ca2+ ion channels, neuronal NMDARs signal through several
downstream signalling pathways that regulate cell survival and cell death (Hardingham &
Bading, 2010). The key pro-survival pathways are PI3K (phosphoionositide 3-kinase) and
protein kinase B that are activated by Ca2+/calmodulin dependent (CaM) kinase and the Ras–
ERK1/2 pathway (Hardingham & Bading, 2010). Other pro-survival pathways downstream
of NMDARs include: Akt, MAPK and ERK1/2. Overall, neuronal NMDARs are important
for regulating cell survival and cell death pathways, as well as cell migration and
differentiation (Takarada et al., 2012).
Pathological over-activation of NMDARs engages cell death pathways that are
predominantly dependent on high extracellular glutamate levels and associated with a large
influx of Ca2+ (Hardingham, 2006). The excessive intracellular Ca2+ causes mitochondrial
dysfunction by depolarisation of the mitochondrial membrane. The excessive NMDAR
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activation also activates neuronal nitric oxide synthase (nNOS) that induces toxic effects
downstream, including apoptotic p38 signalling (Brito et al., 2010). Further, excessive
accumulation of intracellular Ca2+ can exert toxicity via activation or overstimulation of
enzymes including proteases, kinases, endonucleases and calcineurins (Orrenius, Nicotera, &
Zhivotovsky, 2011). NMDAR over-activation can lead to cell death accompanied by the
hallmarks of apoptosis (Papadia & Hardingham, 2007). However, at other times necrosis
takes place and how these two different processes of cell death are regulated by the NMDAR
is unknown (De Zio, Bordi, & Cecconi, 2012). The excessive release of glutamate and a
subsequent overactivation of NMDARs play a key mediator of cell damage and contribute to
a number of neurological disorders associated with neurodegeneration (S. Cull-Candy,
Brickley, & Farrant, 2001; von Engelhardt et al., 2007) (Figure 1-11).

Figure 1-11: Pro-survival and pro-death signalling from the NMDAR.
Cell death mechanisms are mostly linked with Ca2+ overload and pro-survival effects are
mediated by a variety of downstream pathways that include PI3K, phosphoionositide 3kinase; CaMK, calmodulin dependent kinase; PKC, Protein kinase C; MAPK, Mitogenactivated protein kinases; MEK1/2, MAPK/ERK kinase 1 and 2 and ERK1/2, Extracellular
signal-regulated kinase 1 and 2.
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1.5.3.3 Modulation of the NMDAR function
NMDARs channel properties and surface expression can also be modulated by
phosphorylation either via intracellular protein kinase C (PKC) or extracellular PKC
activators, including phorbol 12-myristate 13-acetate (PMA). PKC potentiates NMDAR
gating and delivers new NMDARs to the plasma membrane. This enhances Ca2+ influx and
intracellular Ca2+/camodulin interactions, leading to increased association between CaMKII
and the GluN2 subunits, which is critical for the NMDAR trafficking and current (Popp,
Reneau, & Brotherton, 2008; Yan et al., 2011). PMA induced PKC activation also leads to
GluN1 phosphorylation (Slack, Pezet, McMahon, Thompson, & Malcangio, 2004). PKCmediated GluN1 phosphorylation decreases the ability of GluN1 to bind to calmodulin and
thereby inhibits the inactivation of NMDARs (Hisatsune et al., 1997). It is relevant to
indicate in this context that PMA is often used to induce differentiation of megakaryocytic
cells or other cancer cell lines, therefore interactions through NMDARs are possible (P. G.
Genever et al., 1999).
NMDARs carry multiple binding sites for small molecule antagonists and allosteric
modulators. Common endogenous and exogenous NMDAR modulators are shown in Figure
1-12 and listed in Table 1-3.
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Figure 1-12: Diagram of the respective recognition sites for NMDAR antagonists.
The figure shows different recognition sites for both endogenous (Zn2+, polyamines) and
exogenous (DCKA, MK-801, ketamine, memantine, ifenprodil and D-AP5) NMDAR
antagonists. The purple arrows indicate the binding sites for different NMDAR antagonists
and the red arrows indicate the three possible binding site of NMDAR agonists. Figure
adapted and reproduced with permission from (Ghasemi & Schachter, 2011).
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Table 1-3: Summary of NMDAR modulators.
NMDAR
modulators

Endogenous
ligands

Exogenous
modulators

Endogenous ligands Exogenous modulators References
subunit specificity
subunit specificity

Agonists

Glutamate
Glycine
D-serine

NMDA

GluN2
GluN1 or GluN3
GluN1 or GluN3

Competitive antagonists

Not selective

DCKA

GluN1

AP5

GluN2A, GluN2B
GluN2D
GluN2B

Non-competitive antagonists

Zn2+

Ifenprodil

GluN2A

Un-competitive antagonists

Mg2+

MK-801
Memantine
Ketamine

Ion channel

Ion channel
Ion channel
Ion channel

(S. G. Cull-Candy,
2007; P. Paoletti &
Neyton, 2007)
(Ghasemi
and
Schachter, 2011)
(P. Paoletti & Neyton,
2007)
(Hansen,
Ogden,
Yuan, & Traynelis,
2014;
Karakas,
Simorowski,
&
Furukawa, 2009)
(Birnbaum,
Bali,
Rajendran, Nitsch, &
Tackenberg,
2015;
Kupper, Ascher, &
Neyton, 1998; Wild et
al., 2013; Y. Yang,
Lee, & Sternson,
2015)

Abbreviations: NMDA, N-methyl-D-Aspartate; DCKA, 5,7-Dichlorokynurenic acid; AP5, (2R)-amino-5-phosphonovaleric acid
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1.5.4 Classification of the NMDAR antagonists
1.5.4.1 Competitive antagonists
Competitive NMDAR antagonists restrict binding of glutamate to the glutamate binding site,
or they compete with the co-agonist glycine for binding, resulting in a lower frequency of
glutamate/glycine binding and therefore reducing NMDAR activation (S. A. Lipton, 2004).
AP5 or APV [(2R)-amino-5-phosphonovaleric acid or (2R)-amino-5-phosphonopentanoate,
respectively] competitively blocks the glutamate binding site of the NMDARs (Motin &
Yasnetsov, 2015). AP5 shows selectivity between the GluN2 subunits with the affinity in the
following order GluN2A>GluN2B>GluN2C>GluN2D (P. Paoletti & Neyton, 2007; Rauner
& Kohr, 2011). 5,7- dichlorokynurenic acid (DCKA) binds to the glycine recognition site of
GluN1 of the NMDARs (McKay et al., 2012).
1.5.4.2 Non-competitive antagonists
Non-competitive antagonists or allosteric antagonists inhibit NMDARs by binding to
extracellular allosteric binding sites; an example is ifenprodil (Keith, 2008). Allosteric
modulators do not compete with agonists for their binding sites (Friedman & Vollrath, 2015).
However, their binding may prevent conformational changes required for receptor activation.
1.5.4.3 Un-competitive antagonists
An un-competitive antagonist is also known as a channel blocker and blocks the NMDAR
pore in the transmembrane region. Channel blockers inhibit ionic flow through the receptor
and disrupt the actual function of the receptor (Stuart A. Lipton, 2006). Two classes of
channel blockers are well characterised: “foot-in-the-door” sequential blockers (9aminoacridine, tacrine) that prevent gate closure, and “trapping” blockers (MK-801,
ketamine, memantine) that remain in the pore even after the gate closes (Johnson, Glasgow,
& Povysheva, 2015; Vyklicky et al., 2014). Memantine has been classified as a ‘partial
trapping’ channel blocker because a small amount of memantine permits to NMDARs escape
from the open channel following rapid removal of an agonist and the blocker (S.E.
Kotermanski & Pittsburgh, 2008; Shawn E. Kotermanski, Wood, & Johnson, 2009).
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1.5.5 Mechanism of action of NMDAR antagonists
1.5.5.1 Memantine and MK-801
Memantine is a therapeutic drug used in the clinic to treat patients with Alzheimer’s disease
(Bond et al., 2012; Riordan et al., 2011). The therapeutic action of memantine lies in its uncompetitive binding to the NMDAR with low affinity, high voltage dependency and rapid
off-rate kinetics; these characteristics likely preserve the physiological function of the
receptor (David et al., 2012). Evidence suggests that memantine inhibits NMDARs more
effectively at higher glutamate concentrations. The lower affinity of memantine provides
sufficient blocking of each receptor channel with much faster rates of blocking and
unblocking at high concentrations. While lower concentrations of MK-801 provides much
longer period of time to gain rapid access to each receptor channel. This is for a short period
of time due to its high affinity, very slow onset and recovery of blocking and reduced
voltage-dependent activity (Parsons, Stoffler, & Danysz, 2007; Xia, Chen, Zhang, & Lipton,
2010). GluN1/GluN2A and GluN1/GluN2B receptors have high affinity to Mg2+ so such
receptors are not easily inhibited by memantine (Vyklicky et al., 2014). In contrast,
GluN1/GluN2C and GluN1/GluN2D receptors have low affinity to Mg2+ and such receptors
are easier inhibited by memantine (Shawn E. Kotermanski & Johnson, 2009; Vyklicky et al.,
2014). Under conditions of NMDAR overactivation, memantine does not leave the channel
(Parsons et al., 2007).
MK-801 competes with M1, M2 and M3 TMDs, while memantine binds mostly to M2
domain and shows 100-fold lower affinity to the receptor than MK-801 (Kashiwagi et al.,
2002; Poulsen et al., 2015). MK-801 blocks open NMDARs for a long time. This blockade is
highly stable and agonist can dissociate and trap MK-801 in the closed, inactive channel
(Emnett et al., 2013; Parsons et al., 2007) (Figure 1-13).
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Figure 1-13: Schematic diagram of the mechanism of action of NMDAR antagonists
between the physiological and pathological activation of NMDAR.
Under resting condition, Mg2+, memantine and MK-801 block the NMDAR channel. Mg2+
and memantine leave the NMDAR channel upon strong depolarisation whereas the MK-801
remains trapped under both pathological and physiological conditions. However, memantine
in contrast to Mg2+ remains in the channel upon pathological conditions. Figure adapted and
edited with permission from (Parsons et al., 2007)

1.5.5.2 Riluzole
Riluzole [2-amino-6-(trifluoromethoxy) benzothiazole] was developed as an antiepileptic
agent (Grant, Song, & Swedo, 2010). The mechanisms by which riluzole exerts its
neuroprotective effects in the nervous system is complex. Riluzole interferes with NMDARs
and other glutamate receptors by inhibiting glutamate release (Coderre, Kumar, Lefebvre, &
Yu, 2007; Nayira A & Baky, 2012). However, the full mechanism of riluzole action has not
yet been fully delineated. Riluzole diminishes glutamate release through a mechanism linked
to the inactivation of Na+ channels (Lin & Onimaru, 2015; Whitcomb & Molnár, 2015) and
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by activating a G-protein-dependent process (Coderre et al., 2007; Fumagalli, Funicello,
Rauen, Gobbi, & Mennini, 2008). Riluzole blocks NMDARs indirectly by preventing Ca2+
entry via other voltage-dependent calcium (Ca2+) channels (Han et al., 2015; Kalia, Kalia, &
Salter, 2008). Together, riluzole can effectively suppress Ca2+ overload (Han et al., 2015).
Further, riluzole facilitates high-affinity glutamate uptake by increasing the activity of
glutamate transporters, such as EAAT1 (Fumagalli et al., 2008). Riluzole also affects other
ion channels, including voltage-dependent Na+ channels, high-voltage-activated Ca2+
channels and K+ channels (Fumagalli et al., 2008). In addition, riluzole decreases
glutamatergic transmission by inhibiting PKC, a key factor of downstream NMDAR
signalling (Lamanauskas & Nistri, 2008; Noh, Hwang, Shin, & Koh, 2000).
1.5.6 The role of NMDAR in cancer
Aberrant glutamatergic signalling as well as increased secretion of glutamate may disrupt
normal tissue homeostasis that contributes to the various disease pathologies, including
cancer (Fazzari, Lin, Murphy, Ungard, & Singh, 2015). Emerging evidence suggests a role
for the NMDAR in the growth of tumour cells in neuronal and non-neuronal tissues
(Deutsch, Tang, Burket, & Benson, 2014). Considerable evidence points that NMDARs have
oncogenic properties in various cancer types (Mehrotra A, 2015; Stepulak et al., 2014) (Table
1-4).
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Table 1-4: Expression of NMDAR in different cancer cells.
Type of
cancer
Brain
tumour

Cancer cells

NMDAR subunits

References

medulloblastoma
(TE671)

GluN1, GluN2A,
GluN2B, GluN2C,
GluN2D, GluN3A and
GluN3B
GluN2A, GluN2B,
GluN2C, GluN2D,
GluN3A and GluN3B
GluN2A, GluN2B,
GluN2C, GluN2D,
GluN3A and GluN3B
GluN1, GluN2B,
GluN2C, GluN2D,
GluN3A and GluN3B
GluN1

(Stepulak et al., 2009)

glioma (U87-MG)
U343
neuroblastoma
(SK-NA-S)
Prostate
cancer

Colon
cancer

Lung
cancer

DU145 and MDAPCA-2B
LNCaP and PC3
colon
adenocarcinoma
(HT 29)
colon
adenocarcinoma
(LS180)
colon colorectal
carcinoma cell line,
HCT-116
lung carcinoma
(SK-LU-1)
lung carcinoma
(A549)
NCIH146, NCI
H345 and DMS 53

Breast
cancer

breast carcinoma
(T47D)
Mcf-7 and SKBR3

GluN1, GluN2A,
GluN2C, GluN2D and
GluN3B
GluN1, GluN2A,
GluN2B, GluN2C,
GluN2D and GluN3A
GluN1, GluN2A,
GluN2B, GluN2C,
GluN2D and GluN3A
GluN1

(Abdul & Hoosein, 2005;
Stepulak et al., 2014)
(Pissimissis, Papageorgiou,
Lembessis, Armakolas, &
Koutsilieris, 2009)
(Stepulak et al., 2009)
(Stepulak et al., 2009)
(Yamaguchi et al., 2013)

GluN1, GluN2A,
GluN2B, GluN2C,
GluN2D, GluN3A and
GluN3B
GluN1, GluN2B and
GluN2D
GluN1 and GluN2B

(Stepulak et al., 2009;
Stepulak et al., 2005)

GluN1, GluN2A,
GluN2B, GluN2C,
GluN2D, GluN3A and
GluN3B
GluN1 and GluN2B

(Luksch et al., 2011;
Stepulak et al., 2009)

(Deutsch et al., 2014)
(W. G. North, Gao, Jensen,
Memoli, & Du, 2010)

(W. G. North, Gao, Memoli,
Pang, & Lynch, 2010)
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Type of
cancer
Oral
cancer
Laryngeal
cancer

Cancer cells

NMDAR subunits

References

oral squamous
carcinoma
laryngeal cancer
cell lines (RK33
and RK45

GluN1

(Kang et al., 2009
(Stepulak et al., 2011;
Stepulak et al., 2014)

Thyroid

cancerthyroid
carcinoma (FTC
238)
MKN28 and
MKN45

GluN1, GluN2A,
GluN2B, GluN2C,
GluN2D, GluN3A and
GluN3B
GluN1, GluN2B,
GluN2C, GluN2D,
GluN3A and GluN3B
GluN1, GluN2A,
GluN2C, GluN2D,
GluN3A and GluN3B
GluN1, GluN2A,
GluN2C, GluN2D,
GluN3A and GluN3B

T cell leukemia cell GluN2A, GluN2C,
lines (Jurkat E6.1)
GluN2D, GluN3A and
GluN3B
erythroleukemic
GluN1, GluN2A,
cell lines (K-562)
GluN2C, GluN2D,
GluN3A and GluN 3B
UT-7
GluN1
melanoma
GluN2A and GluN1

(Stepulak et al., 2009)

Gastric
cancer
Liver
cancer
(Hepatocel
lular
carcinoma)
Blood
cancer

Skin
cancer
Ovarian
cancer
Bone
marrow
cancer

HepG2, HuH-7 and
HLF

SKOV3, A2780,
and A2008

GluN1 and GluN2B

osteosarcoma-MG63

GluN1, GluN2A,
GluN2C, GluN2D and
GluN3A
GluN1

human multiple
myeloma (RPMI
8226)

(Stepulak et al., 2009)
(Watanabe et al., 2008)
(Yamaguchi et al., 2013)

(Kamal et al., 2015)

(Makhro et al., 2010)
(Song et al., 2012;
Stepulak et al., 2014)
(William G North, Liu,
Tian, Abbasi, &
Akerman, 2015)
(Kalariti, Lembessis, &
Koutsilieris, 2004)
(Clarke, Glasgow, &
Johnson, 2013)

Cancer cell lines are listed for which expression of NMDAR subunits (GluN proteins) have
been demonstrated, together with relevant references.
It appears that the activation of Ca2+/calmodulin-dependent protein kinase downstream of
NMDAR serves as a connecting link between NMDARs and cancer (Bard & Groc, 2011).
High levels of glutamate increase cancer cell growth (Glasgow et al., 2015; Kritis, Stamoula,
Paniskaki, & Vavilis, 2015). Exposure of the leukaemic Jurkat T cells line to MK-801 and
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AP5 limits cell growth by suppressing cell cycle progression and inducing apoptosis (Miglio,
Dianzani, Fallarini, Fantozzi, & Lombardi, 2007). MK-801 and memantine have both been
shown to inhibit the intracellular cascade from ERK 1/2 phosphorylation pathway in cancer
cells that controls cancer cells proliferation (M. P. Ribeiro, Nunes-Correia, Santos, &
Custodio, 2014; Stepulak et al., 2011). Treating breast cancer cells with NMDAR antagonists
also changes the sub-cellular localisation of the receptors (Sirrieh et al., 2015) and treatment
of human breast cancer xenografts with NMDAR antagonists stops the growth of tumours in
mice (William G. North, Gao, Memoli, Pang, & Lynch, 2009). Conversely, NMDAR
agonists stimulate proliferation of prostate, breast and colon cancer cells (Abdul & Hoosein,
2005). Another study revealed that GluN2B is methylated in prostate cancer (Hansen et al.,
2014). Knocking down GluN1 reduces cell viability of lung cancer cells (Luksch et al.,
2011). Taken all together, considerable evidence already exists to implicate NMDARs in
neoplastic transformation of cancer cells.
1.6 Megakaryocytes
Megakaryocytes were first identified as platelet precursors by W.J. Wright (Wright 1906).
Megakaryocytes represent less than 1% of cells in the bone marrow, and mature
megakaryocytes are typically found in the lining of the vascular sinuses (Patel, Hartwig, &
Italiano, 2005). Mature megakaryocytes have distinct morphological characteristics,
including large size, 50-100 μm in diameter (Boitano, de Lichtervelde, Snead, Cooke, &
Schultz, 2012), polyploid, multilobulated nuclei with DNA content ranging from 2N up to
128N, an abundant cytoplasm with numerous granules and a distinctive invaginated
membrane system (IMS) (J. E. Italiano, Jr. & Shivdasani, 2003; Patel et al., 2005). The large
cytoplasm contains numerous α-granules, dense bodies, von Willebrand factor, glycogen
granules, microtubules, lysosome granules and fibrinogen (Patel et al., 2005). The
cytoplasmic fragmentation of megakaryocyte produces approximately 1x1011 platelets each
day (Chang, Bluteau, Debili, & Vainchenker, 2007); each megakaryocyte is able to produce
1000 to 3000 platelets (Kaushansky, 2008).
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1.6.1 Megakaryopoiesis
Megakaryopoiesis is the process by which mature megakaryocytes develop from bone
marrow progenitor cells derived from pluripotent haematopoietic stem cells (HSCs). HSCs
give rise to the common myeloid progenitor (CMP) which develop into the megakaryocyteerythrocyte progenitor (MEP). The MEP give rise to megakaryocytes (Seita & Weissman,
2010; Woolthuis & Park, 2016). There are five morphologically distinguishable stages of
megakaryocytic

cells:

the

megakaryoblast,

the

promegakaryocyte,

the

granular

megakaryocyte, the mature megakaryocyte, and the platelet. A megakaryoblast is a precursor
cell to a promegakaryocyte. Their size ranges between 15-50 μm in diameter, with high
nucleo-cytoplasmic ratio. Promegakaryocytes are larger, as they begin to undergo
endomitosis. The development of IMS starts at this stage. Granular megakaryocyte is a very
large cell which ranges between 30-90 µm in diameter and has a polyploid nucleus. Mature
megakaryocytes are the largest (50-100), carrying very abundant cytoplasms (very low
nucleo-cytoplasmic ratio) (Italiano Jr & Hartwig, 2013; Machlus & Italiano, 2013) (Figure 114).
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Figure 1-14: Developmental stages of megakaryocytes from haematopoietic stem cells.
Common myeloid progenitor (CMP), burst-forming unit-erythrocyte (BFU-E), colony-forming unit-megakaryocyte (CFU-MK), Page | 29
megakaryocyte-erythrocyte progenitor (MEP), granulocyte macrophage progenitor (GMP), multipotent progenitor (MPP),
common lymphoid progenitor (CLP).
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1.6.2 Megakaryocyte endomitosis and platelet production
The maturation of megakaryocytes is morphologically characterised by polyploidisation and
cytoplasmic maturation (Eliades, Papadantonakis, & Ravid, 2010; Liu et al., 2011).
Polyploidisation is followed by repeated cycles of DNA synthesis without concomitant cell
division that eventually gives rise to polyploid megakaryocytes (Eliades et al., 2010).
Cytoplasmic maturation is characterised by synthesis of platelet-specific proteins,
accumulation of megakaryocyte-specific organelles and the production of the IMS, which
will ultimately invaginate allowing the formation and extension of proplatelets (J. E. Italiano,
Jr., 2013; A. Robert, Cortin, Garnier, & Pineault, 2012). Microtubules extend out from the
cell centre (centrosome) to the cortex in immature megakaryocytes without pseudopodial
extensions (J. E. Italiano, Jr., 2013). The process of platelet formation requires reorganisation
of the cytoskeleton of megakaryocytes (Rojnuckarin & Kaushansky, 2001). The
reorganisation of microtubules leads to the elongation of organelle-containing pseudopodial
extensions (J. E. Italiano, Jr., Patel-Hett, & Hartwig, 2007; Patel et al., 2005; Schulze et al.,
2006). Microtubules then align into bundles and consolidate underneath the plasma
membrane where the barbell-shaped proplatelet is to be formed. Each end of the barbell
proplatelet develops two well-defined platelet-sized swellings (of 2 μm diameter each); the
microtubule loops along the length and at the ends by continuous bidirectional
polymerisation of microtubules. Organelles and granules are trafficked from the parent
megakaryocytes and they become trapped in the proplatelet and eventually become trapped
within the developing platelets. The formation of proplatelets generally commences from one
site on the megakaryocyte that eventually give rise to one or more pseudopodial extensions
into the sinusoidal blood vessels (J. E. Italiano, Lecine, Shivdasani, & Hartwig, 1999; Thon
& Italiano, 2012). These extensions are characterised by multiple bulges or platelet-size
swellings linked together by thin cytoplasmic bridges (J. E. Italiano et al., 1999). These
extensions continue to elongate and yield thin slender tubular like structures with shafts (J. E.
Italiano, Jr., 2013; J. E. Italiano, Jr. et al., 2007; Thon et al., 2010). The thin tubules
subsequently undergo a dynamic bending and branching process and release platelets from
their tips (Thon et al., 2010). The megakaryocyte is ultimately converted into a residual
extruded naked nucleus which undergoes apoptosis (J. E. Italiano, Jr., 2013; J. E. Italiano, Jr.
et al., 2007) (Figure 1-15).
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Figure 1-15: Different stages of megakaryocyte transition from immature cells to
platelets.
The schematic highlights nuclear polyploidisation, microtubule reorganisation (lines) and
granule redistribution (purple dots).
1.6.3 Regulation of megakaryopoiesis
The process of megakaryopoiesis is controlled by different haematopoietic growth factors
and cytokines such as thrombopoietin (TPO), interleukin (IL) 6 (IL-6) and IL-11, stem cell
factor (SCF), granulocyte colony stimulating factor (G-CSF) and leukaemia inhibitory factor
(LIF) (Ellis, Avraham, & Groopman, 1995). LIF, TPO, IL-3 and steel factors (SF; also
known as a mast-cell growth factor, SCF, or Kit ligand) act in the progenitor cell stage of
maturation as well as in the late stage of maturation. TPO and IL-11 are responsible for
stimulating all stages of megakaryocytopoiesis, involving the proliferation of progenitor cells
and the complete development and maturation of the polypoid megakaryocytes, although
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proplatelet formation is not TPO-dependent (Afdhal et al., 2008; Kaushansky, 1998) (Figure
1-16).

Figure 1-16: Stages of megakaryopoiesis and the role of different growth factors and
cytokines in megakaryocyte development.
Figure adapted with permission from (Afdhal et al., 2008).
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CD61 and CD41 are known as membrane glycoproteins GPIIIa and GPIIb, respectively.
They are expressed predominantly in platelets and megakaryocytes (Merono et al., 2002).
CD61 and CD41 have been shown to be expressed during all stages of megakaryocytes
differentiation from progenitor cells to mature megakaryocytes (Lagrue-Lak-Hal et al., 2001;
Levene, Lamaziere, Broxmeyer, Lu, & Rabellino, 1985). CD42 (GPIb/IX) is expressed late
in megakaryocyte development and on platelets (Chang et al., 2007). TPO has been shown to
stimulate the expression of CD61, CD41 and CD42 (Debili et al., 1995; Kaushansky et al.,
1994). CD34 is highly expressed in HSCs and early megakaryocyte progenitors but it was
also shown to be co-expressed at low levels with CD42 and CD41/CD61 on late
megakaryocyte progenitors (Debili et al., 2001). Altered expression of CD61 and CD41 can
be associated with disturbed megakaryopoiesis and thrombopoiesis (Mitjavila-Garcia et al.,
2002) (Figure 1-17).
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Figure 1-17: The stages of megakaryopoiesis and the levels of surface integrins
expression.
Diagram illustrating the stages of haematopoiesis when surface integrins are
expressed. Green, orange, and blue dashed lines indicate a lower expression of
differentiation markers compared with solid lines.
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1.7 What is known about NMDARs in megakaryocytes
As highlighted in section 1.2 NMDARs have already been linked with megakaryocyte
differentiation and regulation of platelet activation (P. G. Genever et al., 1999; Hitchcock et
al., 2003; Kalev-Zylinska et al., 2014). The expression of NMDARs has previously been
identified in CD34-positive-derived megakaryocytes from umbilical cord blood and in Meg01 cells (Hitchcock et al., 2003). Expression of GluN1, GluN2A and GluN2D subunits have
been shown in megakaryocytes using Northern blotting, RT-PCR and immunocytochemistry
(Hitchcock et al., 2003; Kalev-Zylinska et al., 2014). Megakaryocytic NMDARs also appear
to have similar binding affinities for agonists and antagonists as those in neurons, although
displaying a preference for agonist-binding (P. G. Genever et al., 1999).
NMDAR

modulation

appears

to

have

important

functional

consequences

for

megakaryocytes. MK-801 inhibits TPO-mediated megakaryocyte differentiation from human
CD34-positive progenitors (Hitchcock et al., 2003). MK-801 attenuates PMA-driven
differentiation of Meg-01 cells (Hitchcock et al., 2003). Treatment with MK-801 caused a 9fold reduction in proplatelet formation and 50% decrease in the size of human
megakaryocytes in culture. In vitro radio-labelling revealed that MK-801 binds to
megakaryocytic NMDARs in the absence of glutamate, suggesting megakaryocytic
NMDARs remain in the open configuration, suggesting the lack of Mg2+ block (Hitchcock et
al., 2003). Treatment with MK-801 also markedly reduces morphological features of
megakaryocyte maturation, such as accumulation of α-granules, nuclear lobulation and
development of the IMS (Abdul & Hoosein, 2005).
1.7.1 Overview of Ca2+ signalling
Ca2+ is a ubiquitous second messenger for cellular signalling. The extracellular Ca2+
concentration is typically 2 mM, while cells at rest maintain an intracellular Ca2+
concentration of approximately 100 nM (McMullen, Kean, Verma, Cole, & Watson, 2012).
Regulation of Ca2+ homeostasis involves both Ca2+ entry from the extracellular environment
and Ca2+ release from the intracellular stores, such as the ER or mitochondria (Chen, Chen,
Chiu, & Shen, 2013). Plasma membrane Ca2+ channels include store operated Ca2+ entry
(SOCE) channels as well as voltage- and ligand gated Ca2+ channels; the latter include
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NMDARs in neurons. Together SOCE channels coordinate the amount of Ca2+ entering the
cell from the extracellular space. They also refill Ca2+ stores in the ER but their relative
contribution to Ca2+ homeostasis varies between cells (Karlstad, Sun, & Singh, 2012).
Specialised Ca2+ pumps, channels and Ca2+ binding proteins have been referred to as the
“signalling toolkit” that helps maintain cellular homeostasis and carry out specific cellular
functions (Berridge, Bootman, & Roderick, 2003). Acting as an intracellular messenger, Ca2+
has a key role in cell signalling pathways that regulate cell proliferation, differentiation and
apoptosis (Stewart, Yapa, & Monteith, 2015). The following are basic steps in Ca2+
signalling (J. Robert, 2015):


An external stimulus provides a signal for Ca2+ mobilisation from an intracellular
or extracellular source



Increase in cytoplasmic Ca2+ levels follows



Stimulation of Ca2+-dependent phosphorylation events and transcriptional
reprogramming occurs via a series of cytoplasmic effectors



Decrease in intracellular Ca2+ by various transporters that pump Ca2+ out of the
cytosol to restore the basal Ca2+ level

1.7.2 Ca2+ signalling in megakaryocytes
Like other cells, megakaryocytes use both extracellular and intracellular sources of Ca2+ to
support Ca2+-dependent signalling (Lacabaratz-Porret et al., 2000). During megakaryopoiesis,
Ca2+ mobilisation from intracellular stores activates signalling cascades that trigger
megakaryocyte adhesion and proplatelet formation; extracellular Ca2+ entry has been shown
to regulate megakaryocyte motility (Di Buduo et al., 2014). In response to activation by
adenosine diphosphate (ADP), megakaryocytes exhibit an acute rise in intracellular Ca2+,
which is first mobilised from the ER and further amplified by Ca2+ entry from the
extracellular environment (Di Buduo et al., 2014). When the level of Ca2+ within the ER
lumen decreases below a threshold, SOCE mechanisms are activated to support the further
influx of extracellular Ca2+ into megakaryocytes. SOCE in megakaryocytes is mediated in
large part by Orai channels (Dolan & Diamond, 2014; Tolhurst et al., 2008). However,
megakaryocytes also express other membranous Ca2+ channels activated by ligands,
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including NMDARs that can support Ca2+ entry but are poorly characterised (P. G. Genever
et al., 1999; Hitchcock et al., 2003; Mahaut-Smith, 2012) (Figure 1-18).

Figure 1-18: A proposed model of calcium signalling mechanism in megakaryocytes.
Orai1 channels are main contributors to extracellular Ca2+ entry. NMDARs facilitate entry of
Ca2+ and Na+. Na+/ Ca2+ exchanger contributes further Ca2+ influx through the process that
pumps Na+ out in exchange for Ca2+ entry.

Patients with essential thrombocythemia and primary myelofibrosis harbour frequent
mutations in the Calreticulin (CALR) gene (Kim et al., 2015; Klampfl et al., 2013; Nangalia
et al., 2013). CALR encodes a protein highly expressed in megakaryocytes that buffers Ca2+
in the ER (Mehrotra et al., 2015; Vannucchi et al., 2014). The discovery of CALR mutations
in myeloproliferative neoplasms highlighted the importance of Ca2+ homeostasis in
megakaryocytes, and triggered research into Ca2+ transport in these cells (Di Buduo et al.,
2014; Shivarov, Ivanova, & Tiu, 2014). There is increasing evidence that cancer cells in
general evolve mechanisms to reduce Ca2+ ER stores, primarily to resist apoptosis, and
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instead favour store-independent mechanisms of Ca2+ entry coupled to trophic pathways
(Dubois et al., 2014; Prevarskaya, Ouadid-Ahidouch, Skryma, & Shuba, 2014). In keeping
with this theme, it appears that CALR mutations reduce the amount of ER stored Ca2+ in
megakaryocytes (Shivarov et al., 2014). This suggests a possibility that neoplastic/malignant
megakaryocytes may have a higher dependence on extracellular Ca2+. NMDARs are one of
the pathways for extracellular Ca2+ entry with yet unestablished role in megakaryocytes,
therefore research into megakaryocytic NMDARs is warranted. In addition, NMDAR
modulation may provide a model to examine how Ca2+ entry mechanisms contribute to
megakaryocyte biology in the context of both normal and reduced ER stores.
1.8 Experimental models used in this thesis
This thesis used three models of the different cell types outlined below to study aspects of
NMDAR biology in megakaryocytic cells.
Model 1: Bone marrow cells from normal healthy donors and patients with representative
megakaryocyte malignancies.
Model 2: Three commercial cell lines with features of leukaemic megakaryocytes: Meg-01,
K-562 and Set-2.
Meg-01 cell line was derived from the bone marrow of a 55 year old male patient with
chronic myeloid leukaemia (CML) blast crisis with positive Ph chromosome in 1983. (Ogura
et al., 1985; Zhao et al., 2013). Meg-01 cells are known to spontaneously produce plateletlike particles. PMA induces megakaryocyte differentiation of Meg-01 cells (Zhao et al.,
2013). Cytoplasmic protrusions and production of platelet-like particles are more obvious in
adherent cells (Ogura et al., 1985), suggesting adherent cells resemble more differentiated
MKs.
K-562 cell line has also been derived from the bone marrow of a 53 year old female patient
with CML with Ph chromosome in 1970 (Xiong et al., 2014). The K-562 cell line also
undergoes megakaryocytic differentiation in response to PMA and the differentiation process
is characterised by changes in cell morphology, adhesive properties, endomitosis, and
expression of MK CD markers (Chaman, Iqbal, Siddiqui, Gopinath, & Bamezai, 2015;
Ojima, Duncan, Nurhayati, Taya, & Miller, 2013).
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Set-2 is the only human megakaryocytic cell line derived from the peripheral blood of a 71year old woman with essential thrombocythaemia (ET) in 1995. Set-2 matures to MKs
spontaneously and produces platelet-like particles in the absence of PMA (Uozumi et al.,
2000). Proliferation of Set-2 is not influenced by TPO and other haematopoietic cytokines
(Uozumi et al., 2000). However, PMA promotes Set-2 cells differentiation and reduces
proliferation. .
Model 3: Mouse megakaryocytes enriched or cultured from mouse bone marrow stem
cells/progenitors.

1.9 Research hypotheses and thesis aim
The general hypothesis driving this thesis was that NMDARs are functional in normal and
leukaemic megakaryocytes and influence cellular phenotype, in particular proliferation and
differentiation.
The main aims of this thesis are listed below.
Aim 1: Characterise expression of NMDAR components (at both transcript and protein
levels) in human megakaryocyte leukaemia cell lines and primary megakaryocytes from
healthy donors and leukaemic patients (Chapter 3).
Aim 2: Examine if cell differentiation (driven by either PMA or valproic acid [VPA]) affects
NMDAR expression in megakaryocyte leukaemia cell lines (Chapter 4).
Aim 3: Establish effects of pharmacological NMDAR antagonists on the growth of
megakaryocyte leukaemia cell lines (Chapter 5).
Aim 4: Determine if megakaryocytic NMDARs can support extracellular Ca2+ entry (Chapter
6).
Aim 5: Establish effects of pharmacological NMDAR antagonists on the differentiation of
megakaryocyte leukaemia cell lines (Chapter 7).
Aim 6: Establish effects of pharmacological NMDAR antagonists on the differentiation of
primary mouse megakaryocytes (Chapter 8).
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2.0 Materials and Methods
2.1 Materials
2.1.1 General chemicals and reagents
Name
2/β- Mercaptoethanol
Acrylamide 40%
Adenosine
ADP
Agarose, LE
Albumin human recombinant, expressed in
rice
Ammonium persulfate (APS)
BAPTA, tetrasodium salt, cell impermeant
Bromophenol blue
BSA powder
BSA protein standard
Coomassie Brilliant Blue R-250 crystals
Deoxyribonuclease I
DMSO
DNA oligos
dNTP set
Eosin dye
Ethanol
Ethylene glycol-bis(β-aminoethylether)N,N,N′,N′-tetraacetic acid- EGTA

Source
Sigma-Aldrich
Merk Millipore
Sigma-Aldrich
Helena Laboratories
Hydra Gene, China
Sigma-Aldrich
Sigma-Aldrich
Molecular Probes
Sigma-Aldrich
Gibco
Thermo Fisher
Scientific
Merk Millipore
Invitrogen
Sigma-Aldrich
Integrated DNA
Technologies
Global Science
Biostrategy
Merck Millipore
Sigma-Aldrich

Catalogue
number
M-3148
100638
A-9251
5366
R-9012
A-9731
A-3678
B-1214
B-6131
30063-481
B-9001S
1125530025
18068-015
D-8418
8313745
PRME2201220
LES3801600
100983.25
E4378
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Name

Source

Ethylenediaminetetraacetic acid (EDTA)

Applichem

Fibronectin from bovine plasma
Fluo-4, AM, cell permeant
GelRed™ Nucleic Acid Gel Stain
GeneRuler™ 100 bp DNA Ladder

Sigma-Aldrich
Life Technologies
Biotium
Thermo Fisher Scientific

Catalogue
number
APLIA2937.050
0
F-1141
F-14217
41003
FEMSM0321

Glycerol
Glycine
HEPES
Hoechst 33258, Pentahydrate (bisBenzimide) - FluoroPure™ Grade
Human brain, cerebellum, total RNA
Human serum albumin, recombinant
HyAgarose
Hydrochloric acid (HCl)
Ionomycin
Isopropanol
Magnesium chloride (MgCl2)
Methanol
M-PER Mammalian Protein Extraction
Reagent
N,N,N’,N’- tetraethylethylenediamine
(TEMED)
Nonylphenoxypolyethoxylethanol (NP40)
Normal goat serum (NGS)
Normal rabbit IgG 200µg/0.5ml
PageRuler Plus prestained protein ladder
Paraformaldehyde
Percoll
Pluronic F-127
Ponceau S dye
Potassium chloride (KCl)
Precision Plus protein stained standards
Primers
Propidium iodide
Proteinase Inhibitors cocktail Complete
ULTRA tablets, mini, EDTA-free
PureLink Genomic Wash Buffer I,100 mL

Pure Science
VWR Chemicals
Applichem
Life Technologies

100-GLBP.2500
101196X
A-1069.0250
H-21491

Norrie Biotech
Sigma-Aldrich
Ngaio Diagnostics
Merk Millipore
Sigma-Aldrich
Merk Millipore
Sigma-Aldrich
Merck Millipore
Thermo Fisher Scientific

636535
A9731-1G
R9012
1003172500
10634
1096342500
M8266
1060092500
78503

Invitrogen

15524-010

Applichem
Gibco
Thermo Fisher Scientific
Thermo Fisher Scientific
Scharlau
Sigma-Aldrich
Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Bio-Rad Laboratories
Life Technologies
Sigma-Aldrich
Roche Applied Sciences

A-2239.0050
16210072
SCZSC-3888
26619
PA00951000
P1644
P3000MP
P7170
P9541
161-0376
P4170
04 693 159 001

Life Technologies

K182303
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Name
Random primers
RNase from bovine pancreas
RnaseZap
Sodium azide
Sodium chloride (NaCl)
Sodium citrate
Sodium deoxycholate
Sodium dodecyl sulphate (SDS)
Sodium fluoride
Sodium hydroxide (NaOH) pellets
Sodium orthovanadate
Sodium pyrophosphate
Stain Gills II Haematoxylin
Sucrose
Taq polymerase
Theophylline
Tris-base
Triton-X 100
TRIzol®
Tween 20
β-glycerophosphate

Source
Life Technologies
Roche Applied
Sciences
Sigma-Aldrich
Sigma-Aldrich
Merck Millipore
May and Baker
Limited
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Biostrategy
Sigma-Aldrich
Life Technologies
Sigma-Aldrich
Global Science
Sigma-Aldrich
Life Technologies
Ajax Finechem
Sigma-Aldrich

Catalogue
number
48190-011
10-109-134-001
R-2020
S2002
106404.05
430
D- 6750
T1633
S-7920
S-5881
S-6508
S-8010
LES3801520
S9378
10342-053
T-1633
APLA10861000
T-8787
15596018
2509
G-9891

2.1.2 Consumables and laboratory supplies
Name
384-well black microplate without lid
4-15% mini-PROTEAN TGX stain-free protein gels (10
wells, 30µL)
4-well Falcon™ chamber culture slides
5 mL Falcon™ round-bottom flow tubes
ART™ barrier pipette tips
Axygen microcentifuge tubes
Axygen pipette tips, 200 µl,10 µl and 1 ml
BD microtainer tubes

Source
Corning
Bio-Rad Laboratories
In Vitro Technologies
BD Biosciences
Thermo Fisher Scientific
Global Science
Global Science
BD Biosciences
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Name
Cell columns, MS and large
Corning® 96 well flat clear bottom black polystyrene cell
culture treated microplates, individually wrapped, with lid,
sterile
Corning® Costar® 50 mL reagent reservoirs, 5/Bag, Sterile,
Pack of 200
CoverWell™ imaging chamber gasket, one chamber, 20 mm
diameter, 0.5 mm deep
EasyStrainer 100 µm
Extra thick blot paper
Falcon™ 6, 24, 96-well tissue culture treated plates
Falcon™ conical centrifuge tubes 15 mL, 50 mL
Falcon™ disposable polystyrene serological pipettes 5 mL,
10 mL, 25 mL, 50 mL
Falcon™ petri dishes 100 x 15 mm
Filter paper
Filter tip, extra long low retention
Hand tally counter
Lightcycler 480 multiwell plate 384, white, 5 x 10 plates
with sealing foils
Minisart filter pore size 0.2 μm
Nunc cryo tube™ Vials
PAP Pen
Parafilm M® All-Purpose Laboratory Film
Pasteur pipette, non-sterile
PCR 8- Snapstrip 0.2µl flat cap, natural, 120 strips
Polysine microscope slides pre-cleaned
Premier cover glass 22 x 40 x 1 mm
Scalpel handle
Surgical scalpel blades No.10
Syringe Filter 30mm, CA 0.2um Sterile 1 * 50 items
Syringe Terumo 10 mL Luer slip tip sterile
Terumo Neolus hypodermic needle, 23 G x 1 1/2"
Thumbs dressing forceps, 105mm
Thumbs dressing forceps, 120mm
Tissue culture flasks (25 cm2, 75 cm2)
Trans-Blot® Turbo™ mini nitrocellulose Transfer Packs
Vetriplast plastic counting chamber

Source
Miltenyi Biotec
Corning

In Vitro Technologies
Life Technologies
Medi'ray
Bio-Rad Laboratories
In Vitro Technologies
BD Biosciences
BD Biosciences
BD Biosciences
GE Healthcare
Global Science
RayLab
Roche Diagnostics
Sartorius AG
Thermo Fisher
Global Science
Bemis Company
VWR International
RayLab
Thermo Fisher Scientific
Leica Microsystems
Proscitech
Swann-Moston
Global Science
Terumo Corporation
Terumo Corporation
Proscitech
Proscitech
BD Biosciences
Bio-Rad Laboratories
Global Science

Page | 43

Chapter 2: Materials and Methods
2.1.3 Kits
Name

Source

Catalogue
number
4337455

ABI PRISM Big Dye Terminator Cycle
Sequencing Ready Reaction kit version 3.1

Applied Biosystems

Amplex® Red Glutamic Acid/Glutamate
Oxidase assay kit
BCA protein assay kit
BrdU Cell Proliferation kit
Clarity Western ECL Substrate kit
ECL Plus Western Blotting Detection kit
Expand High Fidelity Kit
Experion RNA Analysis kit
Fluo-4 NW Calcium assay kit
IntraPrep Permeabilization kit
Invisorb Fragment Clean Up 250 kit
LDH Cytotoxicity Detection kit PLUS
LightCycler 480 SYBR Green I Master Mix
Lineage Cell Depletion kit
NovoLink Polymer Detection kit
PureLink® RNA Mini Kit
Superscript III First-Strand synthesis system
Trans-Blot Turbo RTA Mini Nitrocellulose
Transfer kit, for 40 blots
WesternBright Quantum chemiluminescent
HRP substrate kit
WesternBright Sirius enhanced
chemiluminescent substrate kit

Molecular Probes, Life
Technologies
Thermo Fisher Scientific
Roche Diagnostics
Bio-Rad Laboratories
Thermo Fisher Scientific
Roche Applied Sciences
Bio-Rad Laboratories
Life Technologies
Beckman Coulter
Medica Limited
Roche Diagnostics
Roche Diagnostics
Miltenyi Biotec
Leica Microsystems
Invitrogen
Invitrogen
Bio-Rad Laboratories

A-12221

Advansta Corporation

K-12042-C20

Advansta Corporation

K-12043-C20

23227
11647229001
1705060
PIE32132
11732641001
7007103
F36205
IM2388
I-1020300300
4744926001
4707516001
130-090-858
RE7150-CE
12183-018A
18080-051
1704270
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2.1.4 Specific equipment and instruments
Name
ABI Prism 3100 genetic analyzer
Aerospray® hematology pro stainer
AS1000 Improved Neubauer Hemocytometer
Axiovert 3100 microscope
Axiovert25 Zeiss microscope equipped with Nikon FSFi2 camera
Analytical balance
BC5300Vet auto haematology Analyzer
BD LSRII flow cytometer
BR-2000 vortexer
C1000 Touch thermal cycler
Contherm designer series incubator
CoolCell
Electrophoresis power supply
Electrophoresis unit
EnSpire™ Multimode plate reader
Fuji LAS-3000 imager
Gel Doc XR system
Grantbio rocker
Heating block
HERAcell 240 incubator
Heraeus Fresco 17 microcentrifuge
Heraeus Primo centrifuge
HERAsafe HS12 laminar flow hood
IB-05G - 60 litre incubator
Milli-Q® Direct water purification system
MiniMACS separator and magnetic stand
NanoDrop spectrophotometers
Nikon Eclipse TE2000 Inverted Microscope
Nikon Eclipse Ti-U inverted microscope system
Nikon Elipse Ci-L upright microscope System
Omega Media autoclave
pH meter
Qsonica benchtop ultrasonic sonicator
Synergy 2 Multi-Mode Reader
Trans-Blot® SD Semi-Dry transfer cell
Trans-Blot® Turbo™ Transfer System
Ultra low-temperature freezer (-80°C)
Wet/Tank Blotting Systems

Source
Thermo Fisher Scientific
ELITech
Hawksley & Sons Ltd
Carl Zeiss MicroImaging
Carl Zeiss MicroImaging
And Nikon Corporation
Sartorius
Mindray
Becton Dickinson
Hercules
Bio-Rad Laboratories
Bio-Strategy Limited
Biocision, San Diego
Bio-Rad Laboratories
Bio-Rad Laboratories
PerkinElmer
Fujifilm
Bio-Rad Laboratories
Thermo Fisher Scientific
Grant Instruments
Heraeus, Kleinostheim
Thermo Fisher Scientific
Thermo Fisher Scientific
Heraeus
Bio-Strategy Limited
Merck Millipore
Miltenyi Biotec
Thermo Fisher Scientific
Nikon Corporation
Nikon Corporation
Nikon Corporation
Prestige Medical
Sartorius
Thermo Fisher Scientific
BioTek
Bio-Rad Laboratory
Bio-Rad Laboratory
Thermo Fisher Scientific
Bio-Rad Laboratory
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2.1.5 Software
Name
Adobe Reader XI version
Automated Electrophoresis Experion
AxioVision
EnSpire Manager
FACSDiva
Fiji ImageJ
FlowJo
Gen5
Graphpad Prism
Image Lab
Image Pro Plus
LightCycler 480
Microsoft Office Professional Plus
2013
ModFit LT
Multi-Gauge software
NIS-Elements Ar
Photoshop CS
Primer3Plus

Version
11.0.08
3.2
4.8
3.0
6.1.1
2.0
7.0
1.09
6.0
5.2.1
7.0
1.5
15.0

Manufacturer
Adobe Systems Inc
Bio-Rad Laboratories
Carl Zeiss group
PerkinElmer
Becton Dickinson
Free software foundation
Tree Star Inc
BioTek
GraphPad Software
Bio-Rad Laboratories
Media Cybernetics
Roche Applied Science
Microsoft Corporation

3.2
2.0
4.3
5.1
4.0

Primer-BLAST

-

Quantity One
SigmaPlot
SPSS Statistics
VideoPad
Windows Movie Maker

4.2.1
11.0
16.0
V 4.45
12

Verity Software House
Fujifilm, Tokyo, Japan
Nikon Corporation
Adobe, Systems Inc
http://www.bioinformatics.nl/cgibin/primer3plus/primer3plus.cgi
National Center for
Biotechnology
Information(NCBI)
Bio-Rad Laboratories
Systat Software
IBM Corporation
NCH Software, Inc.
Microsoft Corporation

Page | 46

Chapter 2: Materials and Methods
2.1.6 Cell culture reagents
Name
Advanced RPMI 1640 cell culture medium without
glutamate
Fetal Bovine Serum (FBS )
PBS 1X, pH 7.4, 500 mL
Penicillin-Streptomycin-Glutamine (PSG) (100X)
Phorbol 12-myristate 13-acetate (PMA)
RPMI 1640 cell culture medium with glutamate
StemSpan SFEM II
Thrombopoietin (TPO)
Trypan blue
Trypsin-EDTA
Valproic acid (VPA)

Source
Gibco

Catalogue
number
12633-020

Gibco
Gibco
Gibco
Sigma-Aldrich
Gibco
StemCell
Abacus
Gibco
Gibco
Sigma-Aldrich

10091-148
10010-023
10378-016
P-1585
11875-119
09655
PT3154110
15250-061
15400-054
PHR1061-1G

2.1.7 General buffers and stock solutions
Name
10X calcium-and
magnesium-free Hank’s
salt solution (CMFH)
10X PBS
1X PBST
4% PFA

ACK-Lyse buffer / red
blood cells lysis buffer
CATCH buffer

Freezing medium
MACS buffer

Composition
53 mM KCl, 4.4 mM KH2PO4, 1370 mM NaCl , 41.7 mM
NaHCO3, 3.38 mM Na2HPO4, 55.6 mM glucose , pH 7.4;
filter sterilised and stored at 4oC for 2-3 months
80 g of NaCl, 2.0 g of KCl, 14.4 g of Na2HPO4, 2.4 g of
KH2PO4 in 100 mL Milli-Q H2O, pH 7.4
1X PBS with 0.05% Tween-20
2 g paraformaldehyde in 50 mL Milli-Q H2O, dissolved with
warming at 60˚C with continuous stirring, cooled at RT for
2 hours and 3 drops of NaOH (1 M) added to produce a
clear solution, filtered and frozen down at -20 °C or -80°C
155 mM NH4Cl, 10 mM KHCO3 and 0.1 mM EDTA,
pH 7.3, filtered and stored at 4°C for 1 year
1X CMFH (10mL), 12.9 mM sodium citrate, 1.4 mM
adenosine , 2.7 mM theophylline , 25 mM HEPES (5 ml of
0.5 M), pH 7.4; Made up to 100mL, filter sterilised and
stored at 4oC for up to 2 weeks
30% of RPMI medium with glutamine, 20% of DMSO, and
50% of FBS
1X PBS with 0.5% BSA, 5 mM EDTA and 1% PenStrep
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Name
Modified Locke’s buffer
Tyrode’s buffer stock
solutions

Composition
8.6 mM HEPES, 5.6 mM KCl, 154 mM NaCl, 5.6 mM
glucose, 1.0 mM MgCl2, 2.3 mM CaCl2, 0.1% BSA, pH 7.4
A: Stock I:
2.73 M NaCl, 53.6 mM KCl, (238 mM) NaHCO3, 8.6 mM
NaH2PO4.
This buffer was made by first dissolving the NaCl, KCl and
NaH2PO4.H2O in 60 ml Milli-Q H2O. The NaHCO3 was
dissolved in 20 mL Milli-Q H2O (may need to heat up to
80ºC for complete dissolution). The volume was mixed
together and made up to 100 mL of Milli-Q H2O. This
buffer was stored at 4oC for 3 months.
B: Stock II:
0.1 M MgCl2.6H2O in 100 mL of Milli-Q H2O
C: Stock III:
0.1 M CaCl2.6H2O in 100 mL of Milli-Q H2O
D: Stock IV:
0.5 M HEPES in 100 mL of Milli-Q H2O. The solution was
filtered, covered with foil and stored at 4oC for 3 months.

Tyrode’s buffer working
solution (prepared fresh)

250 µl of stock I, 50 µL of stock II, 100 µL of stock III, 50
µL of stock IV, 0.0175g of human serum albumin, 0.005g of
sucrose and 250 µl mouse serum were mixed together and
made up to 5 mL with Milli-Q H2O.

Page | 48

Chapter 2: Materials and Methods
2.1.8 Flow cytometry buffers
Name
PB wash buffer
Blocking buffer A
Blocking buffer B
Blocking buffer C
Final flow buffer
Antibody dilution buffer for
intracellular staining
For
Antibody dilution
surface
buffer A
staining Antibody dilution
buffer B

Composition
1X PBS with 0.5% BSA, pH 7.4
1XPBS with 3% BSA and 3% NGS, pH 7.4
1X PBS with 5% BSA, pH 7.4
1X PBS with 3% BSA, 3% NGS and 0.01% Triton X100, pH 7.4
1X PB buffer with 1% PFA, 10% FBS and 0.02%
sodium azide
1X PBS with 3% BSA, 3% NGS and 0.01% Triton
X-100, pH 7.4
1X PBS with 1% BSA and 1% NGS, pH 7.4
1X PBS with 1% BSA, pH 7.4

Hank's Balanced Salt Solution
(HBSS)

1.26 mM CaCl2, 0.49 mM MgCl2.6H2O, 0.40 mM
MgSO4.7H2O, 5.33 mM KCl, 0.44 mM KH2PO4, 4.1
mM NaHCO3, 137.9 mM NaCl, 0.33 mM Na2HPO4,
5.55 mM D-glucose

10X Annexin V Binding Buffer

0.1 M HEPES, 1.4 M NaCl, 25 mM CaCl2 (pH 7.4)

2.1.9 Western blotting buffers
Name
Composition
0.75 M Tris-HCl
22.7 g Tris in 500 mL Milli-Q H2O, pH 6.8
1.5 M Tris-HCl
90.8 g Tris in 500 mL Milli-Q H2O, pH 8.8
10X Running buffer 144.4 g glycine (192 mM), 30.03 g Tris (25 mM), 10 g SDS in
1000 mL Milli-Q H2O, pH 7.4-7.8
10X transfer
144.4 g glycine (192 mM), 30.03 g Tris (25 mM) in 1000 mL
buffer
Milli-Q H2O; 20% methanol was added to 1X transfer buffer
1M Tris-HCl
6.06 g Tris in 50 mL Milli-Q H2O, pH 7.4
2X Protein sample 125 mM Tris-HCl, pH 6.8, 20% glycerol, 4% SDS, 2% β-ME (βloading buffer
Mercaptoethanol), 0.01% bromophenol blue
4X Protein sample 250 mM Tris-HCl, pH 6.8, 40% glycerol, 8% SDS, 10% β-ME
loading buffer
(β-Mercaptoethanol), 0.02% bromophenol blue.
Blocking buffer
TBST with 5% BSA or 5% milk
EDTA (0.5 M)
14.6 g EDTA in 100 mL Milli-Q H2O, pH 8.0
NP-40 lysis buffer 50 mM Tris–HCl pH 7.4, 2 mM EDTA, 0.5% Triton X -100,
10% glycerol, 10% sodium deoxycholate, 10% SDS, 1% NP-40
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Name
Primary antibody
dilution buffer
RIPA lysis buffer

Composition
TBST with 3% BSA

Secondary antibody
dilution buffer
Tris buffered saline
with 0.2% Tween-20
(TBST)
Tris-EDTA protein
lysis buffer

20 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1 mM Na2EDTA, 1
mM EGTA, 100 mM Sodium fluoride (NaF), 1% sodium
deoxycholate, 2.5 mM sodium pyrophosphate (Na4P2O7), 1 mM
β-glycerophosphate, 0.1% SDS and 1 mM sodium
orthovanadate (Na3VO4)
TBST with 1% milk
20 mL of 1 M Tris pH 7.4, 100 mL of 5 M NaCl and 2 mL
Tween-20 in 1000 mL Milli-Q H2O
50 mM Tris–HCl, pH 7.4, 2 mM EDTA, 0.05% Triton X-100

2.1.10 Coomassie blue stain solutions
Name
Destaining solution
Gel fixing solution
Staining solution

Composition
10% methanol and 10% acetic acid in Milli-Q H2O
10% ethanol and 10% acetic acid in Milli-Q H2O
0.125% of Coomassie blue R250, 50% methanol and 10% acetic
acid in Milli-Q H2O. The stain solution was filtered through a
0.20 µm disposable filter to remove any insoluble material.

2.1.11 NMDAR modulators
Table 2-1: NMDAR antagonists and agonists.
Name

Source

Receptor Antagonists
MK-801
Sigma-Aldrich
Memantine Sigma-Aldrich
D-AP5
Sapphire
Biosciences
DCKA
Sigma-Aldrich
Riluzole
Sigma-Aldrich
Receptor Agonists
Glycine
Sigma-Aldrich
NMDA
Sigma-Aldrich
Glutamate
Sigma-Aldrich

Catalogue
number

Solvent

concentration
Stock (mM) Working (µM)

M107
M9292
AB120003

DMSO
DMSO
H2O

100
100
100

5 - 200
5 - 200
5 - 250

D138
R116

DMSO
DMSO

100
100

5 - 200
5 - 200

G8898
M3262
49621

H2O
100
H2O
100
H2O/ HCl 100

5 - 200
5 - 200
100 - 500
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2.2 Methods
2.2.1 Mammalian cell culture
2.2.1.1 Cells
Three human leukemia cell lines were used as models of leukemic megakaryoblasts: Meg-01
(Ogura et al., 1985), Set-2 (Uozumi et al., 2000) (German Collection of Microorganisms and
Cell Cultures, DSMZ, Braunschweig, Germany) and K-562 (Tabilio et al., 1983) (American
Type Culture Collection, ATCC, Manassas, VA). HEK-293 cells and bovine fibroblasts were
also sourced from ATCC. A brief description of cells is provided in Table 2-2:
Table 2-2: Description of human megakaryocytic cell lines (Drexler, 2010).
Cell line
Meg-01

Parameter
Morphology
Doubling time
Functional Features
Immunoprofile

References
K-562

Morphology
Doubling time
Functional Features
Immunoprofile

Set-2

References
Morphology
Doubling time
Functional Features
Immunoprofile

References

Description
Growing singly or in small clusters in suspension,
some cells growing as adherent monolayer
36-48 hours
TPA induces megakaryocytic differentiation.
Ery-megakaryocytic CD9, CD36, CD41a, CD42a,
CD42b, CD61, CD62P, Non-lineage/stem cell
CD34, CD38, CD71.
Ogura et al., Blood 72: 49-60 (1988), Drexler et
al., Leuk Res 24: 109-115 (2000)
Blasts growing singly or in small clusters in
suspension
24-30 hours
TPA induces megakaryocytic differentiation
Ery-megakaryocytic CD9, CD36, CD41, CD42b,
CD61, Non-lineage/stem cell CD34, CD38, CD45,
CD70, CD71.
Lozzio CB & Lozzio BB, Blood 45: 321-334 (1975)
Mostly single cells in suspension, some cells grow
loosely adherent, 1-3% giant cells.
60-80 hours
TPA induces megakaryocytic differentiation
Ery-megakaryocytic CD9, CD36, CD41, CD42b,
CD61, CD62P,Non-lineage/stem cell CD34, CD38,
CD71, CD95.
Uozumi et al., Leukemia 14: 142-152 (2000),
Quentmeier et al., Leukaemia 20: 471-476 (2006).
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2.2.1.2 Growth of human cell lines
The culture of megakaryocytic cells was carried out in a sterile laminar flow hood, which
was routinely wiped with 70% ethanol before and after use. All cell lines were cultured for
up to three months in RPMI 1640 medium with glutamate supplemented with 10% fetal
bovine serum (FBS) and PSG antibiotic mix (100 U/mL penicillin, 100 µg/mL streptomycin
and 2 mM L-glutamine). Growth of all cell lines was maintained at 37°C in a humidified
5% CO2 incubator.
2.2.1.3 Passaging and harvesting of human cell lines
All cell lines were grown in T25 or T75 culture flasks containing 8 mL or 15 mL of the
recommended growth medium, respectively with a starting density of 1 x 105 cells per mL.
Cells were kept in the flask until 85-95% confluency and passaged into new flasks. Meg-01
cells were routinely trypsinised with 1% trypsin. The surface of the flask was covered with
trypsin and incubated at 37°C with 5% CO2 for 2 min. Cells were checked under the
microscope to ensure all cells separated from the surface of the flask. The cell suspension
was subsequently transferred to a 15 mL sterile tube and centrifuged for 5 min at 200 g at
room temperature (RT) with the brake set to 1. The supernatant was discarded and the cell
pellet was re-suspended with 1 mL of fresh medium.
2.2.1.4 Cell counting
The cell suspension was diluted 1:20 in culture medium. Ten µL of the diluted cell
suspension were mixed with an equal volume of Trypan blue solution in a 1.5 mL tube for
counting. A total of 10 µL of the diluted cell suspension was applied to each end of the
haemocytometer. Cells were counted from each of the four quadrants under a microscope
(10X objective). The total number of cells from each 16 square grid was used to determine
the amount of cells/mL using the following formula:
(total cells in 4 quadrants/4) x 20 x 2 x 104) = total cells/mL
The cells were split in the following ways:
1:5 split should be 70-80% confluent and ready for an experiment in 2 to 4 days
1:10 split should be 70-80% confluent and ready for sub-culturing or plating in 4 to 6 days.
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Passage number of each cell line was recorded.
2.2.1.5 Cell freezing and storage
Cryovials were appropriately labelled with the cell line, passage number, total number of
cells frozen and date. Cells were counted and re-suspended in the medium at 3-6 x 106 cells
per mL. Five-hundred µL of cell suspension and 500 µL freezing medium (see Section
2.1.7) were transferred to each cryovial and mixed gently by pipetting the liquid up and
down. The cells were left for 5 min at RT and then placed on ice for 10 min to equilibrate.
The vials were stored at -80°C in a CoolCell cell freezing container for 24 hours. CoolCell
allows gradual cooling and freezing (1°C per min) which reduces the risk of cell
dehydration or ice crystal formation within cells, so they maintain good viability and are
better preserved. On the following day, the cryovials were transferred to a liquid nitrogen
tank for long -term storage.
2.2.1.6 Recovery of cells from liquid nitrogen storage
Cell aliquots from each cryovial were immediately transferred to dry ice and thawed rapidly
in a 37°C water-bath. The cell suspension was transferred to the sterile 15 mL tube
containing 5 mL pre-warmed fresh medium and centrifuged at 100 g, brake 1 at RT for 5
min to remove any residues of DMSO. The supernatant was discarded by aspiration and the
cell pellet was re-suspended with 6 mL pre-warmed serum-supplemented culture medium in
a T25 flask. The cells were passaged when they reached 80-90% confluency. Cells were
passaged for minimum of 4 weeks before any functional analysis was conducted.
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2.2.2 Molecular biology
2.2.2.1 Studies on residual human bone marrow aspirates
Studies on residual bone marrow aspirate samples were approved by Northern X Health and
Disability Human Ethics Committee AKX 03/183. Residual samples were obtained from
LabPlus Haematology.
2.2.2.2 Sample preparation for RNA extraction
Five-hundred L of cells isolated from an AMKL bone marrow sample (provided by
LabPlus Haemotology) was spun down at 200 g for 10 min, the supernatant was discarded
and cells was lysed in 1 mL of TRIzol. Normal bone marrow (1.4 ml) was lysed with 14 ml
of RBC lysis buffer, the cells washed and spun down before lysis in 1 mL TRIzol. For
Percoll enriched and bead isolated megakaryocytes, the marrow was spun down at 180 g for
10 min (brake 1) and the supernatant was discarded. The cells were diluted with three times
the volume of wash buffer. The Percoll was prepared and the cells separated using Percoll
density gradient centrifugation as described in section 2.2.7.3.1 and 2.2.7.3.2, respectively.
Cells were transferred a to new collection tube prior to three washes with wash buffer, each
wash followed by centrifugation at 200 g for 10 min with brake on. For Percoll enriched
cells, cells were lysed in TRIzol and stored at -80oC.
For CD61-positive cells enrichment, Percoll separated megakaryocyte enriched marrow cells
were processed using magnetic affinity cell sorting (MACS) according to the manufacturer’s
instructions with slight modifications. The cells were resuspended in 80 µL of CATCH
buffer and magnetically labelled with 20 µL of CD61 microbeads for 15 min at 4°C. The
cells were washed with 2 mL CATCH buffer and spun at 180 g for 10 min with brake on.
Cells were resuspended in 500 µL of CATCH buffer prior to magnetic isolation of CD61
positive cells following the procedure described in section 2.2.7.4.1. The final cell pellet was
lysed in TRIzol and stored at -80oC.

Page | 54

Chapter 2: Materials and Methods
2.2.2.3 RNA extraction
2.2.2.3.1 RNA extraction from marrow cells
The homogenised sample stored in TRIzol was defrosted at RT until completely thawed. A
volume of 200 µL of chloroform per 1 mL of TRIzol was added, followed by shaking the
tube vigorously for 30 s. The sample was incubated for 3 min at RT before centrifugation at
12,000 x g for 15 min at 4°C. The colourless upper aqueous phase containing RNA was
transferred to a new 1.5ml tube. Ten µg of RNase-free glycogen was added as a carrier to the
aqueous phase. RNA was precipitated by adding 500 µL of cooled 100% isopropanol and
incubated for 1 hour at -20oC. RNA was pelleted by centrifugation at 12,000 × g for 15 min
at 4°C, the supernatant was discarded and the pellet was washed with 1 mL of cold 75%
ethanol per 1 mL of TRIzol used. The RNA was centrifuged at 7,500 x g for 10 min at 4°C,
the supernatant discarded and the pellet air dried for 5–10 min before dissolving the RNA
pellet in 6 µL of RNase DNase free water for 10 min at RT. Following gentle vortexing for
10 s, the RNA was spun down briefly and stored at -80°C until used.
2.2.2.3.2 RNA extraction from cell lines
Total RNA was isolated from cell lines using the PureLink® RNA Mini kit (Invitrogen)
according to manufacturer’s instructions. Each kit component and barrier filter tips were
free of ribonuclease. Six-hundred L of the RNA lysis solution was added to 5 x 106 cells,
homogenised by vortexing at high speed and the lysate was passed 5–10 times through an
18–21-gauge needle to ensure complete cell lysis. The homogenate was collected by
centrifugation at 2600 x g for 5 min. The lysate was mixed 1:1 with 70% ethanol and
transferred to spin cartridges that were placed into a collection tube. Tubes were centrifuged
at 12,000 x g at RT for 30 s and the flow through was discarded. Three-hundred-and-fifty
µL of wash buffer I was added to each column and spun for 30 s. The flow-through was
discarded and cartridges were then transferred to new tubes. A volume of 80 µL of Purelink
DNAse was added to spin cartridges. After incubation for 15 min at RT, 350 µL of wash
buffer I was added, tubes were spun at 12,000 x g for 30 s at RT, followed by two washes
with 500 µL of wash buffer II. Spin cartridges were dried by centrifugation at 12,000 x g for
1 min. Thirty µL RNase-free water was added to each spin cartridge, incubated for 1 min
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and RNA was eluted into a labelled recovery tube by centrifugation at 12,000 x g for 2 min.
The RNA was immediately stored at -80°C.
2.2.2.4 Quantification of nucleic acid
RNA concentration and purity were measured using a Thermo Scientific Nanodrop™
Spectrophotometer. The integrity of RNA was assessed using an Experion system. RNA
was considered pure when the OD260/280 and OD260/230 were close to 2.
2.2.2.5 Preparation of dNTP mix
A 10 mM stock solution of dNTPs was prepared by adding 10 µL of dATP, dCTP, dGTP
and dTTP (all stock dNTPs are at 100 mM) to 60 µL of DNase RNAse free water. The
stock solution was stored at -20 ºC.
2.2.2.6 cDNA synthesis
cDNA was synthesised from 2 μg DNase-treated total RNA using oligo(dT) and random
primers with Superscript III First-Strand synthesis system, as per the manufacturer’s
instructions. The appropriate amount of RNA was diluted with nuclease-free water to a final
volume of 10 µL and incubated with 3.2 μg random primers and 2.5 μM oligo (dT) at 65°C
for 10 min and then placed on ice for 1 min. The cDNA synthesis mix (10 µL) containing
1x RT buffer, 5 mM MgCl2, 0.01 M DTT and 200 U SuperScript III RT, was added to the
RNA mixture. The sample was incubated for 5 min at RT, followed by 1 h at 50°C and 5
min at 85°C in a C1000 thermal cycler. The sample was cooled prior to adding 1 µL of
RNAse H to the sample and incubated at 37°C for 20 min with a final incubation on ice for
1 min.
2.2.2.7 Primer design for PCR
The PCR primers were designed to amplify the gene of interest. Primers for GRIN1 and
GAPDH were previously published with minimal modification to the GRIN1 primers (Lee
et al 2010, Gnatenko et al 2003 and Miglio et al 2005). The remaining primer sets were
designed

using

Primer3Plus

(http://www.bioinformatics.nl/cgi-

bin/primer3plus/primer3plus.cgi) and checked for specificity using Primer-BLAST
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/).
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All primers came lyophilised and were diluted with water to the final concentration of 100
μM. The primers are listed in Table 2-4. Real-time primers were designed using the Roche
Universal Probe Library and are listed in Table 2-5. Primers for lamin A/C (LMNA),
ubiquitin C (UBC) and hypoxanthine phosphoribosyltransferase (HPRT) have been
previously described (Lasham et al 2010).
Table 2-3: PCR primers targeting GRIN transcripts for end-point RT-PCR.
(gene name;
NCBI reference
number)
GRIN1
NM_007327
GRIN2A
NM_000833
GRIN2B
NM_000834
GRIN2C
NM_000835
GRIN2D
NM_000836

Primers
End-point RT-PCR
Sequence 5’ to 3’ and nucleotide (nt) location
F: GGGTACCAGATGTCCACCAG
nt: 1,501 - 1,520
R: AGCTTGATGAGCAGGTCGAT
nt: 1,727 - 1,708
F: TGGGTTGCTCTTCTCCATCAGC
nt: 2,881 - 2,902
R: AGCAGCTCTTTTGGGTGAGTCC
nt: 3,076 - 3,055
F: CATCACCTTCATCTGCGAACACC
nt: 2,678 - 2,700
R: GCAGGATGTTGGAGTGTGTGTTG
nt: 2,877 - 2,855
F: CACACCCACATGGTCAAGTTCA
nt: 2,254 - 2,275
R: CCAGTGGGAGTCCTTCTGCAT
nt: 2,463 - 2,443
F: AGTGACCGCAAGTTCCAGAG
nt: 2,168 - 2,187
R: GGGCCATGTAATTGAGCACT
nt: 2,390 - 2,371

Amplicon size
(base pairs )
227

196

200

210

223

GRIN3A
NM_133445

F: TTGCTGTCACGGAGACTTTG
nt: 3,354 - 3,373
R: TTGGTCTTGAAATGCTGCTG
nt: 3,594 - 3,575

241

GRIN3B
NM_138690

F: GACAAGACCTTCGAGGAGCTG
nt: 2,011 - 2,031
R: TCGTAGTCCAGGAGCGACTTG
2,255 - 2,235

245

Gene names (nomenclature by Collingridge et al, 2009 is followed) and NCBI gene
accession numbers are provided. All primers were designed to span intro-exon boundaries
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and detect all known splice variants of GRIN genes in humans. F =Forward primer, R=
Reverse primer
Table 2-4: PCR primers targeting GRIN transcripts for Real-time RT-PCR.
(gene name;
NCBI reference
number)
GRIN1
NM_007327
GRIN2A
NM_000833
GRIN2B
NM_000834
GRIN2C
NM_000835
GRIN2D
NM_000836
GRIN3A
NM_133445

GRIN3B
NM_138690

Primers
Real-time RT-PCR
Sequence 5’ to 3’ and nucleotide (nt) location
F: TCCCTGTCCATCCTCAAGTC
nt: 2,647 - 2,666
R: CTGATACCGAACCCACGTCT
nt: 2,718 - 2,699
F: TTGCTTCAGTTTGTGGGTGA
nt: 2,645 - 2,664
R: GTTGTGGCAGATCCCAGTG
nt: 2,716 - 2,698
F: AGCAATGGGACTGTCTCACC
nt: 1,800 - 1,819
R: AACATCATCACCCATACGTCAG
nt: 1,867 - 1,846
F: AGCCCTGGTGGGTACCTG
nt: 1,198 - 1,215
R: TCATGTATAGGACGCCATGC
nt: 1,303 - 1,284
F: GGCTCAGTGACCGCAAGT
nt: 2,163 - 2,180
R: GCACGGTCCCAAACTTCA
nt: 2,228 - 2,211
F: TGCTGACTGCAAACTTCTCAC
nt: 3,169 - 3,189
R: AGGCCAATGCCGTATCCT
nt: 3,231 - 3,214
F: CATGGTCGGGGACAAGAC
nt: 2,001 - 2,018
R: GGAAGCTCTTCTTGATGTACGC
nt: 2,131 - 2,110

Amplicon size
(base pairs
72

72

68

106

66

63

93

Gene names (nomenclature by Collingridge et al, 2009 is followed) and NCBI gene
accession numbers are provided. All primers were designed to span intro-exon boundaries
and detect all known splice variants of GRIN genes in humans. F =Forward primer, R=
Reverse primer
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2.2.2.8 Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)
RT-PCR amplification for GRIN and housekeeping gene was performed in a 25 µL reaction
volume containing 1X PCR buffer, 1.5 mM MgCl2, 0.2 mM dNTPs, 0.3 μM primers and 0.5
U Taq polymerase. The primers and cycling conditions are listed in Table 2-5. Optimal
annealing temperatures were determined by gradient PCR. GAPDH was used as a positive
control and all amplifications were performed using C1000 thermal cycler.
Table 2-5: RT-PCR cycling conditions to detect expression of GRIN transcripts.
Primer
target
GRIN1
GRIN2A
GRIN2B
GRIN2C
GRIN2D
GRIN3A
GRIN3B
GAPDH

Human
chromosomal
location
9q34.3
16p13.2
12p12
17q25
19q13.1
9q31.1
19p13.3
12p13

Denaturation

Annealing

Extension

Number
of cycles

94oC, 30 s
94oC, 30 s
94oC, 30 s
94oC, 45 s
94oC, 45 s
94oC, 30 s
94oC, 30 s
94ºC, 30 s

62oC, 30 s
62oC, 30 s
65oC, 30 s
58oC, 30 s
58oC, 30 s
62oC, 30 s
65oC, 30 s
60ºC, 30 s

72oC, 30 s
72oC, 30 s
72oC, 30 s
72oC, 30 s
72oC, 30 s
72oC, 30 s
72oC, 30 s
68ºC, 60 s

40
40
40
40
40
40
40
25

All primer sets were used with an initial denaturation time of 3 min at 94oC and a final
extension of 7 min at 72oC.
2.2.2.9 Gel electrophoresis of PCR products
PCR products were kept at -20°C until they were subjected to electrophoresis. 6X loading
buffer was prepared by adding 0.25% bromophenol blue and 30% glycerol make up to 5mL
with water. GelRed was added to the 6X loading dye in a ratio of 1:50. Two µL of 6X
loading dye was added to 10 µL of PCR amplified products and the mixture was loaded
onto the gel in parallel with a pre-mixed 100 bp DNA ladder. Electrophoresis was
performed on a 1.5 % agarose gel at 100 V for 45-60 min, depending on the size of the
electrophoresis tank and the length of amplicons. This was approximately until the band of
loading dye had reached 1-3 cm from the bottom of the gel. The gel was then visualised
under UV light using the Gel Doc XR+ system and images were captured with Quantity
One software.
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2.2.2.10 GRIN1 and GRIN2A splice variant detection by RT-PCR and sequencing
PCR amplification was performed in a 25 µL reaction volume containing 1X PCR buffer,
1.5 mM MgCl2, 0.2 mM dNTPs, 0.3 µM primers and 1.3 U Expand High Fidelity Enzyme
Mix. Primer sequences against GRIN transcripts are provided in Table 2-6, which we
designed using Primer3Plus. All primer sets were designed to span intron-exon boundaries
except for primers targeting GRIN2A exon 14 (2A-3). The primers and cycling conditions
are listed in Table 2-7 and 2-8. PCR products were electrophoresed and visualised as
described above. Amplified products were purified using the Invisorb Fragment Cleanup
kit, according to the manufacturer’s instructions. Purified products were sequenced using
the ABI PRISM Big Dye Terminator Cycle Sequencing Ready Reaction kit version 3.1 and
read with the ABI Prism 3130xl Genetic Analyzer.
Table 2-6: RT-PCR primers to detect splice variants of GRIN1 and GRIN2A.
Primers
(name indicates the exon/s targeted;
gene name; NCBI reference number)
GRIN1 exon 4
(NM_007327)

Sequence 5’ to 3’ and nucleotide (nt)
location
(exon where primer binds is indicated)
F: TGGTTTGAGATGATGCGTGT
nt: 781 – 800 (exon 3)
R: GGTATACAGTGGCAGCATCG
nt: 1,027 - 1,008 (exon 6)

GRIN1 exon 20 and 21a (start)
(NM_007327)

F: CCTGCGACCCTTACTTTTGA
nt: 2,743 – 2,762 (exon 18)
R: CCTATGACGGGAACACAGC
nt: 3,138 - 3,120 (exon 21a)
F: as above
R: CTGACCGAGGGATCTGAGAG
nt: 3,449 - 3,430 (exon 21a/b)
F: CGGCCACTGCTGAGAACTAT
nt: 66 – 85 (exon 1)
R: AATAGCCCACTCTGCCCATA
nt: 329 – 310 (exon 3)
F: GACCCTGCCTCTCCTTCTCT
nt: 305 – 324 (exon 2a)
R: same primer as above but nt: 567 – 548
(exon 3)
F: AACATGCCCACCTATTCAGG
nt: 3,968 - 3,987 (exon 14a/b)
R: CAAGGACGACCGAAGATAGC
nt: 4,525 – 4,506 (exon 14b/c)
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Table 2-7: RT-PCR conditions to detect splice variants of GRIN1, and interpretation of results.
Exon amplified
GRIN1
exon 4

Denaturation
94oC, 15 s

GRIN1
exon 20 and 21a
(start)

94oC, 15 s

GRIN1
exon 20
and 21b (end)

94oC, 15 s

Annealing
62oC, 30 s

62oC, 30 s

Extension
72oC, 45 s

72oC, 45 s

Number
of cycles
40

40

Base pair size
of the amplicon
247

Exon 4 absent

310

Exon 4 present

285

Exon 20 absent
Exon 21 present
Exon 20 present
Exon 21 present

h1-2

233

Exon 20 absent
Exon 21 absent

h1-1

344

Exon 20 present
Exon 21 absent

h1-4

396
62oC, 30 s

72oC, 45 s

40

Interpretation

Splice variant
Variant a
of h1-1 to 1-4
Variant b
of h1-1 to 1-4

h1-3

All primer sets were used with an initial denaturation time of 2 min at 94°C and a final extension of 7 min at 72°C.

Page | 61

Chapter 2: Materials and Methods

Table 2-8: RT-PCR conditions to detect splice variants of GRIN2A, and interpretation of results.
Exon targeted

Denaturation

GRIN2A
exon 1

94oC, 15 s

GRIN2A
exon 2

94oC, 15 s

GRIN2A
exon 14

94oC, 15 s

Annealing
62oC, 30 s
62oC, 30 s
62oC, 30 s

Extension
72oC, 45 s
72oC, 45 s
72oC, 45 s

Number
of cycles
40
40
40

Base pair size
of the amplicon

Interpretation

Splice variant

264

Exon 1 present

2A-2

no product

Exon 1 absent

2A-1 or 2A-3

263

Exon 2 present

2A-1

no product

Exon 2 absent

2A-2 or 2A-3

215

Exon 14 absent

2A-3

558

Exon 14 present

2A-1 or 2A-2 or
genomic DNA

All primer sets were used with an initial denaturation time of 2 min at 94oC and a final extension of 7 min at 72oC.
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2.2.2.11 Real-time RT-PCR
Real-time amplifications were performed in a 10 µL reaction volume containing 5 µL of
SYBR Green I Master Mix, 0.5 µM of each primer and 2 µL of five-fold diluted cDNA
using the LightCycler 480. Samples were run in triplicate; no template (NTC) and reverse
transcriptase (RT) negative controls were included for each gene. The cycling parameters
comprise an initial denaturation at 95oC for 5 min, followed by 45 cycles that included
incubations at 95oC for 10 s, 60oC for 10 s and 72oC for 10 s. The average threshold cycle of
triplicate reactions was used for all subsequent calculations using the ∆∆Ct method. A
melting curve analysis was performed to ensure specificity of the products amplified. Levels
of mRNA expression for the NMDAR subunits were normalised using three housekeeping
genes (HPRT, LMNA and UBC, Table 2-9) and expressed relative to human cerebellum. Ct
values were then averaged and the relative expression was calculated using Microsoft Excel
and LightCycler 480 software version 1.5 (Roche).
Table 2-9: Housekeeping genes.
Primers
(gene name; NCBI reference
number)
Hypoxanthine
phosphoribosyltransferase 1
transcripts (HPRT1),
NM_000194
Ubiquitin C (UBC),
NM_021009
Lamin A/C (LMNA),
NM_170707

Sequence 5’ to 3’ and nucleotide (nt)
location
F: TGACCTTGATTTATTTTGCATACC
nt: 218-241
R: CGAGCAAGACGTTCAGTCCT
nt: 319-300
F: GGCAAAGATCCAAGATAAGGAA
nt: 2363-2384
R: GGACCAAGTGCAGAGTGGAC
nt: 2493-2474
F: TGAGGCCAAGAAGCAACTTCA
nt: 780 to 800
R: CTCATGACGGCGCTTGGT
nt: 918 to 901

Base pair
size of the
amplicon
102

131

139

All primer sets were used with an initial denaturation time of 2 min at 94°C and a final
extension of 7 min at 72°C.
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2.2.3 Protein analysis
2.2.3.1 Preparation of protein lysates
Cell lysates were prepared from each cell line by harvesting cells as described in section
2.2.2. Cells were washed with ice cold PBS to remove the remaining media. The lysis buffer
was prepared as described in section 2.1.8 supplemented with one completeTM Mini
protease inhibitor cocktail tablet. Twenty µl of PBS was added to the cell pellet, followed
by 1 mL of the lysis buffer for every 2 x 108 cells. Cells were left on ice at 4°C for 60 min,
and vortexed every 30 min. The lysate was then homogenised by ultrasonication using the Q
Sonica benchtop ultrasonic sonicator set at 50% amplitude and 5 s cycles for the total
duration of 1 min with 5 s on and off cycle on ice. The sample was kept on ice throughout
the sonication process to avoid unwanted protein degradation. Cell lysates were cleared by
removing cellular debris though centrifugation at 16,200 g at 4°C for 20 min. The
supernatants were transferred to new microcentrifuge tubes and stored at -20°C until use.
2.2.3.2 Sample preparation for protein quantification (BCA assay)
The Bicinchoninic acid (BCA) assay was used to determine the protein concentration of
each cell lysate. BSA standard was supplied at a concentration of 2 μg/µL. Serial dilutions
of BSA stock solution in 1 M NaOH were prepared with the following protein
concentrations: 2000, 1000, 500, 250, 125, 62.5, 31.25, 0 μg/mL. Samples were subjected to
a 1:10 dilution, where 5 µl of sample and 45 ul of NaOH were added to the microcentrifuge
tube. The protein concentration was determined by microplate procedure using the BCA
Protein Assay Reagent kit according to the manufacturer's instructions. The plate was
incubated at 37°C for 30 min prior to reading the plate.
2.2.3.3 Determination of protein concentration
The absorbance was measured at 595 nm using the Synergy 2 multi-mode plate reader
equipped with the Gen5 v1.9 software. Protein concentrations in samples were determined
by the linear regression equation of the standard curve derived from measurements of
known concentrations of BSA standards.
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2.2.3.4 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
SDS–polyacrylamide gels were prepared as described in Table 2-10 and cast in the Bio-Rad
gel system. The running gel was poured between the glass plates leaving approximately 2
cm at the top. Ethanol (70%) was poured on the top of the gel to remove any air bubbles and
the gel was allowed to set for 60 min. The ethanol was poured off; the stacking gel was
prepared and poured immediately on top of the running gel. The combs were inserted and
allowed to set.
Table 2-10: Preparation of the 10% and 7% SDS-PAGE homemade gels.
Ingredients
Milli-Q water

10%
running gel
3.84 mL

7%
stacking gel
1.8 mL

7%
running gel
4.4mL

4%
running gel
2.9 mL

40% Acrylamide

2 mL

0.24 mL

1.4 mL

0.75 mL

1.5 M Tris – running
0.75 M Tris - stacking

2 mL
-

0.42 mL

2 mL
-

1.25 mL

10% SDS
10% APS

80 µL
80 µL

25 µL
25 µL

80 µL
80 µL

50 µL
50 µL

TEMED

4 µL

2.5 µL

4 µL

4 µL

All samples were diluted with 2X or 4X loading buffer and PBS. Samples were spun for 30
s and denatured at 100°C for 10 min and 30 min for GluN1 and GluN2A, respectively and
at 70° C for X min for GluN2D. Denatured samples were spun and loaded onto the gel.
Volumes of 40 μg total cell protein and 20 μg of human brain lysate (positive control) were
subjected to electrophoresis on 10% and 7% resolving gels and 4–15% Mini-PROTEAN®
TGX Stain-Free™ precast gels. Samples were run alongside either 8 µL of Precision Plus
Dual Colour pre-stained protein standard marker or 5 µl of PageRuler Plus pre-stained
protein ladder. The ladder was used to estimate the molecular weight of examined bands.
Electrophoresis was conducted at constant voltage (80 V) in 1X running buffer using a tank
blot system (Bio-Rad Mini-PROTEAN® Tetra cell) for approximately 2 h until the
bromophenol blue dye reached the bottom of the resolving gel. The gel cassette or glass
plates were opened using a spatula to expose the gel. The very top and bottom of the gels
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were trimmed off by spatula. 4–15% Mini-PROTEAN® TGX Stain-Free™ precast gels
bands were verified before transfer using Image Lab. The gel was ready for staining with
Coomassie stain (homemade gel) or Western blotting procedure.
2.2.3.5 Coomassie blue staining
After polyacrylamide gel electrophoresis, homemade gels were fixed using a fixative
solution (see Section 2.1.7) for 15 min. The purpose of this step was to wash off the SDScontaining buffers out of the gel. Fixing changes the colour of the bromophenol blue dye
from blue to yellow. Proteins were stained with Coomassie R-250 brilliant blue stain
solution for at least 30 min at RT with slow shaking. The gel was then rinsed with Milli-Q
H2O and destained in the destaining solution (see Section 2.1.10) until the protein bands
were seen without the background staining of the gel. Tissue paper was used to absorb
excess dye.
2.2.3.6 Western blotting
2.2.3.6.1 Transfer of proteins
A. Homemade gel
After electrophoresis was complete, the gel was equilibrated in a cold transfer buffer (see
Section 2.1.1.2.4) for 15 min, changing the buffer every 5 min to facilitate the removal of
electrophoresis buffer salts and detergents. The filter paper and membranes were soaked in
cold transfer buffer for 15-20 min. The electrophoretic transfer sandwich was assembled in
the following order: pre-wet filter paper; pre-wet membrane; the equilibrated gel and
another pre-wet filter paper. To optimise protein transfer efficiency, air bubbles from the
spaces between layers were removed by a blotting roller over the sandwich. Additional
buffer was added on top of the assembled sandwich to keep it moist. The proteins separated
by SDS-PAGE were transferred from the gels onto the nitrocellulose membrane. The
transfer was conducted at 20 V for 1 hour for 1 gel or for 2 hours for 2 gels using a Bio-Rad
Trans-Blot SD semi dry transfer apparatus.
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B. Commercial gel
After electrophoresis, proteins were transferred onto Trans-Blot® Turbo™ mini
nitrocellulose transfer packs using the Trans-Blot Turbo system (Bio-Rad). The transfer was
carried out at 25 V and 300 mA for 10 min. As an alternative, transfer was carried out with
the Bio-Rad wet transfer system. The transfer cassette was assembled in the following
order: black side of the gel holder cassette; pre-wet sponge pad; pre-wet filter paper; gel;
membrane; another pre-wet filter paper; pre-wet sponge pad; red side of the gel holder
cassette. Air bubbles were removed as above and the cassette was closed and kept wet at all
times with transfer buffer. The transfer cassette was placed into the transfer tank (black side
of cassettes facing black side of the holder) with an ice coolant block. The tank was filled
with transfer buffer. Transfer was carried out at 100 V for 60 min.
After transfer, the membrane (from both types of gels) was carefully removed from the
transfer sandwich and stained with Ponceau S for 2 min to check transfer efficiency of
proteins. Destaining was performed with Milli-Q H2O for 5 min and TBST for 10 min. The
membrane was divided (if needing to probe the same blot with different antibodies) while
the protein lanes were visible.
2.2.3.6.2 Immunodetection of transferred proteins
Membranes were blocked in Perfect Western blot containers for 1 hour at RT on a rocker in
order to prevent non‐specific antibody binding. Blocking solution contained 5% non-fat
milk powder (Anchor, NZ) made up fresh in TBST. Alternatively, blocking was conducted
using 5% BSA in TBST for 3 hours. If blocked with milk, membranes were rinsed briefly
with TBST prior to the addition of primary antibodies. The membrane was immune-labelled
with the required primary antibody (Table 2-11) (diluted in TBST containing 3% BSA)
overnight at 4°C with gentle rocking. Unbound antibody was removed by three TBST
washes for 10 min each at RT with gentle agitation. Membranes were incubated for 2 hours
at RT with horseradish peroxidase-conjugated anti-rabbit or anti-mouse antibody with
gentle shaking. Excess antibody was removed by washing membranes three times with
TBST for 10 min each.
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Table 2-11: List of antibodies.

Isotype
control

Primary

Types

Antibodies
Annexin V FITC, monoclonal
Mouse anti-actin, monoclonal
Mouse anti-human CD41a FITC, monoclonal
Mouse anti-human CD61 PE, monoclonal
Mouse anti-NMDAR1 (GluN1), monoclonal
Mouse anti-NMDAR1, monoclonal
Rabbit anti-active Caspase-3 PE, monoclonal
Rabbit anti-CD61, monoclonal
Rabbit anti-NMDAR1 (GluN1), monoclonal
Rabbit anti-NMDAR2A (GluN2A), polyclonal
Rabbit anti-NMDAR2A (GlunN2A), polyclonal
Rabbit anti-NMDAR2D (GluN2D), polyclonal
Rabbit anti-NMDAR2D (GluN2D), polyclonal
Rat anti-mouse CD41 PE, monoclonal
Isotype control, mouse IgG1 FITC, monoclonal
Isotype control, mouse IgG1 PE, monoclonal
Isotype control, mouse IgG2a
Isotype control, rat IgG1 PE, monoclonal

Purposes
FC
WB
FC
FC
FC, WB
WB
FC
IC
WB
WB
FC,WB
WB
FC,WB
FC
FC
FC
FC
FC

Source
BD Pharmingen
Millipore
BD Pharmingen
BD Pharmingen
BD Pharmingen
Millipore
BD Pharmingen
Abcam
Cell Signaling
Millipore
Santa Cruz
Abcam
Santa Cruz
BD Pharmingen
BD Pharmingen
BD Pharmingen
Dako
BD Pharmingen

Catalogue
number
560931
MAB1501
555466
555754
BD 556308
MAB363
550821
ab75872
D65B7
AB1555
sc-9056
ab35448
sc-1471
561850
551954
556650
X094301
X555484

Dilution
1:40
1:5000
1:20
1:20
1:500, 1:200
1:1000
1:20
1: 20
1:1000, 1:500
1:3000, 1:1000
1:200
1:200
1:200
1:20
1:20
1:20
1:20
1:20

Reactivity
Hu, Ms
Hu, Ms, Rt
Hu
Hu, Rh, Bv, Ba, Cyn
Hu, Mk, Rt
Hu, Xn, Rt, Mk
Hu, Ms
Hu, Ms, Rt
Hu, Ms, Rt
Hu, Ms, Rt, Fi
Hu, Ms, Rt, Bv
Hu, Ms, Rt
Hu, Ms, Rt, Bv, Ca, Po
Ms
Hu, Ms, Ba, Rh, Cyn
Hu, Ms, Ba, Rh, Cyn
Hu
Hu, Ms
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Secondary

Type

Antibodies

Purposes

Source

Goat anti-mouse IgG FITC (H+L),
polyclonal
Goat anti-mouse IgG PE

FC

Jackson ImmunoResearch

Catalogue
number
115-095-003

Dilution

Reactivity

1:50

Ms, Hu

FC

Santa Cruz

sc-3738

1:20

Goat anti-rabbit IgG FITC (H+L), polyclonal
Goat anti-rabbit IgG PE

FC
FC

Jackson ImmunoResearch
Santa Cruz

111-095-144
SC-3739

1:50
1:50

Peroxidase AffiniPure goat anti-mouse IgG
(H+L), polyclonal
Peroxidase AffiniPure goat anti-rabbit IgG
(H+L), polyclonal

WB

Jackson ImmunoResearch

115-035-062

1:3000

Hu, Ms , Rb,Gt,
Rt
Hu, Ms, Rt
Hu, Ms , Rb,Gt,
Rt
Hu, Ho, Bv

WB

Jackson ImmunoResearch

111-096-045

1:3000

Hu, Rb

Abbreviations: FC, Flowcytometry; WB, Western Blot; IC, Immunocytochemistry; Hu, Human; Ms, Mouse; Rt, Rat; Rb, Rabbit; Monkey; Mk, Monkey;
Ho, Horse; Bv, Bovine; Gt, Goat; Rh, Rhesus; Cyn, Cynomolgus; Ba, Baboon, Ca, Canine; Po, Porcine; Fi, Fish; Xn, Xenopus
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2.2.3.6.3 Visualisation of proteins
Immunoreactive proteins were detected using the Chemiluminescence kit. Four substrates
were routinely used for visualising proteins: ECL Plus, SuperSignal West Femto,
WesternBright Sirius and WesternBright Quantum. Clarity™ Western ECL Blotting
Substrate was only used to detect Actin protein. Following the last wash, the membrane was
placed on a plastic sheet and 1 mL of Chemiluminescence reagent mix was applied to the
membrane surface, in accordance with the manufacturer’s instructions. Another plastic sheet
was placed over the membrane and excess reagent wiped away. The signal was developed
using a Fujifilm LAS 3000 scanner equipped with the Multi-Gauge software and captured in
auto-precision mode with increments of 1 min for approximately 20 min. Lanes in some
blots have been spliced together from the original blot to adjust the order.
2.2.4 Plate reader based functional assays
2.2.4.1 Cell viability assay
Cell viability was measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. In this assay, MTT water-soluble tetrazolium salt is reduced to water
insoluble formazan by dehydrogenase enzymes in the mitochondria of metabolically active
live cells. The resulting intracellular formazan is directly proportional to the number of
metabolically active cells. Mean absorption of control and treated cells was determined as a
relative estimation of cell viability (Mosmann, 1983).
Cells were seeded in 96-well plates at a density of 10 x 103 cells per well to examine effects
of NMDAR antagonists and at 20 x 103 cells per well to study agonist effects. Cells were
cultured in RPMI 1640 containing 2 mM L-glutamine, except for testing of NMDAR
agonists, when glutamine-free media was used. Megakaryocytic cell lines were incubated
for 72 hours with various concentrations of antagonist and agonist (see Section 2.1). Control
cells were left untreated or were treated with 0.1% DMSO, if that was used as a diluent.
Cells were incubated with modulators for 72 hours. Ten µL of fresh MTT solution (10
mg/mL in PBS) was added and cells were incubated for a further 3 hours. Morphologic
examination of MTT formazan was assessed by Axiovert 3100 microscope; the needle-like
crystals were seen. Formazan crystals were solubilised by adding 100 µL of 10% SDS and
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0.01 M HCl into each well and the plate was incubated overnight at 37°C to facilitate lysis
of cells and the MTT metabolite. The metabolic conversion of MTT by living cells was
quantified by measuring absorbance at A570 nm wavelength using Synergy 2 multi-mode
microplate reader. Cell viability was expressed as percentage of absorbance relative to the
cells treated with vehicle. Percentage of cell growth was calculated as 100*(X-Y)/Z, where
X, Y and Z were the absorbance read in drug-treated cells, blank (cell free) well and
vehicle-treated cells, respectively. All conditions were tested in triplicates. The IC50 values
were calculated using GraphPad Prism.
2.2.4.2 Measurement of cell cytotoxicity (death)
Cell death was quantified from the leakage of lactate dehydrogenase (LDH) using
Cytotoxicity Detection Kit PLUS (LDH; Roche-Applied Science). LDH is a stable
cytoplasmic enzyme that is present in all cells. When the plasma membrane is damaged,
LDH is rapidly released into the culture supernatant. Cell cytotoxicity assay was performed
according to the manufacturer’s instructions. Briefly, the cell line was maintained in
complete RPMI 1640 supplemented with 5% FBS and 1% PSG. Cells (1 x 104 per well)
were seeded in triplicate in 96-well plates and grown for 72 hours in the presence of varying
concentrations of NMDAR antagonists in the final volume of 100 µL. A set of three
controls and treatment were included in each assay, and all conditions were tested in
triplicate. Wells were designed as low control (100 µL cell suspension), high control (100
µL cell suspension followed by adding known lysis buffer), blank (100 µL assay medium)
and treatment (50 µL cell suspensions + 50 µL modulator). After 72 hours, 5 µL of lysis
solution was added into the high control wells, and the plate was further incubated at 37oC
in 5% CO2 for 15 min. The reaction mixture was prepared for 100 samples by mixing 250
µL of catalyst (from bottle 1 blue cap) with 11.25 mL of dye solution (bottle 2 red cap).
Freshly prepared reaction mixture (100 µL) was added to each well and the plate was
incubated at RT on a shaker for 30 min at 25°C. The plate was covered with aluminium foil
to protect the reagents from light. A 50 µL aliquot of stop solution was added into each well
and the plate was shaken for 10 s on a shaker. Absorbance was measured by a Synergy 2
multi-mode microplate reader at 490 nm with a reference wavelength at 600 nm. Data was
standardised as a percentage of high control (LDH released from 100% lysed cells) and
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normalised to the untreated condition; background of the blank was subtracted. The percent
cytotoxicity was calculated using the following equation:

2.2.4.3 Cell proliferation assay
Cell proliferation was quantified from the amount of 5-bromo-2’-deoxyuridine (BrdU)
incorporated into synthesised DNA, using a colorimetric Cell Proliferation ELISA BrdU kit.
Cell lines were maintained, harvested and counted as described above. One hundred μL of
NMDAR modulators or their respective controls (DMSO was used when it was used as a
diluent) and 100 μL of the cell suspension were added to wells to give a final volume of 200
μL per well. Maximal DMSO concentration did not exceed 0.1%. Blank wells were
prepared by adding 200 μL of culture medium. BrdU staining was performed according to
manufacturer’s instructions. BrdU was incubated with cultured cells for 5 hours. Cells were
washed, dried, fixed and the amount of incorporated BrdU determined from absorbance at
370 nm with a reference wavelength of 492 nm using Synergy 2 multi-mode microplate
reader. The inhibition rate of cell proliferation was calculated by the following formula:

2.2.4.4 Glutamate release assay
The amount of glutamate released in the media was determined using Amplex Red
Glutamic Acid/Glutamate Oxidase assay kit according to the manufacturer’s protocol with
some modifications. Meg-01 cells were plated at 2 x 105 cells per well (6-well plates) with 3
mL of media containing either 500 µM VPA alone or in combination with 100 µM
NMDAR antagonists. Cells were grown in complete medium for 7 days. On days 4 and 7, 1
mL of conditioned medium was collected from each well, filtered, and stored at -80°C until
analysis.
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The L-glutamic acid standard was prepared by diluting the provided L-glutamic acid stock
solution in 1X reaction buffer to produce L-glutamic acid concentrations of 0 to 20 µM.
Reaction volume of 50 µL per 384-well black microplate was obtained by mixing 25 µL of
sample with 25 µL of working master mix (100 μM Amplex Red, 0.25 U/mL horseradish
peroxidase (HRP), 0.08 U/mL L-glutamate oxidase, 0.5 U/mL L-glutamate-pyruvate
transaminase and 200 μM L-alanine). Samples were incubated at 37°C for 30 min protected
from light. During incubation, glutamate was oxidised by glutamate oxidase to α–
ketoglutarate, ammonia and H2O2. L-Alanine and L-glutamate pyruvate transaminase
regenerated L-glutamic acid by transamination of α -ketoglutarate, thus allowing multiple
cycles of the initial reaction and amplifying the amount of H2O2 produced. H2O2 reacted
with Amplex Red reagent in the presence of HRP producing highly fluorescent resorufin.
Fluorescence was measured from the top of the plate by a fluorescent EnSpire 2300 Multimode Plate Reader using excitation at 530 nm and emission detection at 590 nm. Ten µM
H2O2 was used as a positive control and L-glutamic acid was used as a standard. 1X
Reaction Buffer without L-glutamic acid was used as a negative control. Glutamate
concentrations in samples were determined by interpolation from a standard curve derived
from measurements of known concentrations of L-glutamic acid. Each time point was
corrected for background fluorescence by subtracting the values derived from the no
glutamate oxidase control.
2.2.4.5 Determination of intracellular free calcium
Meg-01 cells were seeded in glutamine-free medium on a black clear bottom 96-well plate
at 2 × 104 cells per well and grown for 72 hours. Intracellular free calcium levels were
monitored using a Fluo-4 NW calcium assay kit, according to the manufacturer’s
instructions. Dye loading solution was freshly prepared by mixing 9.9 mL of Component C
(Assay buffer; 1X HBSS, 20 mM HEPES) with 100 µL of Component B (Probenecid) and
Component A (Fluo-4 NW dye mix). NMDAR modulators were diluted to the desired
concentration using the assay buffer. After 72 hours of culture, the growth media was
completely aspirated from wells and cells were washed gently with pre-warmed PBS.
Hundred µL of dye loading solution was quickly added to each well and incubated for 30
min at 37°C followed by another 30 min at RT. During the incubation, acetoxymethyl ester
allows Fluo-4 dye to cross the cell membrane. The fluo-4 is trapped inside the cell upon
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binding to the cytoplasmic Ca2+. The fluo4–Ca2+-complex then emits a substantially
increased fluorescence following excitation. The fluorescence signal was read from the
bottom of the plate using an EnSpire 2300 multi-mode plate reader with an excitation
wavelength of 494 nm and an emission of 516 nm. Baseline fluorescence intensity was
recorded every s for 16 s, an activator was added and the fluorescence intensity was
recorded for a further 284 s. In some experiments, cells were pre-treated with 100 µM
NMDAR antagonist for 5 min or 5 mM BAPTA for 30 min. Baseline fluorescence level
was established followed by stimulation with the activators. ADP (25 µM) was added as a
positive control; assay buffer, DMSO or HCl were used as negative controls.
2.2.5 Microscopy
2.2.5.1 Intracellular Ca2+ measurements
Four-well Falcon™ Chamber Culture slides were pre-coated with 10 μg/mL sterile
fibronectin to facilitate cell attachment to slides. Cells were placed on chamber slides at 1 x
105 cells per mL. Cells were cultured for up to 3 days and then washed twice with the
modified Locke’s buffer (Choi et al., 2010) (see Section 2.1.7). Locke’s buffer was replaced
with dye loading buffer containing 5 µM Fluo-4-AM and 0.03% of Pluronic F-127 (20%
stock in DMSO) in Locke’s buffer. Chambers were incubated for 1 hour at RT, protected
from light, followed by one wash in Locke’s buffer to remove the free probe. The cells were
left in the dark for another 30 min in Locke’s buffer to allow complete de-esterification of
the dye. The culture slides were then placed in a custom-built Solent incubation chamber
attached to a Nikon TE2000E inverted fluorescence microscope and photographed at 20X
magnification using a Plan Fluor 20X/ 0.45 NA objective lens. Fluorescence images were
subsequently acquired every 4 s for 16 s to establish the baseline and activators added
between 16 and 20 s. Fluorescence images were captured for an additional 4.8 min after the
addition of test compounds (100 µM and 200 µM NMDA, 500 µM glutamate, 100 µM
glycine alone or in combination with NMDA or glutamate). In some experiments, cells were
pre-treated with 100 µM NMDAR antagonist for 5 min prior to addition of the NMDAR
agonist. Background fluorescence was automatically subtracted from all Fluo-4
fluorescence measurements. ADP (50 µM) was used as a control agonist and ionomycin (5
µg/mL) was tested as an additional positive control. Locke’s buffer was used as the negative
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control. Images were acquired using a Nikon Digital Sight cooled colour camera (Nikon)
using a FITC filter cube (Semrock) with excitation wavelength at 457-487 nm and emission
longpass filter at 520 nm. Fluorescence intensity over time was analysed using Image-Pro
Plus 7.0 software.
2.2.5.2 Cytological staining
The morphology of live cells were monitored under the phase contrast microscope and
photographs were taken at day 3, 4 and 7 following treatment with PMA ,VPA and NMDAR
antagonists alone or a combination of antagonists and VPA/PMA. Cultured cells were
washed with twice with PBS and fixed with 4% paraformaldehyde for 15 min. Methanol was
applied for 10 min to permeabilise the cells. Cells were washed in PBS, rinsed with tap water
and stained with haematoxylin for 10 min. 1% lithium carbonate was added and incubated
with cells for 1 min as the bluing reagent. Cells were rinsed in tap water for 5 min, after
which eosin was applied for 60 s to stain the cytoplasm. Finally, cells were briefly rinsed
with two changes of tap water. The specimens were air dried at RT for about an hour.
Coverslips were mounted onto glass microscope slides using glycerol. Cells were imaged
under 40X magnification and photographed using Nikon Eclipse Ci-L microscope equipped
with the Nikon digital camera.
2.2.6 Flow cytometry based assays
2.2.6.1 Determination of GluN protein expression
2.2.6.1.1 Cell preparation
Cell suspensions were prepared at 1 x 105 cells per tube and pelleted by centrifugation at
100 g for 5 min with the brake set to 1. The pellet was re-suspended in 1 mL PB wash
buffer (see Section 2.1.8) and cell viability analysed using 0.4% trypan blue dye exclusion.
The cells were centrifuged to obtain a cell pellet (200 g, 5 min, RT), washed with 2 mL PBS
and fixed with 1 mL cold 2% PFA for 20 min at RT. The cells were spun, washed with 1
mL PBS/1% BSA solution and placed at 4°C prior to antibody staining. The surface and
intracellular staining were carried out in two different blocking buffers and antibody
diluents as described below. All flow cytometry analyses were performed in triplicates.
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Negative control cells included both isotype-matched control antibodies and secondary
antibodies only.
2.2.6.1.2 Surface staining of cells
For surface staining, cells were fixed in 2% PFA for 10 min at RT. Cells were washed with
500 µL of PB washing buffer and blocked with either blocking buffer A or B (Section 2.1.8)
for 30 min at RT. After washing with PB buffer, cells were re-suspended in 500 µL of
antibody dilution buffer A or antibody dilution buffer B (see Section 2.1.8) and stained with
the required antibodies as per procedure described below.
2.2.6.1.3 Intracellular staining of cells
For intracellular staining, cells were fixed in 2% PFA and mixed in methanol to ensure
permeabilisation for 10 min at RT. Cells were washed with 500 µL of PB washing buffer.
Cells were then blocked with blocking buffer C (see Section 2.1.8) for 30 min at RT and
washed with PB buffer. Cells were spun at 100 g for 5 min and re-suspended in 500 µL of
antibody dilution buffer (see Section 2.1.8), and stained with the required antibodies as per
the procedure described below. AMKL bone marrow cells were permeabilised using the
IntraPrep kit according to the manufacturer’s instructions.
2.2.6.1.4 Immunostaining of cells
Hundred µL of cells suspended in the antibody dilution buffer (as above) were aliquoted per
tube and incubated with either 10 µL of a primary antibody or its isotype control (Table 211) for 45 min at RT. Cells were washed twice with PB buffer and an appropriate antibody
dilution buffer. After the last wash, 100 µL of the antibody dilution buffer was left in the
tube and 2 µL of undiluted FITC-conjugated secondary-goat anti-mouse or anti-rabbit
antibodies were applied. Antibodies were incubated with cells for 45 min at RT. Cells were
washed with PB buffer and re-suspended in 400 µL of the flow buffer (see Section 2.1.8).
Tubes were kept in the dark at 4°C until acquisition.
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2.2.6.2 Determination of expression of megakaryocytic determinants
2.2.6.2.1 Differentiation of cells and testing of CD41a and CD61 expression
Cells were seeded in 6-well culture plates at a concentration of 2 x 105 per well.
Megakaryocytic differentiation was induced by incubating Meg-01, K-562 and Set-2 cells
with 10 nM PMA at 37°C for 3 days or 500 µM VPA for 7 days. Control cells were treated
with the diluent (0.1% DMSO). At the end of the culture period, cells were harvested by
centrifugation at 100 g for 10 min, counted and the cell viability was determined by 0.4%
Trypan blue exclusion procedure. Megakaryocytic differentiation was quantified from the
expression of CD41a and CD61 by flow cytometry.
Cells were washed with cold RPMI 1640 medium and re-suspended in cold RPMI
containing 10% FBS and 0.02% sodium azide. Five µL of mouse anti-human CD41a-FITC
or mouse anti-human CD61-PE antibody were added (1:20) and incubated with cells for 45
min at 4°C. Unbound antibodies were washed with 1 mL of 1X PBS containing 10% FBS
and 0.02% sodium azide. After centrifugation at 100 g for 3 min (brake set to 1), 300 µl of
cold flow buffer was added to each tube, and tubes were kept in the dark at 4°C until
acquisition.
2.2.6.2.2 Flow cytometric analysis of platelet-like particles
To induce production of platelet-like particles, Meg-01, K-562 and Set-2 cells were cultured
with VPA. Effects of NMDAR antagonist on the process of platelet-like particles
production was examined by flow cytometry. Platelet–like particles were harvested from
cultures on day 7. After the first round of centrifugation and collection of megakaryocytic
cells (see Section 2.2.6.2.1), the supernatant containing platelet–like particles were spun
down at 1500 g for 10 min. The pelleted particles were re-suspended in ice-cold RPMI 1640
containing 10% FBS and 0.02% sodium azide. Platelet-like particles were counted and an
appropriate volume of staining buffer (cold RPMI containing 10% FBS and 0.02% sodium
azide) was added to yield a final particle concentration of 2 × 105 particles per sample.
Particles were incubated with anti-CD41a-FITC and anti-CD61-PE (1:20) as above. On the
flow cytometer, platelet-like particles were identified by their size and granularity
previously established from testing of human peripheral blood platelets.
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2.2.6.2.3 Examination of cell ploidy
Cells were treated with PMA for 3 days and VPA for 7days, alone or in combination with
NMDAR antagonists. After the specified time, cells were harvested, spun down at 100 g for
5 min and adjusted to 1 x 106 cells/mL. Cells were washed twice in cold PBS. Ice-cold 70%
ethanol was added gradually and cells were fixed by overnight incubation at -20°C. The
following day samples were spun as above, the ethanol discarded and the cells washed three
times with PBS containing 2% FBS. PI was added at 20 µg/mL together with 100 µg/mL
RNase. Cells were passed through a 100 µm nylon mesh filer to ensure only single cells
were counted and the suspension was kept on ice for 10 -15 min in the dark. Data was
acquired on BD LSRII and further analysed with ModFitLT V 3.11 software.
2.2.6.2.4 Examination of cell apoptosis
2.2.6.2.4.1 Annexin V and PI co-labelling
Meg-01 and K-562 cells were seeded in 6-well culture plates in 3 mL of complete RPMI
1640 at 2 × 105 cells per well and cultured for 72 hours. Annexin V-FITC and propidium
iodide (PI) staining were performed as described (Rieger, Nelson, Konowalchuk, &
Barreda, 2011), with some modifications. Briefly, after cultures, cells were trypsinised and
washed once with 1X Annexin V Binding Buffer (see Section 2.1.8). One hundred µL of
cell suspension was transferred to flow tubes, followed by the addition of 2.5 µL of Annexin
V-FITC. Cells were incubated in the dark at RT for 15 min. One hundred µL of 1X Annexin
V Binding Buffer with 1 µL of PI (stock at 1 mg/mL; final concentration 2 μg/mL) was
added to each tube and incubated a further 15 min in the dark at RT. The cells were washed
with 1X Annexin V Binding Buffer and fixed in 2% PFA/Annexin V Binding Buffer.
Samples were kept on ice in the dark for 10 min. Cells were washed with 1X Annexin V
Binding Buffer and mixed with 10 μL RNase A (stock at 5 mg/mL; final concentration 50
μg/mL). Cells were incubated in the dark for 15 min at 37°C, washed with 1X Annexin V
Binding Buffer and immediately analysed by flow cytometry. In total, 15,000 cells were
acquired on the flow cytometer and displayed as dot plots of Annexin V-FITC (x-axis)
against PI (y-axis).
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2.2.6.2.4.2 Detection of activated Caspase 3
Activated Caspase 3 was detected in cells modulated as above. The assay was performed as
described previously (Fox & Aubert, 2008). Briefly, cells were trypsinised, counted and
harvested in HBSS staining solution containing 0.1% NaN3 and 1% BSA, then fixed in 2%
PFA on ice for 30 min. Cells were washed once in PBS and permeabilised using the
IntraPrep kit according to the manufacturer’s instructions. Cells were incubated with antiactivated Caspase-3-PE antibody (Table 2-11) at a dilution of 1:20 in HBSS staining
solution for 30 min. Cells were washed with HBSS staining solution and immediately
subjected to flow cytometry.
2.2.7 Primary cultures of mouse megakaryocytes
2.2.7.1 Ethics approvals
All experimental procedures on mice were conducted following approval by the
Institutional Animal Ethics Committee (AEC) in accordance with their guidelines, under the
license codes 001245. All animals were housed at the Vernon Jenson Unit of the University
of Auckland and were cared for in conformance to the guidelines set forth by the Committee
on Research Animal Care and Laboratory Animal Resources.
2.2.7.2 Preparation and aspiration of bone marrow
Megakaryocytes were isolated from the bone marrow of male C57BL/6 mice at 8 weeks of
age. After immobilizing the mice with CO2 inhalation; mice were sacrificed by cervical
dislocation. Prior to dissection, the mice were sprayed with 70% ethanol. Both the proximal
and distal ends of femur and humorous were aseptically removed from both hind limbs and
forelimbs. The bones were briefly doused in 70% ethanol and then placed in CMFH buffer
(see Section 2.1.7) followed by scraping the muscle and connective tissue off the bones with
a scalpel. Bones were cut open from both ends and the shaft was flushed with CATCH
buffer (see Section 2.1.7) using a 23 G needle and a syringe. The marrow was collected into
a 50 mL Falcon tube and disaggregated by aspirating the whole volume through a 23 G
needle 3 times. The cell suspension was passed through a 100-μm nylon mesh to remove
bone shards and cell clumps. The cells were then centrifuged at 180 g for 10 min,
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resuspended in 6 mL CATCH buffer and counted prior to enrichment by density
centrifugation and MACS separation using the lineage cell depletion kit.
2.2.7.3 Megakaryocyte enrichment of bone marrow by density centrifugation
2.2.7.3.1 Preparation of Percoll
Percoll was diluted to make a final working solution according to the formula:

Vo = volume of Percoll (undiluted) (ml)
V = volume of the final working solution (ml)
P = desired density of the final solution (g/ml)
Po = density of Percoll (undiluted) (g/ml)
P10 = density of 1.5 M NaCl = 1.058 (g/ml)
To determine the volume of undiluted Percoll required for preparation of 15 mL of Percoll at
a density of 1.050 g/cm3, 1.5 mL of 1.5 M NaCl, 5.1 mL of Percoll and 8.4 mL of distilled
water were mixed together.
2.2.7.3.2 Cell separation using percoll density gradient centrifugation
A volume of 3 mL of the 1.050 g/cm3 Percoll was placed at the bottom of a 15 mL tube and
3 mL of bone marrow cell suspension was then carefully overlaid on top of the Percoll. The
cells were isolated by centrifugation at 400 g for 30 min at RT with no brake. Cells were
collected from the interface between the 1.050 Percoll density and cell suspension. Cells
were transferred to new collection tube prior to three washes with CATCH buffer, where
centrifugation was carried out at 180 g for 10 min with brake on. Cells were resuspended in
a final volume of 100 µL CATCH buffer per 107 cells for further enrichment of CD41positive cells using magnetic beads, as described below.
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2.2.7.4 Enrichment of megakaryocytes using Magnetic Activated Cell Sorting (MACS)
2.2.7.4.1 Enrichment of CD41 positive cells using indirect magnetic labelling separation
For enrichment of CD41-positive cells, Percoll separated megakaryocyte enriched marrow
cells (obtained above) were processed using MACS anti-PE microbeads according to the
manufacturer’s instructions with some minor modifications. Cells were incubated with PE
conjugated CD41 antibody at a 1:20 dilution for 15 min in the dark at 4°C. Cells were
washed once with 5ml of catch buffer and centrifuged at 180 g for 10 min. The cells were
resuspended in 80 µL of CATCH buffer and magnetically labelled with 20 µL of anti-PE
microbeads for 15 min in the dark at 4°C. The cells were then washed by adding 2 mL
CATCH buffer, centrifuged as above and resuspended in 600 µL of CATCH buffer. Cells
were passed through a pre-wet 100 μm nylon mesh to remove any clumps.
LS columns were placed in the MiniMACS separator which was magnetically attached to a
MACS MultiStand. Columns were prepared by equilibrating with 500 µL of MACS buffer
at RT. Microbead-labelled CD41 cells were applied onto magnetic columns followed by
three washes with 500 µL of MACS buffer. Cells were allowed to pass through the column
by gravitational force. The labelled cells were retained in the column; the unlabelled cells
were contained in the flow through. MACS columns were removed from the separator. One
mL of MACS buffer was added to the column and positive-labelled cells were eluted in the
flow-through and pelleted by centrifugation at 180 g for 10 min. The cell pellet was
resuspended in PBS.
Cell suspensions were subjected to fractionation on a discontinuous BSA density gradient (4
mL 3% BSA/PBS in a 15-mL Falcon tube overlaid with 4 mL 1.5% BSA/PBS and then 2
mL of cell suspension in PBS) followed by velocity sedimentation for 60 min at 1 g. Ninety
% of the megakaryocytes settled to the bottom of the tube and the top layers were carefully
removed leaving behind a 2 mL volume. Following centrifugation, CD41 enriched pure
megakaryocytes were cultured in StemSpan™ SFEM II containing 30 nM TPO for 3 days.
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2.2.7.4.2 Enrichment of lineage negative cells using lineage cell depletion kit
Bone marrow was harvested as described in section 2.6.2. Haematopoietic stem cells and
progenitor cells were enriched using the lineage depletion kit as per the manufacturer’s
instructions. After lysis of red blood cells in ice cold ACK lysing buffer (see Section 2.1.7)
on ice for 2 min, the reaction was stopped by adding an equal volume of PBS. Cells were
passed through a pre-wet 100 μm nylon mesh filter, spun at 300 g for 10 min and adjusted
to a density of 2 x 107 cells per tube in MACS buffer. Cells were lineage depleted using the
following cocktail of biotinylated antibodies: CD5, CD45R (B220), CD11b, Anti-Gr-1 (Ly6G/C), 7-4 and Ter-119 followed by incubation with anti-biotin microBeads. Labelled cells
were spun at 300 g for 10 min to remove unbound antibodies. MS columns were prepared as
described above. Labelled cells were passed through the magnetic MS columns as above
and unbound lin-negative cells were collected in the tube. The cells were washed once with
StemSpan™ SFEM II, counted and added at a density of 0.5 x 106 cells per 6 well followed
by culturing for 4 days with 30 nM TPO and 100 µM NMDAR antagonists.
2.2.7.5 Culture of murine megakaryocytes from explants
Proplatelet formation from cultures of megakaryocytes from bone marrow explants was
originally described by Anita Eckly (Eckly et al., 2012). The explants were set up in
chamber gasket according to the figure described below (Figure 2-1). Intact marrows were
obtained by gently flushing femurs in CATCH buffer (see Section 2.1.7). The marrows
were cut in transverse sections of 0.5 - 1 mm on super frost glass slides containing CATCH
buffer. Ten fragments of marrow sections from the same mouse were transferred to each
incubation chamber gasket containing Tyrode’s buffer (see Section 2.1.7) supplemented
with 5% mouse serum. The 10 fragments were kept separated and the cultures were
maintained for 10 hours at 37°C in the presence of vehicle or antagonists. Images were
taken after incubation for 3 hours and from 6 hours onward to determine the indicated
hallmarks of differentiation.
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Figure 2-1: Method for setting up and conducting bone marrow explant culture.

Page | 83

Chapter 2: Materials and Methods
2.2.7.6 Analysis of megakaryocyte development
2.2.7.6.1 Immunophenotyping analysis of megakaryocytic markers by flow cytometry
To investigate the precise expression of the CD41 antigen during megakaryocyte (MK)
differentiation, lin-negative cells from murine bone marrow were grown for 4 days in the
presence of TPO. Mature megakaryocytes were isolated by passing the culture over a
discontinuous bovine serum albumin (BSA) density gradient as described previously (see
Section 2.2.7.4.1). Viability of the cells was confirmed by staining with Trypan blue. After
being washed once, cells were resuspended in StemSpan™ SFEM II supplemented with 5%
FBS. The resulting single-cell suspension was incubated with FITC conjugated rat antimouse CD41 (1:20) and isotype matched controls for 45 min at 4°C. The cells were washed
and resuspended in 400 μL cold final flow buffer, before being analysed by flow cytometry.
2.2.7.6.2 Ploidy analysis
Ploidy of mature megakaryocytes derived from lin-negative cells and purified by BSA-step
density gradient (see Section 2.2.7.4.1) were analysed by staining cellular DNA with
Hoechst. Prior to analysis, cells were pelleted and resuspended in a StemSpan™ SFEM II
containing 10 µg per mL of Hoechst for at least 3 hours at 37°C. Finally, ploidy of
megakaryocytes was evaluated by flow cytometry as described before.
2.2.7.6.3 Immunophenotypic detection of megakaryocyte development by microscopy
2.2.7.6.3.1 Cytospin preparation
Lin depleted megakaryocytes and CD41 positive megakaryocytes were harvested
subsequently after 4 days and 3 days of culture and enrichment of megakaryocytes were
performed by a BSA-step density gradient as described above (see Section 2.2.7.4.1). The
cells were resuspended in MACS buffer to a concentration of 5 x105 cells per mL prior to
cytocentrigution. Cytospin slide holders were assembled with the glass slides, cardboard
filters, and sample chambers in the cytospin centrifuge, ensuring that the centrifuge was
balanced. A 200 μL aliquot of each sample was transferred to cytospin cups and
cytocentrifuged onto poly L-lysine-coated preclean glass slide with 500 rpm using an
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Aerospray® Hematology Pro cytocentrifuge. The slides were air-dried at RT overnight.
Slides were protected by wrapping them in foil when stored at - 20°C until further use.
2.2.7.6.3.2 Immunolabelling for light microscopy
Immunohistochemical detection of CD61 was achieved by using the Anti-Integrin beta 3
rabbit monoclonal antibody and appliance of the Novolink Polymer Detection Systems
method.
Cytospin slides were taken from the -20oC freezer and thawed at room temperature for 30
min. The specimen was circled with a Dako hydrophobic barrier pen. The slides were fixed
in 4% paraformaldehyde (made in PBS) for 15 min at RT, followed by three washes with
TBST (see Section 2.1.9) for 5 min each. The cells were permeabilised by incubating the
slides in methanol for 10 min followed by incubation in 1% Triton-X 100 in PBS for 30
min. The slides were washed twice with PBST (see Section 2.1.7) for 10 min each.
Endogenous peroxidase was quenched using hydrogen peroxide for 30 min followed by
washing the slides for three times with PBST. Slides were incubated in a blocking solution
for 30 min at RT to reduce non-specific primary antibody binding. Megakaryocytes were
either incubated with or without the primary antibody (negative controls) at 4°C overnight.
.After being washed with PBST for 5 min three times, the cells were incubated with a
NovoLink Polymer for 30 min. Finally a DAB working solution, consisting of 1:20 DAB
chromogen in DAB substrate buffer was applied for 5 min and the slides washed for 5 min
twice in PBST. DAB staining was enhanced by incubation with 2% aqueous copper
sulphate solution for 5 min. Counterstaining was performed using haematoxylin staining for
20 min at RT. Excess stain was removed by rinsing in tap water for 10 min. The
haematoxylin staining was blued up by saturating for 5 min in 1% lithium carbonate,
followed by washing the slides with tap water for 3 min. The specimens were allowed to air
dry at RT overnight. Coverslips were mounted onto glass microscope slides using glycerol.
2.2.7.6.3.3 Apoptosis analysis
To determine the effects of NMDAR and glutamate antagonists on megakaryocyte
apoptosis, lin-depleted mature cultured megakaryocytes were harvested and purified over a
BSA-step density gradient as mentioned previously (see Section 2.2.7.4.1). Megakaryocytes
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were washed once with 1X Annexin V binding buffer (see Section 2.1.8) prior to staining
with Propidium iodide and FITC-labelled Annexin V as described in section 2.2.6.2.3.1.
Cells were washed with Annexin V Binding buffer before analysis by flow cytometry.
2.2.7.6.4 Megakaryocyte morphology
2.2.7.6.4.1 Histological staining
2.2.7.6.4.1.1 Wright-Giemsa staining
Cytospin preparations of enriched megakaryocytes were stained with Wright-Giemsa using
the Aerospray® Hematology Pro slide stainer with automated staining mode 5. The stained
slides were air-dried at RT for 30 min and mounted with glycerol mounting medium.
2.2.7.6.4.1.2 Haematoxylin and Eosin (H&E) staining
Megakaryocytes extending proplatelets from TPO stimulated CD41 cells were processed for
H&E staining. Wells were stained with Gill's II Haematoxylin for 10 min followed by two
washes with tap water for 5 min each. Slides were incubated in 1% lithium carbonate for 5
min and washed once with tap water prior to staining with Eosin for 30 s. After staining,
wells were washed with tap water for 5 min. The wells were left to dry overnight in a fume
hood, mounted using glycerol and visualised on a light microscope at 20X and 40X
magnifications.
2.2.7.6.4.2 Live cells microscopy
The morphology of enriched megakaryocytes in culture were analysed with an inverted
microscope. The percentage of megakaryocytes extending proplatelets from explants
cultured after 10 hours was assessed by phase contrast microscopy. Proplatelet-bearing
megakaryocytes were also evaluated from both CD41 enriched megakaryocytes and lindepleted megakaryocytes at the end of the culture period. The wells were viewed under 40X
magnification for counting and representative images were taken at low (20X) and high
(40X) magnification. Proplatelet formation by megakaryocytes was also visualised by video
recordings of the culture wells and chamber gasket.
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2.2.8 Data acquisition
Flow cytometry was performed using a Becton Dickinson LSRII flow cytometer (BD
Biosciences, San Jose, CA, USA) and the mean fluorescence intensities were evaluated
using FACSDiva version 6.1.3. The machine was calibrated every day with BD CS&T
beads (BD Biosciences, Catalog No. 642412). CaliBRITE3 beads (BD Biosciences, Catalog
No. 340486) were used to set fluorescence compensation.
The fluorochromes fluorescein isothiocyanate (FITC) and phycoerythrin (PE) were excited
by a blue 488 nm laser. A 505LP (long pass) and 530/30BP (band pass) filter set were used
to detect FITC fluorescence. PE was detected with a 550LP and 575/26BP filter set. Cells
were gated based upon forward scatter-area (FSC-A) and side scatter-area (SSC-A).
Clumped cells and doublets were excluded by using gates for SSC-A versus SSC-height
(SSC-H) and FSC-A versus FSC-height (FSC-H).
2.2.9 Statistical analysis
Statistical analysis was conducted using SPSS 16.0 or GraphPad Prism 5.0 (San Diego, CA)
software for Windows. Selected graphs were generated using Microsoft Excel and SigmaPlot (San Jose, CA). Mean differences between groups were analysed by one-way or twoway (for ploidy data) analysis of variance (ANOVA) with Dunnett post-hoc test when
comparing treatment groups against controls. Bonferroni correction was applied to multiple
comparisons. P values (*p <0.05, **p <0.01 and ***p < 0.001) were considered statistically
significant. Data are shown as mean ± SEM (standard error of the mean), except for realtime RT-PCR results where SD (standard deviation) was used.
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Chapter 3: Examination of NMDAR expression in human megakaryocytic cells
The results described in this chapter have been previously published as the original
manuscript entitled “Inhibition of glutamate regulated calcium entry into leukaemic
megakaryoblasts reduces cell proliferation and supports differentiation’’, which was accepted
for publication in journal Cellular Signalling in 2015 (2014 Impact factor 4.315). The authors
contributed to this manuscript were Kamal T, Green TN, Morel-Kopp M-C, Ward CM,
McGregor AL, McGlashan SR, Bohlander SK, Browett PJ, Teague L, During MJ, Skerry
TM, Josefsson EC, Kalev-Zylinska ML. Some contents and figures have been reproduced
from the original published paper (Figures 3-1, 3-2, 3-3, 3-4, 3-5, 3-10,3-12, 3-16, 3-17, 318, 3-19, 3-20, 3-21 and 3-22). The electronic version of this publication is available at
Science Direct http://dx.doi.org/10.1016/j.cellsig.2015.05.004.

3.1 Preface
Human megakaryocytes release glutamate and have been suggested to express functional
NMDARs contributing to megakaryocytic maturation (Hitchcock et al., 2003). However,
details of both expression and function of the NMDAR in megakaryocytic cells remain
unclear. NMDARs have been best characterised in neurons, where they are composed of two
structural GluN1 subunits combining with another two modulatory subunits, GluN2 (A to D)
or GluN3 (A or B). Although NMDARs are best known for their neuronal functions,
emerging evidence support their expression in non-neuronal tissues, including in
megakaryocytes and platelets (Genever et al., 1999, Hitchcock et al., 2003, Kalev-Zylinska et
al., 2014). Aberrant glutamate signalling has been shown to play a role in the cellular
transformation of various cancer types (Brian A. Wall, 2013) and to increase proliferation of
many cancer cell lines (Seidlitz et al., 2009). Motivated by the emerging importance of
NMDARs in megakaryocytes, and of the glutamate-NMDAR axis in other cancers, this
chapter sought to characterise NMDAR expression in human megakaryocytic cells, normal
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and leukaemic. The expression profile of the GluN subunits building the NMDAR was
comprehensively examined at the mRNA level using RT-PCR (including real-time), and at
the protein level using Western blotting and flow cytometry.

3.2 Specific aims
Specific aims of this chapter were to:
- determine NMDAR transcripts expressed in normal human megakaryocytes, patientderived megakaryocytic leukaemia blasts and three well-established human megakaryocytic
cell lines, Meg-01, Set-2 and K-562
- determine which splice variants of GRIN1 and GRIN2A are expressed in megakaryocytic
cells
- examine the expression of selected NMDAR proteins (GluN1, GluN2A and GluN2D) in
megakaryocytic cell lines using Western blotting and flow cytometry

3.3 Results
3.3.1 Expression of NMDAR transcripts in megakaryocytic leukaemia cell lines
3.3.1.1 Examination of NMDAR transcripts
RT-PCR was used to determine the expression of the NMDAR transcripts in three human
megakaryocytic leukaemia cell lines, Meg-01, Set-2 and K-562. RNA derived from human
cerebellum was used as a positive control. We found that transcripts for all NMDAR
subunits (GRIN1, GRIN2A to D, and GRIN3A and B) were detected in Meg-01, Set-2 and K562 cells, except that GRIN2B signal was weak in Meg-01 cells, and not detected in Set-2
and K-562 cells (Figure 3-1). By real-time RT-PCR, GRIN2D and GRIN3B transcripts
dominated in all cell lines, being particularly high in Meg-01 and K-562 cells, relative to the
human cerebellum (Figure 3-2). However, in contrast to the end-point RT-PCR shown in
Figure 3-1, real time RT-PCR did not detect GRIN2C transcripts in K-562 cells, and much
less GRIN2A in Set-2, compared with Meg-01 and K-562 cells (Figure 3-3), raising the
possibility of their alternative splicing in some of these cell lines. Taken together, our
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findings provided the evidence that transcripts for most NMDAR subunits are expressed in
megakaryocytic leukaemia cells.

Figure 3-1: Conventional RT-PCR to detect GRIN transcripts in megakaryocytic cell
lines.
RT-PCR was performed to examine the expression of GRIN mRNA in Meg-01, Set-2 and K562 cells with GRIN specific primers. GAPDH was included as a control for RNA input. The
sizes of the amplified PCR products are shown. RNA from human cerebellum was used as
positive control. All PCR reactions were repeated independently at least three times.
Representative results are shown.
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Figure 3-2: Real time PCR to quantify GRIN transcripts in megakaryocytic cell lines.
Relative quantitation by real-time RT-PCR of GRIN transcripts in Meg-01, Set-2 and K-562
cells compared to human cerebellum. Levels of GRIN transcripts were normalised using
three housekeeping genes (HPRT, LMNA and UBC). All PCR reactions were repeated
independently at least three times and all conditions were tested in triplicates. Bars are mean
± SD. D, detected but insufficient for quantitation; N, not detected; M, Meg-01; S, Set-2 and
K, K-562 cells.
3.3.1.2 Expression of NMDAR transcripts in primary human megakaryocytes, normal
and leukaemic
A parallel investigation of NMDAR subunit expression was carried out by RT-PCR in an
unfractionated normal human bone marrow and in normal megakaryocytes enriched by
Percoll density-gradient centrifugation and immunomagnetic selection, as described in the
Methods section 2.2.2.2 (Figure 3-3). Without fractionation, GRIN2D transcripts dominated
with less GRIN2C and GRIN3A. A similar RT-PCR pattern was seen in enriched
megakaryocytes, except that GRIN1 and GRIN2C transcripts were difficult to detect.
Expression of GRIN genes was also evaluated in blast cells derived from a patient with acute
megakaryocytic leukaemia (AMKL). In contrast to the restricted pattern of GRIN genes
expression in normal megakaryocytes (as described above), AMKL blasts carried all GRIN
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transcripts that were easily detected, suggesting their higher levels of expression (Figure 33B). The presence of all GRIN transcripts in the AMKL blasts was akin to the human brain
control. However, in contrast to the human brain, signals for GRIN2C and D and GRIN3A
and B dominated in the AMKL blasts. In contrast, in the human brain, GRIN3B was only just
detectable (Figure 3-3B). Our results suggest that AMKL blasts carry NMDARs that are
functionally distinct both from normal megakaryocytes and the brain.

Figure 3-3: Expression of GRIN subunits in normal human megakaryocytes and
megakaryocytic leukaemia blasts.
A) RT-PCR to examine the expression of GRIN transcripts in primary human
megakaryocytes enriched from human bone marrow aspirates by Percoll density-gradient
centrifugation, with or without additional two rounds of immunomagnetic selection on
Miltenyi columns (MACSx2). B) RT-PCR to detect GRIN transcripts in cells from normal
unfractionated bone marrow aspirates and acute megakaryocytic leukaemia (AMKL) blasts.
The sizes of the amplified PCR products are shown. GAPDH was included as a control for
RNA input. Three different human marrow aspirates, both unfractionated and
megakaryocyte-enriched were tested, but only one AMKL sample. Representative results are
shown. AMKL, acute megakaryocytic leukaemia; BM, bone marrow; MKs, megakaryocytes.
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3.3.1.3 Identification of GRIN1 and GRIN2A splice variants
The type of the GRIN1 splice variant within the NMDAR is an important determinant of the
functional properties of the NMDAR and its intracellular binding partners (Vance et al.,
2012). We have therefore tested which splice variants of GRIN1 and GRIN2A were expressed
in leukaemic cell lines. Figure 3-4A is a schematic diagram that depicts the position of eight
functional splice variants of GRIN1 in humans. They arise from an alternative splicing of
three exons that occurs at three independent splice sites affecting exons 4, 20 and 21. The
differential use of exons 20 and 21 generates four variants: h1-1 to h1-4 that can be either of
‘a’ type (if exon 4 is deleted) or ‘b’ type (if exon 4 is expressed). Meg-01, Set-2 and K-562
cells carried four h1-1 to h1-4 GRIN1 isoforms, all of an ‘a’ type (Figure 3-4B). In
comparison, both types ‘a’ and ‘b’ were detected in human brain (Figure 3-4B).
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Figure 3-4: GRIN1 splice variants detected in megakaryocytic cell lines.
The top panel shows the schematic and the nomenclature of GRIN1 splice variants, as
characterised in neurons. Location of primers used to differentiate between GRIN1 splice
variants is shown. The bottom panel shows RT-PCR results demonstrating the expression of
h1-1 to h1-4 splice variants in Meg-01, Set-2 and K-562 cell, all were of type ‘a’. All splice
variants were confirmed by sequencing. We sequenced all types of PCR products from Meg01 cells (h1-1a to h1-4a) and selected PCR products from K-562 cells (h1-1a and h1-4a). All
PCR reactions were repeated independently at least three times and representative results are
shown. All splice variants were confirmed by sequencing.
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GRIN2A has three known splice variants (Figure 3-5A). Variant 1 (GRIN2A-1) differs from
variant 2 (GRIN2A-2) by an alternatively spliced 5’-end, and variant 3 (GRIN2A-3)
is alternatively spliced at the 3’-end. All three GRIN2A variants (2A-1, 2A-2 and 2A-3) were
detected in Meg-01 cells; 2A-1 was absent in K-562, and Set-2 cells carried 2A-3 only
(Figure 3-5A). The presence of diverse GRIN isoforms in leukaemic cells argues for their
complex regulation and function, but further work will be required to unravel their roles.

Figure 3-5: GRIN2A splice variants detected in megakaryocytic cell lines.
The top panel shows the schematic and the nomenclature of GRIN2A splice variants, as
characterised in neurons. Location of primers used to differentiate between GRIN2A splice
variants is shown. The bottom panel shows RT-PCR results demonstrating the expression of
GRIN2A splice variants in Meg-01, Set-2 and K-562 cell lines. Meg-01 cells contained all
three splice variants of GRIN2A, K-562 carried 2A-1 and 2A-3, and Set-2 contained 2A-3
only. All PCR reactions were repeated independently at least three times and representative
results are shown. All splice variants were confirmed by sequencing. All types of PCR
products from Meg-01 cells were sequenced (2A-1 to 2A-3) and selected PCR products from
K-562 cells (2A-3).
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3.3.2 Examination of NMDAR proteins in megakaryocytic cell lines using Western
blotting
Western blotting was used to examine the expression of NMDAR proteins in megakaryocytic
cell lines. Commercial antibodies that are available have been optimised for performance on
neuronal cells. We therefore needed to optimise laboratory protocols to enable reliable
testing of megakaryocytic cells. In this section, we will briefly outline different steps that we
have taken to optimise Western blotting protocols to reliably detect GluN proteins in lysates
from megakaryocytic cell lines. In addition, robust and homogeneous transfer of proteins was
confirmed for cell lines lysates (representative examples of Coomassie blue and Ponceau S
staining are shown in Figure 3-S1A,B). Non-specific binding of the secondary antibodies
(anti-mouse and anti-rabbit HRP conjugated antibodies) was also excluded (Figure 3S2A,B), supporting the specificity of patterns obtained using antibodies targeting NMDAR
subunits described below.
3.3.2.1 Expression of the GluN1 protein
Method optimisation
Variable conditions of transfer, blocking buffer and detection methods were tested to
determine optimal Western blotting conditions to detect GluN1 in megakaryocytic cell lines.
The list of conditions tested and their outcomes have been provided in

Table 3-1.
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Table 3-1: Summary of Western blotting conditions optimised to detect GluN1.
Condition tested
Megakaryocytic cell lines
Lysis buffer
Tris-EDTA-SDS buffer
Commercial MPER buffer
NP-40 buffer
Amount of protein loaded
40 µg
30 µg
20 µg
Gel type
10% homemade gel
7% homemade gel

Commercial gradient gels (4–
15% Mini PROTEAN® TGX
Stain-Free™ gradient gels)

Outcome on the detection of the GluN1 band
Positive
Negative
control (rat
control (HEKbrain)
293 cells)

Figure where results
are shown

Weak to strong band in all cell lines (with
5% BSA blocking buffer)
Strong signal in K-562 and Meg-01 cells
and a weak signal in Set-2 cells
An effective solubilisation of membrane
proteins
Prominent bands in all cell lines

+

-

Figure 3-6, Figure 3-7

+

-

Figure 3-8

+

-

Figure 3-9, Figure 3-10

Robust visualisation of the protein band
Strong bands in all cell lines
Strong band in K-562 cells, weak bands in
Meg-01 and Set-2 cells
Weak bands in all cell lines

+

Not tested

Figure 3-8, Figure 3-9,
Figure 3-10
Figure 3-8 A

+

Not tested

Figure 3-8 A

+

Not tested

Figure 3-6A and B
Figure 3-6C, Figure 3-7,
Figure 3-8

Weak bands in all cell lines
The thinner gels resolved better
Sharp and well-defined signals
Prominent band in K-562 and Meg-01 cells
and a weak band in Set-2 cells
Improved band sharpness for higher
molecular weight proteins
Prominent bands in all cell lines
Least amount of background

Not tested

+

-

Figure 3-9, Figure 3-10
+
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Condition tested
Megakaryocytic cell lines

Blocking conditions
5% milk powder
5% BSA
Transfer methods
Trans-Blot SD Semi- Dry
transfer
Trans-Blot Turbo transfer
Wet transfer
Antibodies
BD Pharmingen
(BD 556308)

1:500
1:200

Cell Signalling
(D65B7)

1:1000

1:500
Millipore MAB 363 (1:1000)

Outcome on the detection of the GluN1 band
Positive
Negative
control
control
(rat rain)
(HEK-293
cells)

An effective blocking of non-specific background
staining but also associated with a with a weaker
detection of the target protein
Blocking of non-specific binding without any
apparent diminution of the specific signal

Figure where results are
shown

Figure 3-6,
Figure 3-7B

+

-

+

-

Higher transfer efficiency

+

-

Rapid transfers with high efficiency and
reproducibility
Higher binding capacity, improved band intensity
Better uniformity of transfer for high molecular
weight proteins

+

-

+

-

Faint band in K-562 cells; Fainter bands in Meg-01
and Set-2 cells (using 5% BSA blocking buffer); No
bands with 5% milk blocking buffer
Strong bands in all cell lines (using 5% BSA
blocking buffer)
Sharp band in K-562 cells, faint band in Meg-01 cells
and no detection in Set-2 cells
Strong bands in all cell lines
-

+

-

Figure 3-6

+

-

Figure 3-6B and C,
Figure 3-7A,
Figure 3-7A

+
+
+

Not tested

Figure 3-6, Figure 3-7,
Figure 3-8, Figure 3-9,
Figure 3-10
Figure 3-6C, Figure 3-7,
Figure 3-8
Figure 3-9
Figure 3-10

+ prominent band at 120 kDa, consistent with GluN1 expression;- no 120 kDa band detected

Figure 3-7, Figure 3-8
Figure 3-7A
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Expression of GluN1 was tested using anti-GluN1 antibodies, either mouse (BD
Pharmingen) or rabbit (Cell Signalling). The labelling of hippocampal lysates demonstrated a
clear band of the correct size of 120 kDa (positive control; (Figure 3-6 to 3-10). Using
optimised protocols, lysates from all three megakaryocytic cell lines (Meg-01, Set-2 and K562) also showed a major protein band of approximately 120 kDa corresponding to the size
of the positive control. The Western blot pattern supported the expression of the GluN1
protein in all megakaryocytic cell lines tested (Figure 3-6 to 3-10). The GluN1 band was
strongest in K-562 lysates, suggesting highest expression in this cell line.
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Figure 3-6: Western blots showing expression of GluN1 in megakaryocytic cell lines –
method 1 – SDS effect.
Meg-01, Set-2 and K-562 cell lines lysates were prepared using Tris-EDTA-SDS lysis
buffer. 40 µg of cell proteins and 20 µg of the hippocampal proteins were transferred with
Trans-Blot SD Semi-Dry transfer system followed by immunolabelling using BD
Pharmingen anti-GluN1 antibody and subsequently visualised with an ECL Plus substrate.
Hippocampus lysate (a positive control) probed with anti-GluN1 antibody revealed a band at
the 120 kDa position. A) anti-GluN1 (BD Pharmingen; 1:500) B) anti-GluN1 (BD
Pharmingen; 1:200). Proteins separated on 10% homemade SDS-PAGE gel. C) Proteins
separated on a 7% homemade SDS-PAGE gel. Anti-Actin antibody was employed to
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visualise sample loading. Arrows on the right point to the expected size of the GluN1
protein, predicted by PageRuler™ Plus prestained protein ladder or Precision Plus protein
dual colour standards. The immunoblots are representative of three independent experiments.

Figure 3-7: Western blots showing expression of GluN1 in megakaryocytic cell lines –
method 2 – effect from different anti-GluN1 antibodies.
A) 40 μg cell proteins and 20 μg hippocampal proteins were loaded as duplicate and probed
with a set of anti-GluN1 antibodies: BD Pharmingen, 1:200 in lanes 1-3; Millipore, 1:1000 in
lanes 4-6; Cell Signalling, 1:1000 in lanes 7-10; Cell Signalling, 1:500 in lanes 11-13 (lanes
numbers are in red). B) Blocking effects of 5% BSA and 5% skim milk powder on GluN1
detection using anti-GluN1 antibody from Cell Signalling (1:500). Protein lysates were
prepared with Tris-EDTA-SDS lysis buffer. All lysates were run on 7% homemade SDSPAGE gels followed by Trans-Blot SD Semi-Dry transfer. Visualisation was achieved using
ECLPlus. Bands at 120 kDa correspond to the expected molecular weight of GluN1. AntiActin antibody was employed to visualise sample loading. Arrows on the right point to the
expected size of the GluN1 protein, predicted by Precision Plus protein dual colour
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standards. The immunoblots are representative of three independent experiments.

Figure 3-8: Western blots showing expression of GluN1 in megakaryocytic cell lines –
method 3 – effect of M-PER lysis.
Whole cell lysates prepared using M-PER lysis buffer were A) loaded at various
concentrations (20 to 40 µg) and in B) loaded in duplicate Semi-Dry transfer. Proteins were
immunolabelled with anti-GluN1 (Cell Signalling; 1:500). The HEK-293 cell lysate was used
as the negative control. Bands of the expected 120 kDa sizes were visualised with ECLPlus.
Anti-Actin antibody was employed to visualise sample loading. Representative immunoblots
from two independent experiments are shown.
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Figure 3-9: Western blots showing expression of GluN1 in megakaryocytic cell lines –
method 4 – effect of Trans-Blot Turbo Transfer.
Whole cell lysates (40 μg protein) prepared using NP-40 lysis buffer were subjected to
Western blotting with A) anti-GluN1 (Cell Signalling; 1:500) or B) anti-GluN1 (BD
Pharmingen; 1:200). All lysates were loaded as duplicate and fractionated by electrophoresed
on 4–15% Mini- PROTEAN® TGX Stain-Free™ gradient gels, followed by Trans-Blot
Turbo transfer. Actin was blotted as a sample loading control. All lanes showed strong bands
at 120 kDa that corresponds to the molecular weight of GluN1. Arrows on the right point to
the expected sizes of the protein estimated by PageRuler™ Plus prestained protein ladder.
Representative immunoblots from at least three independent experiments are shown.
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Figure 3-10: Western blots showing expression of GluN1 in megakaryocytic cell lines –
method 5 – effect of the wet transfer.
Whole cell lysates (40 μg protein) prepared with NP-40 lysis buffer were subjected to
Western blotting with A) anti-GluN1 (BD Pharmingen; 1:200) or B) anti-GluN1 (Cell
Signalling; 1:500) after electrophoresis on a 4–15% Mini PROTEAN® TGX Stain-Free™
gradient gels. The gels were transferred to nitrocellulose membrane using the wet transfer.
Immunoblotting for HEK-293 cells were used as negative controls. Anti-Actin antibody was
employed to visualise sample loading. Arrows on the right point to the expected sizes of the
protein estimated by PageRuler™ Plus protein ladder. All lanes showed a strong band at 120
kDa that corresponds to the molecular weight of GluN1. Representative immunoblots from
two independent experiments are shown.
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3.3.2.2 Expression of the GluN2A protein
Method optimisation
The first attempt to detect GluN2A was made using 7% homemade gel and a rabbit antiGluN2A antibody (Millipore; AB1555). This showed a faint but clear band at an
approximately 180 kDa position, which supported the expression of the GluN2A protein in
K-562 cells; rat hippocampal lysate provided a strong positive control at the 180 kDa
position (Figure 3-11A). In comparison, the Meg-01 cells demonstrated a weak band at an
approximately 160 kDa position, which was lower than the expected for GluN2A. The
pattern of detection was even weaker in Set-2, although a faint band was seen at around 180
kDa in that cell (Figure 3-11A). In addition, a variable amount of higher molecular weight
bands were detected under these conditions. To optimise these results, various cell lysate
preparation methods, antibody dilutions and different substrate-based detection systems were
tested, as listed in Table 3-2.
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Table 3-2: Summary of Western blotting conditions optimised to detect GluN2A.
Condition tested

Lysis buffer
Tris-EDTA-SDS buffer
sonicated
Tris-EDTA-SDS buffer
without sonication
RIPA buffer sonicated
RIPA buffer without
sonication
Commercial MPER buffer
sonicated
NP-40 buffer sonicated
Type of gel
7% homemade gel
Commercial gradient
gel(4–15% Mini
PROTEAN® TGX StainFree™ gradient gels)

Outcome on the detection of the GluN2A band
Megakaryocytic cell lines
Positive control (rat
brain)

Strong bands in K-562 and Meg-01 cells, faint
bands in Set-2 cells
Faint bands in K-562 and Meg-01 cell lines
Strong bands in K-562 and Meg-01 cell lines
No bands in K-562 and Meg-01 cell lines
Strong band in K-562 cell lines and faint bands
in Meg-01 and Set-2 cell lines
Better solubilisation of the proteins
Prominent bands in all cell lines
Sharp and well-defined bands in K-562 and
Meg-01 cells, the weak band in Set-2 cells
Prominent and well -defined bands in all cell
lines and the least amount of background

Negative control
HEK-293 / bovine
fibroblast cells

+

-

Not tested

Not tested

Not tested

Not tested

Not tested

Not tested

Not tested

Not tested

+

-

+

-

+

-

Figure where
results are
shown
Figure 3-11A,B
Figure 3-11B
Figure 3-11B
Figure 3-11B
Figure 3-11B
Figure 3-12,
Figure 3-13
Figure 3-11
Figure 3-12,
Figure 3-13
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Condition tested
Megakaryocytic cell lines

Transfer method
Trans-Blot SD Semi- Dry
transfer
Trans-Blot Turbo transfer

Wet transfer
Antibodies
Millipore
(AB1555)
Santa-Cruz
(sc-9056)

Outcome on the detection of the GluN2A band
Positive
control
(rat
brain)

Moderate transfer efficiency, Prominent bands in K-562, relatively faint
bands in Meg-01 and Set-2 cells
Rapid transfers with high efficiency and reproducibility
Better uniformity of transfer
Prominent and well -defined bands in all cell lines
Reduced band intensity in Meg-01 and Set-2 cells and stable band intensity in
K-562 cells

Negative
Figure where
control HEK- results are
293 / bovine
shown
fibroblast cells
Figure 3-11

+

-

+

-

Figure 3-12,
Figure 3-13 B

+

-

Figure 3-13A

1:3000

Weak band in K-562 and Set-2 cells, absent in Meg-01 cells

+

Not tested

Figure 3-11A

1:1000

Faint band in K-562 cells, weak band in Set-2 cells and absent in Meg-01
cells
Prominent and well -defined bands in all cell lines

+

Not tested

Figure 3-11A

+

-

Figure 3-11B,
Figure 3-12,
Figure 3-13

+
+

-

Figure 3-12
Figure 3-13

+
+

-

Figure 3-12B
Figure 3-12A

1:200

Detection substrate
ECL Plus
WesternBright Sirius

Less sensitive for detecting GluN2A
Suitable for detecting the large endogenous proteins
An extremely strong signal, detects low-abundance of protein
WesternBright Quantum
Suitable for detecting large endogenous proteins
SuperSignal West Femto
Excellent sensitivity with shorter exposures and with extremely long signal
duration
High signal-to-noise ratio made it ideal for visualising low-intensity bands
+ prominent band at 180 kDa, consistent with GluN2A expression;- no 180 kDa band detected

Page | 107

Chapter 3: Examination of NMDAR expression in human megakaryocytic cells

Figure 3-11: Western blots showing expression of GluN2A in megakaryocytic cell lines
– method 1 – effects of different lysis buffers.
A) Protein lysates were prepared with Tris-EDTA-SDS buffer and immunoblots were probed
using anti-GluN2A antibody (Millipore; left panel 1:1000 and right panel 1:3000). B) Protein
lysates were prepared using different lysis buffers and procedures as indicated, and
immunoblots were probed using anti-GluN2A antibody (Santa Cruz; 1:200). In all
experiments, 40 μg protein samples were fractionated on 7% homemade SDS-PAGE gels
and subjected to Trans-Blot SD Semi-Dry transfers. Arrows on the right point to the
expected size of the GluN2A protein (180 kDa) estimated by PageRuler™ Plus. Anti-Actin
antibody was employed to visualise samples loading. Representative immunoblots from at
least two independent experiments are shown.
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It was observed that sample sonication facilitated better extraction of protein and NP-40 lysis
buffer resulted in higher efficiency for GluN2A protein extraction compared with all tested
lysis buffers (Figure 3-12 and Figure 3-13). Detection of GluN2A proteins was apparent on
blot using TGX Stain-Free gradient gels, the Trans-Blot Turbo transfer system and
WesternBright Quantum and WesternBright Sirius substrates (Figure 3-12B and Figure 313B). Using optimised methods, a single prominent band was detected at the expected 180
kDa position for GluN2A in all cell lines tested (Figure 3-12 and Figure 3-13). The
utilisation of SuperSignal West Femto was especially useful to visualise the GluN2A protein
(Figure 3-12A). Results indicated expression of GluN2A in all cell lines tested. Similar to
GluN1, expression of GluN2A appeared highest in K-562 cell line.
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Figure 3-12: Western blots showing expression of GluN2A in megakaryocytic cell lines
– method 2 – effect of Trans- Blot Turbo transfer.
Protein lysates were prepared using NP-40 lysis buffer, loaded in A) duplicate or B) run in
parallel with biological replicates and fractionated on 4–15% Mini PROTEAN® TGX StainFree gradient gels. Proteins were transferred using the Trans-Blot Turbo transfer system and
immunoblots were probed using anti-GluN2A antibody (Santa Cruz; 1:200). Signals were
visualised using either SuperSignal West Femto (A) or WesternBright Quantum (B). Arrows
on the right point to the expected size of the GluN2A protein (180 kDa) estimated by
PageRuler™ Plus ladder. Anti-Actin antibody was employed to visualise sample loading.
The immunoblots are representative of three independent experiments.
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Figure 3-13: Western blots showing expression of GluN2A in megakaryocytic cell lines
– method 3 – effect of WesternBright Sirius.
Protein lysates were prepared using NP-40 lysis buffer and fractionated on 4–15% Mini
PROTEAN® TGX Stain-Free gradient gels. Proteins were transferred using either A) wet
transfer or B) Trans-Blot Turbo transfer. Immunoblots were probed using anti-GluN2A
antibody (Santa Cruz; 1:200). Signals were visualised using WesternBright Sirius. Arrows on
the right point to the expected size of the GluN2A protein (180 kDa) estimated by
PageRuler™ Plus protein ladder. Anti-Actin antibody was employed to visualise samples
loading. The immunoblots are representative of at least three independent experiments.
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3.3.2.3 Expression of the GluN2D protein
Method optimisation
Here we tested different protein preparation methods, blocking buffers, antibodies, transfer
methods and substrates with an aim to improve detection of GluN2D in megakaryocytic cell
lines. Expression of GluN2D was detected in rat brain lysates only after sample heating at
70°C for 30 min initially using rabbit anti-GluN2D antibody from Abcam (1:400). In
comparison, boiling of the lysate at 100°C for 10 min resulted in no GluN2D detection
(Figure 3-14A). Adult rat hippocampus expresses very little GluN2D, so these difficulties
were not unexpected. GluN2D is mainly expressed in the cerebellum but this tissue was not
available. The same experiment was repeated using increasing concentration of anti-GluN2D
antibody from Abcam (1:200), which produced a weak band at approximately 165 kDa for
K-562 cells but the expected molecular weight of Abcam anti-GluN2D antibody is 143 kDa
(Figure 3-14B); these bands were visualised using ECL Plus). Further rounds of optimisation
followed to apply Santa Cruz anti-GluN2D antibody and increase the strength of GluN2D
detection as per Table 3-3. The list of conditions tested and their outcomes are shown in
Table 3-3.
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Table 3-3: Summary of Western blotting conditions optimised to detect GluN2D.
Condition tested
GluN2D
Lysis buffer
Tris-EDTA-SDS buffer

NP-40 lysis buffer
Denaturing condition
Sample boiled at 100° C
for 10 min
Sample heated at 70° C
for 30 min
Gel type
10% homemade gel

Outcome on the detection of the GluN2D band
Megakaryocytic cell lines
Positive
control
(rat
brain)
Weak signal in Meg-01 cells and no bands in K-562 and Set-2 cells at 143
kDa using Abcam anti-GluN2D antibodies
Strong band in K-562 cells and weak band in Set-2 cells at 165 kDa using
Santa Cruz anti-GluN2D antibody
Prominent bands in all cell lines using Santa Cruz anti-GluN2D antibody
Weak band in K-562 cells-using Abcam anti-GluN2D antibodies
No bands in all cell lines using Santa Cruz anti-GluN2D antibodies
Proteins retain their native conformation, method is known to minimise
denaturation of the antigen
Bands absent in all cell lines using Tris-ETDA lysates and homemade gels
Prominent bands in cell lines using the NP-40 lysate and commercial gels

Weak band in K-562 cells-using Abcam anti-GluN2D antibodies
no bands in cell lines using Santa Cruz anti-GluN2D antibodies
7% homemade gel
Weak signal in Meg-01cells, no bands in K-562 and Set-2 cells using
Abcam anti-GluN2D antibodies
Strong band in K-562 cells and weak band in Set-2 cells using Santa Cruz
anti-GluN2D antibody
Commercial gradient gel Prominent bands in all cell lines using Santa Cruz anti-GluN2D antibody
(4–15% Mini TGX stain
free gel)

Negative
Figure where
control HEK- results are
293 / bovine
shown
fibroblast cells

+

-

+

-

Weak
band

Not tested

+

-

-

Not tested

+

+

-

-

Figure 3-14
Figure 3-15A
Figure 3-15 B,C,
Figure 3-16
Figure 3-14A
Figure 3-14B
Figure 3-15
Figure 3-16
Figure 3-14A
Figure 3-14
Figure 3-15A
Figure 3-15B,C
Figure 3-16
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Condition tested

Blocking condition
5% milk powder
5% BSA
Transfer methods
Trans-Blot SD Semi-Dry
transfer
Trans-Blot Turbo
transfer
Wet transfer
Detection substrate
ECL Plus

Outcome on the detection of the GluN2D band
Megakaryocytic cell lines
Positive
Negative
control
control
(rat brain) HEK-293 /
bovine
fibroblast
cells
Bands absent in cell lines using Tris-ETDA lysate and homemade gel
Prominent bands in cell lines using NP40 lysate and commercial gel
Less efficient for low-abundance proteins
Prominent band in K-562, weak band in Set-2, no bands in Meg-01
cells
Prominent bands in all cell lines
Prominent bands in K-562 and weak bands in Meg-01 and Set-2 cells

Less sensitive to low-abundance protein
Prominent band in K-562, weak band in Set-2, absent in Meg-01 cells
WesternBright Sirius
An extremely strong signal to detect low-abundance protein
Prominent band in all cell lines and improved band intensities
WesternBright Quantum Better uniformity of detection
Prominent bands in all cell lines
SuperSignal West Femto Prominent bands in all cell lines with good reproducibility
Better uniformity of detection
+ prominent band at 165 kDa, consistent with GluN2D expression;- no 165 kDa band detected

+

Not tested

+

-

+

-

+

-

+

-

+

-

+

-

+

-

+

-

Figure where
results are
shown

Figure 3-14B
Figure 3-14
Figure 3-15
Figure 3-16
Figure 3-14
Figure 3-15A
Figure 3-15C
Figure 3-16
Figure 3-15B
Figure 3-14
Figure 3-15A
Figure 3-16A
Figure 3-15 B,C
Figure 3-16B
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Figure 3-14: Western blots showing expression of GluN2D in megakaryocytic cell lines
– method 1 – effects of different sample preparation and blocking conditions.
Protein lysates were prepared in Tris-EDTA-SDS buffer and transferred with Trans-Blot SD
Semi-Dry transfer system. A) Samples were denatured at different temperatures: 100°C for
10 min with proteins separated on 10% homemade SDS-PAGE gels (lanes 1-4); 70°C for 30
min (lanes 5-9) and 100°C for 10 min (lanes 10-13) (lane numbers are in red). Proteins in
lanes 5-13 were fractionated on 7% homemade SDS-PAGE gels. B) Immunoblots were
blocked with either 5% BSA or 5% milk powder, as shown. All blots were labelled with antiGluN2D antibody (Abcam). Arrows on the right point to the expected size of the GluN2D
protein (165 kDa) estimated using Precision Plus dual colour protein standards. Anti-Actin
antibody was employed to visualise samples loading. The immunoblots are representative of
at least two independent experiments.
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The application of Trans-Blot Turbo transfer along with the TGX Stain-Free gradient gels
and WesternBright Quantum brought a dramatic improvement to the GluN2D detection.
(Figure 3-15C), Further strengthening of the GluN2D signal was achieved by applying highsensitivity substrates, in particular WesternBright Sirius (Figure 3-16). Using optimised
protocols, GluN2D was detected in all cell lines at the expected size of 165 kDa (Figure 3-15
to Figure 3-16). This size of the detected protein was equivalent to the rat brain lysate and the
size reported in the antibody product sheet (165 kDa) for human neuroblastoma cells (IMR32) and K-562 cells.
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Figure 3-15: Western blots showing expression of GluN2D in megakaryocytic cell lines
– method 2 – effects of different transfer conditions.
Protein lysates prepared in either A) Tris-EDTA-SDS and separated on 7% SDS-PAGE gels
or B, C) NP-40 lysis buffer and separated on 4-15% Mini PROTEAN® TGX Stain-Free
gradient gels. In A) proteins were transferred to a nitrocellulose membrane using Trans-Blot
SD Semi-Dry system and developed using ECLPlus. In B) proteins were transferred using
wet transfer and developed using WesternBright Quantum. In C) proteins were transferred
using Trans-Blot Turbo transfer and developed using WesternBright Quantum. All blots
were labelled with anti-GluN2D antibody (Santa Cruz; 1:200). Bovine fibroblasts or HEK293 cells were used as negative controls. Arrows on the right point to the expected size of the
GluN2D protein (165 kDa) estimated using PageRuler™ Plus prestained protein ladder.
Page | 117

Chapter 3: Examination of NMDAR expression in human megakaryocytic cells
Anti-Actin antibody was utilised to visualise samples loading. The immunoblots are
representative of two independent experiments.

Figure 3-16: Western blots showing expression of GluN2D in megakaryocytic cell lines
– method 3 – effects of high sensitivity substrates.
Equal amounts of protein lysates (40 μg) were loaded as A) biological replicates or B)
duplicates and subjected to electrophoresis on 4-15% Mini PROTEAN® TGX Stain-Free
gradient gels, transferred with Trans-Blot Turbo and probed with anti-GluN2D (Santa Cruz;
1:200). The immuoreactive proteins were visualised using either A) WesternBright Sirius or
B) SuperSignal West Femto. Bovine fibroblast was used as a negative control. All lanes
showed a strong band at 165 kDa that corresponds to the molecular weight of GluN2D.
Arrows on the right indicate the expected size of the protein estimated by PageRuler™ Plus
prestained protein ladder. The immunoblots are representative of two independent
experiments.
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3.3.3 Examination of NMDAR proteins using flow cytometry
3.3.3.1 Method optimisation and validation
The aim of my flow cytometry studies was to examine expression of selected NMDAR
subunits (GluN1, GluN2A and GluN2D) both on the surface of megakaryocyte leukaemia
cells and inside them. During the optimisation period, we have compared effects of various
fixatives and permeabilisation reagents on the detection of the GluN proteins. Summaries of
the conditions optimised for flow cytometry are shown in Table 3-4 for GluN1 and Table 3-5
for GluN2A.
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Table 3-4: Summary of flow cytometry conditions optimised to detect GluN1.

Cells

Conditions tested

Isotype
control
antibody

anti-GluN1
Figure
antibody (BD where
Pharmingen) results are
shown

MFI
mean ± SEM mean ± SEM

Meg-01

Set-2

K-562

Non-permeabilised + BSA
blocking
Permeabilised + BSA blocking
Non- permeabilised+ blocking
with both BSA and goat serum
Permeabilised + blocking with
both BSA and goat serum
Non-permeabilised + BSA
blocking
Permeabilised + BSA
blocking
Non- permeabilised +
blocking with both BSA and
goat serum
Permeabilised + blocking with
both BSA and goat serum
Permeabilised + BSA
blocking
Non-permeabilised + BSA
blocking
Non- permeabilised +
blocking with both BSA and
goat serum
Permeabilised + blocking with
both BSA and goat serum

23 ± 2

148 ± 3

41.5 ± 3.5
18 ± 2

367 ± 12
225.5 ± 29.5

48 ± 10

398.5 ± 4.5

18 ± 1

62.5 ± 3.5

47.5 ± 5.5

197.5 ± 3.5

28 ± 4

149 ± 2

17 ± 7

283 ± 77

24 ± 11

413.5 ± 4.5

23 ± 2

202.5 ± 17.5

19.5 ± 2.5

296.5 ± 1.5

17 ± 9

469 ± 33

Figure 3-S3
A
Figure 3-18
A
Figure 3-S3
B
Figure 3-18
B

Figure 3-S3
C
Figure 3- 18
C

Permeabilised = means pre-permeabilised with methanol during fixation and post–
permeabilised with Triton X-100 after fixation. MFI values ± SEM of the mean are shown
derived from at least three independent experiments.
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Table 3-5: Summary of flow cytometry conditions optimised to detect GluN2A.
Cells

Meg-01

Set-2

K-562

Conditions tested

Pre-permeabilised only
Pre-permeabilised +
post-permeabilised
Non- permeabilised
Post-permeabilised only
Pre-permeabilised only
Pre-permeabilised +
post-permeabilised
Non- permeabilised
Post-permeabilised only
Pre-permeabilised only
Pre-permeabilised +
post-permeabilised
Non- permeabilised
Post-permeabilised only

Isotype
control
antibody

anti-GluN2A
(Santa Cruz)

MFI
mean ± SEM mean ± SEM
16.5 ±1.5
127 ±1
149 ±9
19.5±2.5
81 ±2
14±1
100.5 ±0.5
12.5±1.5
110 ±10
24±2
174 ±13
16.5±6.5
57 ±9
19±6
53 ±4
26±9
70.5 ±1.5
22±7
149.5 ±10.5
9.5±2.5
41.5 ±7.5
10.5±0.5
23 ±1
20±2

Figure where
results are
shown

Figure 3-S4A
Figure 3-S4B
Figure 3-S4C
Figure 3-S4D
Figure 3-S5A
Figure 3-S5B
Figure 3-S5C
Figure 3-S5D
Figure 3-S6A
Figure 3-S6B
Figure 3-S6C
Figure 3-S6D

Pre-permeabilised = means methanol without Triton X-100, pre and post-permeabilised =
means methanol with Triton X-100 and non- permeabilised = PFA only, post-permeabilised
= means Triton X-100 only. MFI values ± SEM of the mean are shown derived from at least
three independent experiments.
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3.3.3.2 Evaluation of flow cytometry data
After optimisation, the presence of the GluN1 protein was detected in Meg-01, Set-2 and K562 cells both before and after permeabilisation, meaning that GluN1 was present on the
surface of cells and inside (Figure 3-17 and Figure 3-18). GluN1 expression was the highest
of the GluN proteins tested, with largest intracellular stores detected in Meg-01 and K-562
cells. GluN2A levels were comparable between cell lines (Figure 3-19 and Figure 3-20).
Surface expression of GluN2D was low in all cell lines (Figure 3-21 and Figure 3-22).
Nevertheless, substantial intracellular stores of GluN2D were detected in all cell lines.

Figure 3-17: Summary of GluN1 expression in Meg-01, Set-2 and K-562 cells examined
by flow cytometry.
Expression of GluN1 in Meg-01, Set-2 and K-562 cells, tested without and with cell
permeabilisation (surface and total, respectively). MFI readings (mean ± SEM) have been
graphed as obtained for negative controls and GluN1 from three independent experiments (n
= 3). All differences between group means were statistically significant (****p < 0.001),
calculated by one-way ANOVA with Dunnett’s post-hoc using GraphPad Prism v.5.
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Figure 3-18: Histogram examples of GluN1 expression in Meg-01, Set-2 and K-562
cells.
GluN1 detection is shown in Meg-01, Set-2 and K-562 as overlay histograms. Histograms
were generated using FlowJo software. Representative histograms of stained GluN1 positive
cells (green) and matched Isotype controls (red) from three independent experiments are
shown. The percentage of the positive population for each corresponding conditions are
shown.
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Figure 3-19: Summary of GluN2A expression in Meg-01, Set-2 and K-562 cells
examined by flow cytometry.
Expression of GluN2A in Meg-01, Set-2 and K-562 cells, tested without and with cell
permeabilisation (surface and total, respectively). MFI readings (mean ± SEM) have been
graphed as obtained for negative controls and GluN2A from three independent experiments
(n = 3). All differences between group means were statistically significant (****p < 0.001),
calculated by one-way ANOVA with Dunnett’s post-hoc using GraphPad Prism v.5.
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Figure 3-20: Histogram examples of GluN2A expression in Meg-01, Set-2 and K-562
cells.
GluN2A detection is shown in Meg-01, Set-2 and K-562 as overlay histograms. Histograms
were generated using FlowJo software. Representative histograms of stained GluN2A
positive cells (green) and matched Isotype controls (red) from three independent experiments
are shown. The percentage of the positive population for each corresponding conditions are
shown.
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Figure 3-21: Evaluation of GluN2D expression in Meg-01, Set-2 and K-562 cells
examined by flow cytometry.
Expression of GluN2D in Meg-01, Set-2 and K-562 cells, tested without and with cell
permeabilisation (surface and total, respectively). MFI readings (mean ± SEM) have been
graphed as obtained for negative controls and GluN2D from three independent experiments
(n = 3). All differences between group means were statistically significant (*p <0.05, and
****p < 0.0001), calculated by one-way ANOVA with Dunnett’s post-hoc using GraphPad
Prism v.5.
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Figure 3-22: Histogram examples of GluN2D expression in Meg-01, Set-2 and K-562
cells.
GluN2A detection is shown in Meg-01, Set-2 and K-562 as overlay histograms. Histograms
were generated using FlowJo software. Representative histograms of stained GluN2A
positive cells (green) and matched Isotype controls (red) from three independent experiments
are shown. The percentage of the positive population for each corresponding conditions are
shown.
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We also examined the expression of GluN1 protein on both cell surface and inside of AMKL
cells. Using flow cytometry, the AMKL cells were seen to be staining positive for GluN1
protein both on the surface and intracellularly following permeabilisation with the Intraprep
kit (Figure 3-23).

Figure 3-23: Histogram examples of GluN1 expression in AMKL cells
Signals for anti-GluN1 antibodies were also weak on the surface of AMKL cells. Strongest
signals were seen for permeabilised AMKL cells with the anti-GluN1 antibody. Histograms
shown are representative of a single experiment. Percentage positivity is shown.
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3.3.3.3 The use of non-megakaryocytic cell lines as negative controls
Two non-megakaryocytic cells were used to examine the specificity of the GluN proteins
detection in megakaryocytic cells: bovine fibroblasts and human HEK-293 cells (Table 3-6).
Table 3-6: GluN expression in HEK-293 and bovine fibroblast cell lines.
Cells tested

Conditions used

Isotype

GluN1

GluN2A

GluN2D

MFI
Mean ± SEM
Bovine
fibroblasts
(Figure 3-24)
HEK-293
(Figure 3-25)

Non-permeabilised
permeabilised
Non-permeabilised
permeabilised

0.5 ± 0.5
2.5 ± 0.5
10.5 ± 0.5
16 ± 1

1.5 ± 1.5
22.5 ± 3
19 ± 3
26 ± 5

0±0
0.5 ± 0.5
12.5 ± 1.5
61.5± 8.5

0±0
0.5± 0.5
5± 2
51.5± 2.5

Non-permeabilised= means PFA only and permeabilised = means methanol with Triton X100. MFI values ± SEM of the mean are shown derived from at least three independent
experiments.
These cells are not known to carry functional NMDARs, although GRIN transcripts have
been documented in HEK-293 cells before. Background signals for bovine fibroblasts were
very low (Figure 3-24). HEK-293 cells provided weak positivity signals when anti-GluN1
antibody was applied on permeabilised cells, but otherwise background levels were also very
low for these cells (Figure 3-25).
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Figure 3-24: Flow cytometry signals for GluN1, GluN2A and GluN2D in bovine
fibroblasts.
No signal for the expression of GluN proteins was ever observed on the surface of bovine
fibroblasts stained with anti-GluN antibodies. Histograms shown are representative of three
independent experiments. Percentage positivity is shown.
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Figure 3-25: Flow cytometry signals for GluN1, GluN2A and GluN2D in HEK-293 cells.
Signals for anti-GluN antibodies were also weak on the surface of HEK-293 cells. Strongest
background signals were seen for permeabilised HEK-293 cells with the anti-GluN1
antibody. Histograms shown are representative of three independent experiments. Percentage
positivity is shown.
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3.4 Summary
This chapter has shown that human megakaryocytic cells, both normal and leukaemic (cell
lines and primary) express diverse NMDAR subunits at both transcript and protein levels. Of
particular note was that the pattern of NMDAR transcripts varied between normal and
leukaemic megakaryocytes. In normal megakaryocytes, GRIN2A and GRIN2D transcripts
predominated, while all other GRIN transcripts, except for GRIN2B, were abundant in
leukaemia cell lines (Meg-01, Set-2 and K-562). In agreement with cell line data, primary
AMKL blasts also carried transcripts of all GRIN genes. Therefore, in contrast to the
narrower pattern of GRIN transcripts in normal megakaryocytes, leukaemic cells contained
transcripts for a larger range of the modulatory NMDAR subunits. The leukaemic pattern of
expression resembled that seen in normal human brain tissue. However, compared with the
human brain, many GRIN transcripts were expressed in leukaemia cells at a considerably
lower level. Unexpectedly, leukaemia cells contained higher levels of GRIN2D and GRIN3B
transcripts compared with the brain. Similar to the neuronal tissue, multiple isoforms of
GRIN1 and GRIN2A were detected in leukaemic cells. The notable exception was that type
‘b’ GRIN1 transcripts were not detected in cell lines.
Low levels of GRIN transcripts in megakaryocyte leukaemia cells compared with the brain
suggested that at the protein level, expression of the NMDAR subunits would also be low in
these cells. This highlighted the major technical difficulties associated with detecting these
proteins by traditional Western blotting. The traditional method of Western blotting has
several drawbacks that include poor protein detection, low quality resolution, and a relatively
low sensitivity. To address these challenges, multiple optimisation strategies were applied to
the Western blotting technique in this thesis that utilised commercial gradient gels, advanced
transfer techniques and the use of highly sensitive substrates. The systematic process of
optimisation outlined in this chapter, in the end provided us with a platform through which
expression of the selected NMDAR subunits could be confirmed in megakaryocyte
leukaemia cell lines. Results showed that the GluN1, GluN2A and GluN2D subunits were
relatively abundant in cell lines with strongest signals obtained for K-562 cells.
Flow cytometry testing was also associated with its own set of difficulties. This was mostly
because none of the commercially available anti-GluN antibodies available to us have not
been validated for use by flow cytometry, as neurons are not easily amenable to this form of
Page | 132

Chapter 3: Examination of NMDAR expression in human megakaryocytic cells
testing. Systematic approaches were therefore required to confirm that anti-GluN antibodies
available could be used for flow cytometry. The steps we took to optimise and validate this
method have been described in detail in this chapter. Using optimised protocols, we found
that GluN1, GluN2A and GluN2D were expressed on megakaryocyte leukaemia cells, both
on the surface and inside. The surface expression was lower but cell permeabilisation
resulted in more detection of these subunits, indicating that stores of these proteins were
present inside cells. GluN1 was expressed at the highest level and GluN2D at the lowest.
Expression levels were highest in K-562 cells followed by Meg-01, which was consistent
with Western blotting results.
It is relevant to note that in both Western blotting and flow cytometry techniques,
background signals for anti-GluN antibodies in non-megakaryocytic cells (HEK-293 and
bovine fibroblasts) were low, supporting the specificity of data acquired by these methods for
megakaryocytic cell lines.

3.5 Conclusion
This chapter provides comprehensive evidence for the expression of NMDAR subunits in
megakaryocytic cells at both transcript and protein levels. To our knowledge, this study
provides the most comprehensive characterisation of the NMDAR expression in
megakaryocytic cells reported thus far. The presence of NMDAR subunits in leukaemic
cells, including in cells derived directly from a patient with megakaryocytic leukaemia,
supports NMDAR relevance in human disease. Combinations of NMDAR subunits and their
splice variants in leukaemic megakaryocytes differ from normal bone marrow and the brain,
suggesting NMDAR deregulation in the context of malignancy, which could enable
malignancy-specific modulation. Results described in this chapter justified further work into
the biological significance of the NMDARs in megakaryocytic cells, as described in
subsequent chapters.
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Chapter 4: Expression of the NMDAR subunits in megakaryocytic leukaemic cell lines upon
differentiation

Portions of these results have been previously published as the original paper entitled
“Inhibition of glutamate regulated calcium entry into leukemic megakaryoblasts reduces cell
proliferation and supports differentiation” in the journal Cellular Signalling in 2015 (Impact
factor 4.315). The authors of this manuscript were: Kamal T, Green TN, Morel-Kopp M-C,
Ward CM, McGregor AL, McGlashan SR, Bohlander SK, Browett PJ, Teague L, During
MJ, Skerry TM, Josefsson EC and Kalev-Zylinska ML. Some content and figure panels
have been reproduced from the published paper (Figures 4-4, 4-6 and 4-8). The electronic
version

of

this

publication

is

available

at

Science

Direct

http://dx.doi.org/10.1016/j.cellsig.2015.05.004.

4.1 Preface
The genetic lesions of leukaemia result in a blockage of cell differentiation that allows
leukaemic cells to continue to proliferate and prevents the terminal differentiation and
apoptosis of normal blood cells. Induction of differentiation restores a natural cell death
program, resumes the process of maturation, and inhibits proliferation (Ozpolat et al., 2007),
so differentiation-induction therapy could be a safer approach in leukaemia treatment.
The biophysical property of the NMDAR is characterised by high permeability to Ca2+ and
voltage-dependent block by Mg2+. The activated receptor functions as a glutamate-gated ion
channel (Zito and Scheuss, 2009). Abnormal levels of NMDAR expression and function
(both overactivation and hypofunction) cause many pathological consequences, making
these receptors common therapeutic targets for neuronal disorders (Blanke and Van Dongen,
2009). NMDAR activation leads to Ca2+ entry into neuronal cells, which promotes the
activation of Protein kinase C (PKC) (Rodríguez-Durán and Escobar, 2014). The activation
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of PKC leads to the changes associated with NMDAR function due to the phosphorylation
of NMDARs, leading to the alterations in ligand-gated ion channel properties (Popp et al.,
2008) and receptor trafficking (Yan et al., 2011). The Phorbol 12-myristate 13-acetate
(PMA) is a specific activator of PKC that activates the downstream MEK/MAPK pathway
and plays a critical role in the regulation of megakaryocyte differentiation (Huang et al.,
2014). Previous studies reported that PMA-induced PKC activation may stimulate NMDAR
activity in Meg-01 cells (Genever et al., 1999). The mechanism by which PMA regulates
differentiation and proliferation is poorly understood. In recent years, Histone Deacetylase
(HDAC) inhibitors have emerged as the potential therapeutic agents for multiple human
cancers. Among these, the Valproic acid (VPA) is one of the potent HDAC inhibitors that
cause differentiation in megakaryocytic cell lines (Schweinfurth et al., 2010). The precise
mechanism by which VPA induces NMDAR expression during megakaryocytic
differentiation is unknown. In this chapter, PMA and VPA were used to differentiate
megakaryocytic cells and we tested if cell differentiation has an impact on the NMDAR
expression in these cells.
As documented in Chapter 3, Meg-01, Set-2 and K-562 cells express NMDAR subunits both
on the cell surface and inside cells at baseline, when they are in their most undifferentiated
state. The presence of the intracellular stores of the GluN proteins suggested that the
NMDAR expression undergoes modulation in megakaryocytic cells. Here, we hypothesised
that the state of cell differentiation has a role to play in the regulation of NMDAR
expression levels. This hypothesis was tested using PMA and VPA differentiating agents.
Initial investigations to examine GluN1 expression were performed using Western blotting
and further testing of GluN1, GluN2A and GluN2D continued using flow cytometry.

4.2 Specific aims
Specific aims of this chapter were to
- examine the effect of PMA on the growth of megakaryocyte leukaemia cell lines.
- determine how PMA and VPA induced differentiation impacts expression of selected
NMDAR proteins (GluN1, GluN2A and GluN2D) in megakaryocytic cells
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4.3 Differentiation inducers
Two commercially available differentiation agents were used to induce maturational
changes. PMA, also known as 12-O-tetradecanoylphorbol 13-acetate (TPA) differentiates
myeloid leukaemia cells (Han et al., 1998). PMA induces terminal differentiation of human
promyelocytic leukaemic cells (HL60) along the monocytic lineage, and human erythroid
and megakaryocytic cell lines (HEL, K-562 and Meg-01) along the megakaryocytic lineage
(Hitchcock et al., 2003, Thiele et al., 2012, Hirose et al., 2013, Kumbrink and Kirsch, 2013).
VPA is an inhibitor of HDAC and an anti-epileptic drug. VPA promotes chromatin
decondensation via activation of chromatin remodelling mechanisms, thereby promoting the
expression of genes and consequently modulating processes such as cell growth,
differentiation and apoptosis (Lamparter and Winn, 2014). VPA influences several
intracellular signal transduction pathways including MAPK and PKC-mediated pathways,
which synergistically induce anti-cancer effects (Sun and Coy, 2014). Both these pathways
and HDAC inhibition contribute to megakaryocytic differentiation in UT-7 cells, derived
from megakaryocytic leukaemia (Michaelis et al., 2007).

4.4 Results
4.4.1 PMA inhibits growth of megakaryocytic leukaemia cells
Meg-01, Set-2 and K-562 cells were cultured in the presence of 10 nM PMA for 3 days and
effects on cell numbers were measured by the MTT assay, with an underlying idea being
that with increasing cell differentiation, proliferation would reduce and consequently,
numbers of cells would decline. PMA plays a major role in mediating the process of
megakaryocytic cells differentiation, especially in the arrest of cell growth. In keeping with
this, PMA treatment inhibited the growth of all three megakaryocytic cell lines, providing a
context in which to examine effects of megakaryocytic cells differentiation on NMDAR
expression (Figure 4-1).
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Figure 4-1: Effect of PMA on the number of viable cells in culture after 3 days.
The effects of PMA on Meg-01, Set-2 and K-562 cell numbers are shown, as assessed by the
MTT assay. Each bar represents a mean ± SEM of three independent experiments performed
in triplicate (n = 3 for each). The bar graphs were generated using GraphPad Prism. All
differences between group means were statistically significant (***p < 0.001), calculated by
one-way ANOVA with Dunnett’s post-hoc using GraphPad Prism v.5.
4.4.2 PMA and VPA appear to increase GluN1 protein expression in megakaryocytic
cells
GluN1 expression was examined in whole cell lysates from undifferentiated Meg-01, Set-2
and K-562 cells and after differentiation with 10 nM PMA. Western blots showed the
presence of GluN1 protein bands of approximately 120 kDa corresponding to the size of rat
brain lysate (Figure 4-2A). GluN1 appeared to be more prominent in PMA differentiated K562 and Meg-01 cells. Similarly, GluN1 protein band also appeared more prominent in
Meg-01 cells after VPA treatment but these differences were too small to be reliably
quantified from Western blots (Figure 4-2B and Figure 4-S1). The identity of the GluN1
protein band was verified by probing with the same antibody the HCT-116 (colon colorectal
carcinoma) cell line that was previously shown to carry the GluN1 protein (Yamaguchi et
al., 2013). Overall, the Western blotting results suggested that expression of the GluN1
protein accompanies megakaryocytic maturation. Further examination of GluN proteins in
megakaryocytic cells before and after differentiation was conducted using flow cytometry,
to enable quantification.
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Figure 4-2: Effect of PMA and VPA on GluN1 expression examined by Western
blotting.
A) Whole cell lysates from cells cultured for 3 days without and with PMA were prepared
with MPER lysis buffer and fractionated on a 7% homemade gel (40 μg protein per lane),
followed by Trans-Blot SD semi-dry transfer. B) Whole cell lysates from cells cultured for 7
days with and without VPA were prepared using NP-40 lysis buffer and fractionated on 4–
15% Mini- PROTEAN® TGX Stain-Free™ gradient gels, followed by Trans-Blot Turbo
transfer. Proteins were immunolabelled with the anti-GluN1 antibody (Cell Signalling;
1:500). The HEK-293 cell lysate was used as the negative control. Hippocampus and HCT116 lysate were used as positive controls. Actin protein expression levels were examined as
a loading control. Arrows on the right point to the expected size of the GluN1 protein,
predicted by PageRuler™ Plus prestained protein ladder or Precision Plus protein dual
colour standards. Immunoblots are representative of at least two independent experiments
for each condition.
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4.4.3 PMA-induced megakaryocytic cells differentiation increases NMDAR expression
In order to assess the cell-surface and intracellular density of the NMDAR in developing
megakaryocytic cell lines, the presence of GluN1, GluN2A and GluN2D proteins was
examined in cells using flow cytometry before and after a 3-day stimulation with PMA. Our
findings indicate that PMA-driven megakaryocytic cells differentiation is accompanied by
increasing levels of NMDAR subunits expression (GluN1, GluN2A and GluN2D) both on
the cell surface and inside cells, suggesting their increasing roles during differentiation
(Figure 4-3 and Figure 4-4). Though GluN1 protein appeared to be weakly expressed on the
surface by un-differentiated K-562 cells, expression of the GluN1 protein notably increased
up to 3.7-fold on the cell surface of K-562 cells treated with PMA. Similar to K-562 cells,
GluN1 protein increased up to 3.6-fold on the cell surface of Set-2 cells following PMA
exposure. Large intracellular stores were detected in all cell lines upon PMA exposure. In
Meg-01 cells, the GluN1 protein was detected more in intracellular stores than the other cell
lines following PMA stimulation, the maximum level of mean fluorescence intensity was
observed. Surface increases were even higher for the GluN2A modulatory subunit,
expression of which increased up to 5-fold on the surface in K-562 cells compared with
DMSO control (Figure 4-5 and Figure 4-6). Large intracellular stores of GluN2A were also
detected in all cell lines following PMA exposure. Surface increases in GluN2D expression
were also recorded in Meg-01 and Set-2 cells but this was not significant. Intracellular
GluN2D levels increased significantly in all cell lines (Figure 4-7 and Figure 4-8).
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Figure 4-3: Effect of PMA on GluN1 expression examined by flow cytometry.
Expression of GluN1 in Meg-01, Set-2 and K-562 cells cultured for 3 days without and with
PMA, and tested without and with cell permeabilisation (surface and total, respectively).
MFI readings (mean ± SEM) have been graphed from three independent experiments. The
bar graphs were generated using GraphPad Prism. Significant differences (*p <0.05, and
***p < 0.001) compared with their controls are indicated, calculated by one-way ANOVA
with Dunnett’s post-hoc using GraphPad Prism v.5. Abbreviations: ns, non-significant, MFI,
mean fluorescence intensity.
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Figure 4-4: Histogram examples of GluN1 expression in megakaryocytic cells cultured
without and with PMA.
GluN1 detection is shown as overlay histograms in Meg-01, Set-2 and K-562 cells cultured
for 3 days without and with PMA and tested without and with cell permeabilisation (surface
and total, respectively). Histograms were generated using FlowJo software. Representative
histograms for PMA-treated cells (green), DMSO control cells (blue) and matched isotype
controls (red) are shown. Three independent experiments were performed. The percentage of
the positive cells is shown for PMA-treated cells.
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Figure 4-5: Effect of PMA on GluN2A expression examined by flow cytometry.
Expression of GluN2A in Meg-01, Set-2 and K-562 cells cultured for 3 days without and
with PMA, and tested without and with cell permeabilisation (surface and total,
respectively). MFI readings (mean ± SEM) have been graphed from three independent
experiments. The bar graphs were generated using GraphPad Prism. Significant differences
(*p <0.05, and ***p < 0.001) compared with their controls are indicated, calculated by oneway ANOVA with Dunnett’s post-hoc using GraphPad Prism v.5. Abbreviations: ns, nonsignificant, MFI, mean fluorescence intensity.
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Figure 4-6: Histogram examples of GluN2A expression in megakaryocytic cells
cultured without and with PMA.
GluN2A detection is shown as overlay histograms in Meg-01, Set-2 and K-562 cells
cultured for 3 days without and with PMA and tested without and with cell permeabilisation
(surface and total, respectively). Histograms were generated using FlowJo software.
Representative histograms for PMA-treated cells (green), DMSO control cells (blue) and
matched isotype controls (red) are shown. Three independent experiments were performed.
The percentage of the positive cells is shown for PMA-treated cells.
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Figure 4-7: Effect of PMA on GluN2D expression examined by flow cytometry.
Expression of GluN2D in Meg-01, Set-2 and K-562 cells cultured for 3 days without and
with PMA, and tested without and with cell permeabilisation (surface and total,
respectively). Mean MFI readings ± SEM have been graphed from three independent
experiments (n = 3). The bar graphs were generated using GraphPad Prism. Significant
differences (*p <0.05, and ***p < 0.001) compared with their controls are indicated,
calculated by one-way ANOVA with Dunnett’s post-hoc using GraphPad Prism v.5.
Abbreviations: ns, non-significant, MFI, mean fluorescence intensity.

Page | 144

Chapter 4: Expression of NMDAR in megakaryocytic cell lines upon differentiation

Figure 4-8: Histogram examples of GluN2D expression in megakaryocytic cells
cultured without and with PMA.
GluN2D detection is shown as overlay histograms in Meg-01, Set-2 and K-562 cells
cultured for 3 days without and with PMA and tested without and with cell permeabilisation
(surface and total, respectively). Histograms were generated using FlowJo software.
Representative histograms for PMA-treated cells (green), DMSO control (blue) and matched
isotype controls (red) are shown. Three independent experiments were performed. The
percentage of the positive cells is shown for PMA-treated cells.
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4.4.4 VPA-induced Meg-01 cells differentiation increases NMDAR expression
To confirm a positive association between megakaryocytic cells differentiation and levels of
NMDAR expression, we re-evaluated NMDAR expression levels in Meg-01 cells cultured
for 7 days with and without VPA. Compared with PMA effects, VPA enhanced NMDAR
expression even more robustly on the cell surface and inside cells (Figure 4-9, Figure 4-10
and Figure 4-11). Expression levels of GluN1 increased significantly following VPA
exposure (Figure 4-9). Increases were even higher for the GluN2D subunit (Figure 4-11),
suggesting that NMDAR expression associates with cells maturation process.
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Figure 4-9: Effect of VPA on GluN1 expression examined by flow cytometry.
Expression of GluN1 in Meg-01 cells cultured for 7 days without and with VPA, and tested
without and with cell permeabilisation (surface and total, respectively). A) MFI readings
(mean ± SEM) have been graphed from three independent experiments. The bar graphs were
generated using GraphPad Prism v.5. All differences between group means were statistically
significant (*p <0.05, and ***p < 0.001), calculated by one-way ANOVA with Dunnett’s
post-hoc using GraphPad Prism v.5. B) GluN1 detection is shown as overlay histograms.
Histograms were generated using FlowJo software. Representative histograms for VPAtreated cells (green), untreated cells (blue) and matched isotype controls (red) are shown.
Three independent experiments were performed. The percentage of the positive cells is
shown for VPA-treated cells. Abbreviations: MFI, mean fluorescence intensity.
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Figure 4-10: Effect of VPA on GluN2A expression examined by flow cytometry.
Expression of GluN2A in Meg-01 cells cultured for 7 days without and with VPA, and
tested without and with cell permeabilisation (surface and total, respectively). A) MFI
readings (mean ± SEM) have been graphed from three independent experiments. The bar
graphs were generated using GraphPad Prism v.5. All differences between group means
were statistically significant (*p <0.05, and ***p < 0.001), calculated by one-way ANOVA
with Dunnett’s post-hoc using GraphPad Prism v.5. B) GluN2A detection is shown as
overlay histograms. Histograms were generated using FlowJo software. Representative
histograms for VPA-treated cells (green), DMSO control cells (blue) and matched isotype
controls (red) are shown. Three independent experiments were performed. The percentage of
the positive cells is shown for VPA-treated cells. Abbreviations: MFI, mean fluorescence
intensity.
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Figure 4-11: Effect of VPA on GluN2D expression examined by flow cytometry.
Expression of GluN2D in Meg-01 cells cultured for 7 days without and with VPA, and
tested without and with cell permeabilisation (surface and total, respectively). A) Mean MFI
readings ± SEM have been graphed from three independent experiments. The bar graphs
were generated using GraphPad Prism v.5. All differences between group means were
statistically significant (*p <0.05), calculated by one-way ANOVA with Dunnett’s post-hoc
using GraphPad Prism v.5. Abbreviations: ns, non-significant. B) GluN2D detection is
shown as overlay histograms. Histograms were generated using FlowJo software.
Representative histograms for VPA-treated cells (green), DMSO control cells (blue) and
matched isotype controls (red) are shown. Three independent experiments were performed.
The percentage of the positive cells is shown for VPA-treated cells. Abbreviations: MFI,
mean fluorescence intensity.
Page | 149

Chapter 4: Expression of NMDAR in megakaryocytic cell lines upon differentiation
4.5 Summary
This chapter has shown that both PMA and VPA increased expression of NMDAR subunits
in megakaryocytic cell lines. The increase in the GluN1 protein expression was suggested by
Western blotting, which was confirmed by flow cytometry. Both the surface and
intracellular expression of the NMDAR subunits increased during cell maturation, implying
receptor relevance in the maturation process. K-562 cells that were least differentiated at
baseline demonstrated highest levels of NMDAR subunits expression on the cell surface
after PMA exposure. The increase in expression of all three NMDAR subunits was also
documented to occur over time in control cells grown in the presence of DMSO. This
phenomenon suggests that the NMDAR role increases with cell differentiation, and is likely
to be greater in mature megakaryocytes.

4.6 Conclusions
The maturation of megakaryocytic cells was more efficiently and gently elicited by VPA as
compared to the commonly used PMA. My results argue that both PMA and VPA induced
differentiation recruit new NMDAR to the cell surface and depend on their functionality,
highlighting an association of NMDAR expression with cell maturation.
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Chapter 5
The effect of NMDAR modulators on the growth
of megakaryocytic leukaemia cell lines
Chapter 5: The effect of NMDAR modulators on the growth of megakaryocytic
leukaemia cell lines
The results described in this chapter have been previously published as the original paper
entitled “Inhibition of glutamate regulated calcium entry into leukemic megakaryoblasts
reduces cell proliferation and supports differentiation” in the journal Cellular Signalling in
2015 (Impact factor 4.315). The authors of this manuscript were: Kamal T, Green TN,
Morel-Kopp M-C, Ward CM, McGregor AL, McGlashan SR, Bohlander SK, Browett PJ,
Teague L, During MJ, Skerry TM, Josefsson EC and Kalev-Zylinska ML. Some content and
figure panels have been reproduced from the published paper (Figures 5-1, 5-2, 5-4, 5-5A,D,
5-6, 5-7, 5-8 and 5-S1). The electronic version of this publication is available at Science
Direct http://dx.doi.org/10.1016/j.cellsig.2015.05.004.

5.1 Preface
NMDARs are calcium ion (Ca2+) channels gated by L-glutamate (glutamate) and glycine.
NMDARs play many fundamental physiological roles in neuronal cells and both glutamate
and the co-agonist glycine are required for efficient channel activation (Cummings and
Popescu, 2015). NMDAR overactivation can lead to cellular damage (Johnson et al., 2015).
Although low concentrations of glutamate enhance proliferation of human neuronal
progenitor cells, higher concentrations of glutamate cause declining effects on cell
proliferation and trigger cytotoxicity associated with NMDAR over-activation (Suzuki et al.,
2006). The NMDAR activates the mitogen-activated protein kinase (MAPK) pathway
(Haddad, 2005, Dobrek and Thor, 2011), that enhances cell proliferation and survival (Xiao
et al., 2011). However, high levels of glutamate cause overactivation of NMDARs, which
leads to excessive intracellular influx of Ca2+ and induces cell death (Zhou et al., 2013,
Kritis et al., 2015). Therefore, inhibition of NMDAR activation by endogenous extracellular
Mg2+ is important for preventing excessive Ca2+ inﬂux (Lipton, 2006). NMDAR channel
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blockers effectively abrogate excessive Ca2+ influx due to its high affinity for the Mg2+ site
(Lipton, 2006). Blockade of glutamate or NMDARs inhibits cellular influx of Ca2+ and
facilitates cell survival under conditions of NMDAR overactivation (Wang et al., 2013, Yu
et al., 2015). With a better understanding of the mechanisms by which elevated levels of
glutamate participate in cell death, scientists are trying to devise novel therapeutic agents to
selectively target glutamate pathways shown to interfere with abnormal cell fate processes.
It is not yet known if glutamate or NMDARs contribute to neoplastic megakaryopoiesis.
However, the glutamate-NMDAR axis stimulates the growth of a variety of non-neuronal
cancer cell lines, such as breast cancer, ovarian cancer, melanoma as well as certain blood
cancers, including leukaemia and lymphoma (Stepulak et al., 2014, Mehrotra A, 2015).
NMDAR antagonists also diminish the growth of certain cancer cells (Cavalheiro and
Olney, 2001, Deutsch et al., 2014). However, the regulatory mechanisms underlying anticancer action of NMDAR antagonists remain unknown.
Evidence increases that NMDARs are expressed at elevated levels in various human cancer
cell lines (Stepulak et al., 2009, Koiri and Kumar, 2015), including megakaryocytic (Chapter
3). Here, we sought to investigate the potential involvement of NMDAR antagonists in the
growth of megakaryocytic leukaemia cell lines.

5.2 Specific aims
Specific aims of this chapter were to:
- determine effects of NMDAR antagonist on cell growth, proliferation, and death of
megakaryocyte leukaemia cell lines
- determine effects of NMDAR agonists on growth and proliferation of megakaryocyte
leukaemia cell lines in glutamine-free and glutamine-supplemented culture media
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5.3 NMDAR agonists and antagonists used to modulate cell lines growth
Glutamate, NMDA and glycine were used in this chapter as NMDAR agonists. Glutamate is
a major physiological NMDAR agonist, but is not NMDAR-specific; NMDA is synthetic
but a NMDAR-specific agonist. NMDA and glutamate bind to the same site on the
receptor’s agonist binding domain but NMDA is a weaker agonist than glutamate
(VanDongen, 2008). Glycine is a co-agonist for the NMDAR (Traynelis et al., 2010).
The following NMDAR antagonists were used: memantine, MK-801, AP5, DCKA and
riluzole. Their mechanisms of action have been presented in the Introduction. Briefly, noncompetitive antagonists like MK-801 and memantine block the NMDAR ion channel. MK801 blocks the NMDAR channel for a short period of time due to its high affinity and slow
off-rate kinetics (Lipton, 2004, Olivares et al., 2012). On the other hand, memantine binds to
the NMDAR with low to moderate affinity but with rapid kinetics and only enters a channel
when opened by an agonist (Sabino et al., 2013). In the presence of high glutamate levels,
memantine blocks excessively activated NMDARs to normalise the glutamatergic system
and prevents an excessive influx of Ca2+ inside the cell (Olivares et al., 2012). Riluzole
blocks the release of glutamate from cells and has been reported to activate K+ channels as
well as inhibit Na+ channels. Although riluzole can antagonise NMDARs directly (Doble,
1996), its mechanism of action is not well defined and overall, it is still not clear which
glutamate receptors are most affected by riluzole and non-glutamate targets have also been
described (Le et al., 2010). The competitive NMDAR blocker, AP5, competes with
glutamate for its ligand binding sites on the GluN2 subunits (A to D). Analogously, DCKA
competes with the glycine recognition site on the GluN1 subunit. Since NMDAR activation
is dependent on the binding of both glycine and glutamate, the binding of an antagonist at
either of these sites should cause generalised inhibition of the NMDAR activity (Chen and
Lipton, 2006).

5.4 Results
Meg-01, Set-2 and K-562 cells were cultured for 3 days in the presence of glutamatergic
antagonists: memantine, MK-801, AP5, DCKA and riluzole. Effects on cell growth,
proliferation and cell death were examined employing MTT, BrdU and LDH release assays,
respectively. Increasing concentrations of antagonists were used in each assay and
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antagonist effects were compared to their respective vehicle controls. The antagonist effects
were determined by constructing a dose-response curve and the concentration of antagonist
required to inhibit cell growth or proliferation by fifty percent (IC50 value) was determined.
5.4.1 NMDAR antagonists limit growth of megakaryocytic cells
When Meg-01, Set-2 and K-562 cells were cultured in the presence of NMDAR antagonists
(memantine, MK-801, AP5 and riluzole; 5-200 μM), their growth (measured by the MTT
assay) declined (Figure 5-1 and Figure 5-2; Table 5-1).
Table 5-1: The effect of NMDAR antagonists on cell growth.
NMDAR antagonist
Cells

%
inhibition
of number
of viable
cells

memantine
100 µM
Meg-01 83.5±10
82.9±2.5
Set-2
K-562

86.1±1.5

MK-801
100 µM
36.7±2.1
22.5±3.4

AP5
100 µM
250µM
16.7±0.7
19±1.2
33±0.4
33.8±0.3

riluzole
100 µM
83.4±10
85.4±3.9

26.9±0.9

27.2±0.92

72.2±1.4

32.1±0.5

The values ± SEM of the mean are shown derived from at least three independent
experiments.
Quantitative analysis of the degree of inhibition revealed an obvious dose dependency for all
antagonists. Memantine and riluzole provided the strongest inhibition of cell growth, and
Meg-01 cells were most sensitive to their inhibitory effects. Memantine reduced numbers of
viable Meg-01 cells to 76 ± 8% of controls at 5 μM and to 16 ± 10% at 100 μM (p < 0.05;
Figure 5-2A). MK-801 caused less inhibition of cell growth (Figure 5-1 and Figure 5-2B);
nevertheless, numbers of Meg-01 cells declined to 63 ± 2% of controls with 100 μM MK801 (p < 0.05; Figure 5-2B). Similar to memantine, riluzole reduced the number of viable
Meg-01 cells to 61 ± 3% at 5 μM and 17 ± 10% at 100 μM (p < 0.05; Figure 5-2C). The IC50
values ranged from 20 to 50 μM for memantine and 16 to 37 μM for riluzole (lowest in
Meg-01 cells). The marked inhibition of viable cell numbers by riluzole may reflect its
broader mechanism of action.
On the other hand, milder effects of AP5 appeared consistent with its competitive (against
glutamate) mechanism of NMDAR inhibition. AP5 caused less inhibition of cell growth,
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where the numbers of Meg-01 cells declined to 81 ± 1% of controls with 250 μM AP5
(Figure 5-3A). DCKA was employed to determine if inhibition of glycine binding would
strengthen AP5 effects (Figure 5-3B). By itself, DCKA provided mild inhibition of number
of viable cells ranging from 76 ± 1% for K-562 cells and 67 ± 4% for Meg-01 cells at 100
μM, with little dose-dependency effect (p < 0.05; Figure 5-3B). When DCKA was applied to
cells together with AP5, there was no obvious synergistic effect, except at 200 μM when the
number of viable Meg-01 cells declined to 47± 2 % (p < 0.05; Figure 5-3C).

Figure 5-1: Summary of effects of NMDAR antagonists on cell growth.
The effects of NMDAR antagonists on the growth of Meg-01, Set-2 and K-562 cells are
shown following exposure to 100 µM of memantine, MK-801 and riluzole, and AP5 at 100
µM and 250 µM for 3 days, as assessed by the MTT assay. The bar graphs were generated
using Sigma plot v.10. Each bar represents a mean ± SEM of three independent experiments
performed in triplicates (n = 3 for each). Relative percentage changes in number of viable
cells are depicted compared to their respective (100%) diluent controls. All differences
between group means for antagonists at 100 μM were statistically significant (***p <
0.001), calculated by one-way ANOVA with Dunnett’s post-hoc using GraphPad Prism v.5.
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Figure 5-2: Concentration–response curves for NMDAR antagonists on cell growth.
Meg-01, Set-2 and K-562 cells were treated with the indicated concentrations of A)
memantine, B) MK-801, C) riluzole for 3 days and effects on cell growth were examined by
the MTT assay. Graphs were generated by Sigma plot v.10 using a linear calibration curve.
The IC50 lines are marked. Each data point represents a mean ± SEM of at least three
independent experiments (n = 3 for each) performed in triplicates. Significant differences
(*p <0.05, **p <0.01 and ***p < 0.001) compared with their diluent (100%) controls are
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indicated. Results were analysed by one-way ANOVA with Bonferroni correction for
multiple comparisons using GraphPad Prism v.5. Abbreviations: ns, non-significant.

Figure 5-3: Concentration–response curves for AP5 or DCKA alone and together on
cell growth.
Meg-01, Set-2 and K-562 cells were treated with the indicated concentrations of A) AP5, B)
DCKA, and C) DCKA and AP5 for 3 days, and effects on cell growth were assessed by the
MTT assay. Graphs were generated by Sigma plot v.10 using a linear calibration curve. The
IC50 lines are marked. Each data point represents a mean ± SEM of at least three
independent experiments (n = 3 for each) performed in triplicates. Significant differences
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(*p <0.05, **p <0.01 and ***p < 0.001) compared with their respective diluent (100%)
controls are indicated. Results were analysed by one-way ANOVA with Bonferroni
correction for multiple comparisons using GraphPad Prism v.5. Abbreviations: ns, nonsignificant.
5.4.2 NMDAR antagonists exert limited cytotoxicity against megakaryocytic cells
Cytotoxic effects of NMDAR antagonists were evaluated after 3 days co-incubation with
cells using an LDH release assay. Cytotoxic effects of memantine and AP5 were weak or
absent (Figure 5-4 and Figure 5-5A,C; Table 5-2). Riluzole and MK-801 (100 μM) reduced
the number of viable Meg-01 cells by 43 ± 8% and 32 ± 4%, respectively (p < 0.05; Figure
5-4 and Figure 5-5B,D). The influence of modulator concentrations on cell cytotoxicity was
weak, except for riluzole and in particular when incubated with Meg-01 cells where more
than 50% of cells were lysed by 200 μM riluzole (p < 0.05; Figure 5-5D). Similar to its
effects on viable cell numbers, we suspected that NMDA-independent mechanisms may
have contributed to the strongest cytotoxic effects of riluzole in these assays.
Table 5-2: The effect of NMDAR antagonists on cell death.
NMDAR antagonist
Cells

% cell
death

memantine

MK-801

AP5

riluzole

100 µM

100 µM

100 µM

250 µM

100 µM

Meg-01 7.17±1.0

32.4±4.4

8.6±1

8.9±2.2

43.3±8.0

Set-2

10.8±1.2

14.4±2.4

3.9±0.7

6.1±0.9

14.5±0.3

K-562

17.2±1.3

34.1±3.6

7.6±1.1

9.5±1.8

20.2±1.3

The values ± SEM of the mean are shown derived from at least three independent
experiments.
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Figure 5-4: Summary of cytotoxic effects of NMDAR antagonists.
Cytotoxic effects of NMDAR antagonists on Meg-01, Set-2 and K-562 are shown following
exposure to 100 µM of memantine, MK-801 and riluzole, and AP5 at 100 µM and 250 µM
for 3 days, as assessed by the LDH release assay. The bar graphs were generated using
Sigma plot v.10. Each bar represents a mean ± SEM of three independent experiments
performed in triplicates (n = 3 for each). Relative change in cell lysis is shown as percentage
cytotoxicity relative to a vehicle control at 0% and a high-positive (lysis) control at 100%.
Statistical significance is shown (*p <0.05, **p <0.01 and ***p < 0.001), calculated by oneway ANOVA with Dunnett’s post-hoc using GraphPad Prism v.5. Abbreviations: ns, nonsignificant.
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Figure 5-5: Concentration-dependent cytotoxic effects of NMDAR antagonists on megakaryocytic cells.
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Meg-01, Set-2 and K-562 cells were treated with the indicated concentrations of A)
memantine, B) MK-801, C) riluzole and D) AP5 for 3 days, and cytotoxic effects were
assessed by the LDH release assay. Graphs were generated by Sigma plot v.10 using a linear
calibration curve. The IC50 lines are marked. Each data point represents a mean ± SEM of at
least three independent experiments (n = 3 for each) performed in triplicates. Significant
differences (*p <0.05, **p <0.01 and ***p < 0.001) compared with their respective controls
are indicated. Results were analysed by one-way ANOVA with a Bonferroni correction for
multiple comparisons using GraphPad Prism v.5. Abbreviations: ns, non-significant.

5.4.3 NMDAR antagonists reduce proliferation of Meg-01 cells
In view of the relatively low cytotoxicity of NMDAR antagonists, we proceeded to examine
their effects on cell proliferation using an assay of BrdU incorporation (Figure 5-6 and
Figure 5-7; Table 5-3). We found that NMDAR antagonists inhibited proliferation of Meg01, Set-2 and K-562 cells in a pattern that was similar to their effects on cell growth.
Memantine and riluzole also provided the strongest inhibition of cell proliferation,
maximum effects were seen in Meg-01 cells.
Memantine reduced proliferation of Meg-01 cells to 76 ± 6% of controls at 5 μM, 19 ± 6%
at 100 μM, and an IC50 of 36 μM (p < 0.05; Figure 5-7A). Similarly, riluzole reduced
proliferation of Meg-01 cells to 78 ± 3% of controls at 5 μM, 18 ± 5% at 100 μM, and an
IC50 of 22μM (p < 0.05; Figure 5-7B). MK-801 and AP5 inhibited cell proliferation to a
lesser degree; nevertheless, the proliferation of Meg-01 cells declined to 55 ± 3% of controls
with 100 μM MK-801 and to 56 ± 6% with 200 μM AP5 (p < 0.05; Figure 5-7). Considering
that antagonist effects were consistent between cell lines, only Meg-01 cells were tested
against different concentrations of memantine, MK-801, AP5 and riluzole. Since only mild
reductions in cell proliferation were seen in K-562 and Set-2 cell lines in the presence of 100
μM MK-801 and AP5, NMDAR antagonists at lower concentrations were not tested in those
cell lines.

Page | 161

Chapter 5: The effect of NMDAR modulators in human megakaryocytic cells
Table 5-3: The effect of NMDAR antagonists on cell proliferation.
Cells

memantine
100 µM

% inhibition Meg-01 59.1 ± 6.2
of
60.4 ± 5.0
Set-2
proliferative
50.9 ± 5.3
K-562
cells

NMDAR antagonist
MK-801
AP5
100 µM
100 µM
250µM

riluzole
100 µM

32.4 ± 4.4
3.9 ± 5.5
26.9 ± 4.9

71.7 ± 4.6
71.2 ± 7.0
70.4 ± 4.5

9 ± 6.4
7.9 ± 9.4
-5.4 ± 4.3

32.7 ± 2.5
69.9 ± 1.5
52.7 ± 5.7

The values ± SEM of the mean are shown derived from at least three independent
experiments.

Figure 5-6: Summary of effects of NMDAR antagonists on cell proliferation.
The effects of NMDAR antagonists on the proliferation of Meg-01, Set-2 and K-562 cells
are shown following exposure to 100 µM of memantine, MK-801 and riluzole, and AP5 at
100 µM and 250 µM for 3 days, as assessed by the BrdU incorporation assay. The bar
graphs were generated using Sigma plot v.10. Each bar represents a mean ± SEM of three
independent experiments performed in triplicates (n = 3 for each). Relative percentage
changes in cell proliferation are depicted compared to their respective (100%) diluent
controls. Statistical significance is shown (***p < 0.001), calculated by one-way ANOVA
with Dunnett’s post-hoc using GraphPad Prism v.5. Abbreviations: ns, non-significant.
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Figure 5-7: Concentration-dependent effects of NMDAR antagonists on Meg-01 cell
proliferation.
Meg-01 cells were treated with the indicated concentrations of A) memantine and MK-801,
B) riluzole and AP5, for 3 days and effects on cell proliferation were assessed by the BrdU
incorporation assay. Graphs were generated by Sigma plot v.10 using a linear calibration
curve. The IC50 lines are marked. Each data point represents a mean ± SEM of at least three
independent experiments (n = 3 for each) performed in triplicates. Significant differences
(*p <0.05, **p <0.01 and ***p < 0.001) compared with their respective controls are
indicated. Results were analysed by one-way ANOVA with a Bonferroni correction for
multiple comparisons using GraphPad Prism v.5. Abbreviations: ns, non-significant.
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5.4.4 NMDAR agonists support growth of megakaryocytic cells
Here, we examined whether NMDAR activation would have an effect on the growth of
megakaryocytic leukaemia cell lines. Cells were cultured for 3 days in glutamine-free media
and effects of glutamate, NMDA and glycine were examined on cell growth and
proliferation in the MTT and BrdU assays, respectively (Figure 5-8; Supplementary Figures
5-S1 and 5-S2). We found that at 100 μM NMDAR agonists (glutamate, NMDA and
glycine) increased the number of viable cells by 20–30% of controls (p < 0.05; Figure 58A,B). Paradoxically, higher concentrations of glutamate caused declining effects on both
cell growth and proliferation (Figure 5-8A,C), suggesting an element of toxicity associated
with NMDAR overactivation, resembling neuronal excitotoxicity (Arundine and Tymianski,
2004). NMDA and glycine (100 μM) also increased proliferation of Meg-01 cells when
cultured in glutamine-free media (p < 0.05; Figure 5-S2), corroborating NMDAR
contribution to the effects induced by glutamate. Below 100 μM, NMDA and glycine had
negligible effects on cell growth (Figure 5-9A,B) but when applied together, a synergistic
effect to increase cell growth was seen (Figure 5-9C). The proliferation of Meg-01 cells
peaked at 216 ± 24% in the presence of 100 μM glutamate (p < 0.05; Figure 5-8C).
Toxic effects of NMDAR overactivation on cell growth were further indicated by a
significant reduction in cell proliferation when glutamate and glycine were cultured together
with Meg-01 cells, compared with glutamate alone (Figure 5-10A). In addition, in
glutamine-supplemented culture media, further addition of NMDAR agonists reduced the
number of viable cells (Figure 5-10B). These data indicate that glutamate positively
regulates cell growth at lower concentrations (with an optimum at around 100 µM
glutamate) but further NMDAR stimulation causes diminishing effects and even toxicity
was clearly seen when culture media contained high levels of NMDAR agonists (Figure 510B).
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Figure 5-8: Summary of effects of NMDAR agonists on megakaryocytic cell growth.
A) Numbers of viable Meg-01 cells measured in the MTT assay in the presence of
increasing amounts of added glutamate (from 10 to 1000 μM). B) Numbers of viable Meg01, Set-2 and K-562 cells measured in the MTT assay in the presence of 100 μM NMDA,
glycine and combined. C) The proliferation of Meg-01 cells measured from BrdU
incorporation in the presence of increasing amounts of added glutamate (from 100 to 1000
μM). Bars are mean ± SEM (n = 3 for each). All experiments were carried out in glutaminefree media for 3 days. Data are shown relative to their respective diluent (100%) controls.
All differences between group means were statistically significant (*p <0.05, **p <0.01 and
***p < 0.001), except where shown as non-significant (ns) (one-way ANOVA with
Dunnett’s post-hoc). Abbreviations: ns, non-significant.
Page | 165

Chapter 5: The effect of NMDAR modulators in human megakaryocytic cells

Figure 5-9: Concentration-dependant effects of NMDAR agonists on cell growth in
glutamine-free media.
Meg-01, Set-2 and K-562 cells were cultured for 3 days in glutamine-free media with the
added A) NMDA, B) glycine, C) NMDA and glycine at the concentrations as indicated.
Effects on cell growth were assessed by the MTT assay. The bar graphs were generated
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using Excel. Each bar represents a mean ± SEM of three independent experiments
performed in triplicates (n = 3 for each). Relative fold changes in number of viable cell are
depicted compared to their respective (100%) diluent controls. Statistical significance is
shown (*p <0.05, and **p <0.01), calculated using Student’s T-test. Abbreviations: ns, nonsignificant.

Figure 5-10: Toxic effects of NMDAR over-activation.
A) Reduction in cell proliferation induced by the addition of glycine to glutamate (both at
100 µM). Meg-01 cells were cultured for 3 days in glutamine-free media with glutamate ±
glycine added to cultures over 3 days. Effects on cell proliferation were assessed by the
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BrdU incorporation assay. The bar graphs were generated using Sigma plot v.10. Each bar
represents a mean ± SEM of three independent experiments performed in triplicates (n = 3
for each). Relative fold changes in cell proliferation are depicted compared to their
respective (100%) diluent controls. B) Concentration-dependant effects of NMDAR agonists
on cell growth in glutamine-supplemented media. NMDA, glycine and combined were
added to Meg-01, Set-2 and K-562 cells at the concentrations indicated and cultured cells for
3 days. Effects on number of viable cells were assessed by the MTT assay. The bar graphs
were generated using Excel. Each bar represents a mean ± SEM of three independent
experiments performed in triplicates (n = 3 for each). Relative fold change in viable cell
number is depicted compared to their respective (100%) diluent controls. Statistical
significance is shown (*p <0.05, **p <0.01 and ***p < 0.001), calculated using Student’s Ttest. Abbreviations: ns, non-significant.

5.5 Summary
This chapter has shown that low concentrations of well-established glutamate and NMDAR
antagonists (memantine, MK-801, AP5 and riluzole; 5–100 μM) reduce the growth of
leukaemic megakaryocytes. Low concentrations of NMDAR agonists increase growth and
proliferation of Meg-01, Set-2 and K-562 cells. In contrast, high concentrations of NMDAR
agonists reduce cell growth and proliferation, consistent with toxic effects secondary to
NMDAR over-activation. These results indicate that the NMDARs are functional in
megakaryocytic cell lines and play an active role in regulating cell growth. Different cell
lines showed mild differences in their responses to NMDAR antagonists and agonists, which
may reflect different levels of NMDAR expression, or variable dependence of different cell
lines on functional NMDARs for their growth and proliferation. Our results indicate that
NMDAR antagonists inhibit the growth of megakaryocytic cell lines mostly by inhibiting
proliferation and weaker cytotoxicity. Riluzole and memantine displayed most potent antiproliferative effects on all cell lines tested. In comparison AP5 was least effective at
inhibiting proliferation at 100 µM but this increased at 250 µM, which is consistent with the
AP5 mechanism of action. AP5 competes with glutamate for binding to the receptor, and
RPMI 1640 contains 100-150 µM glutamate (manufacturer’s information). Therefore, higher
concentrations of AP5 (250 µM) were required to counteract glutamate effects in media. Coadministration of DCKA and AP5 strengthened AP5 effects, except at higher concentrations
(100-200 µM), which may be for similar reasons, as DCKA is also a competitive NMDAR
antagonist.
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The strength of the effect by different antagonists may reflect their different mechanisms of
action. Memantine was approximately twice as effective than MK-801 at reducing cell
growth and proliferation, despite having much lower binding affinity than MK-801. It may
be relevant that memantine and MK-801 have different binding kinetics and subunit
selectivity. We propose that different NMDAR composition and NMDAR activity in
megakaryocytic cells influenced different potencies of memantine and MK-801 on the
inhibition of cell growth.
All NMDAR antagonists had mild but significant cytotoxicity. MK-801 and riluzole were
most cytotoxic. This is consistent with neuronal effects, where MK-801 is an irreversible
NMDAR antagonist and memantine is better tolerated, as it allows a physiological level of
NMDAR activity.
Our results with NMDAR agonists had different effects at different concentrations and in
media with varying amounts of glutamate, are interesting. We show that in glutamine-free
media, NMDAR agonists increase growth and proliferation of megakaryocytic cells.
However, this effect has its optimum at the agonist concentrations that resemble those in
human plasma (100 µM glutamate). With increasing glutamate concentrations, we saw
reducing effects on cell growth. As full activation of the NMDAR requires the addition of a
co-agonist, we investigated the effect of adding glycine together with glutamate. The
combined incubation of Meg-01 cells with glycine and glutamate (both at 100 μM) led to the
inhibition of cell proliferation, which was in contrast to the effect evoked by 100 μM
glutamate alone. Further, the addition of NMDAR agonists to media that was already
supplemented with glutamine, reduced cell growth. The latter effect resembles neuronal
excitotoxicity that arises from NMDAR overactivation. Our observations that high NMDAR
stimulation is toxic to megakaryocytic cells strengthens the evidence for NMDAR
functionality in these cells. These effects open an opportunity for additional modulation, as
both effective NMDAR blockade and NMDAR overactivation limit growth of
megakaryocyte leukaemia cell lines. Elucidation of mechanisms that underlie agonistinduced NMDAR activation could facilitate the development of more effective and
less toxic substances that modulate cancer cell growth.
Taken together, this chapter demonstrates that NMDARs may be involved in regulating the
growth of megakaryocytic cancer cells. Our results emphasise the importance of glutamate
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and NMDARs in leukaemia cell growth, and argue that NMDAR functionality is relevant
for cancer growth. Modulation of NMDAR activity may therefore provide new opportunities
for therapeutic intervention. Intriguingly, both NMDAR inhibition and overactivation inhibit
cell growth and could be tested in further assays for their anti-leukaemic properties.

5.6 Conclusions
This chapter provides evidence that NMDARs modulate megakaryocytic cell growth and
proliferation. NMDARs are functional in human megakaryocytic leukaemia cell lines and
respond to NMDAR agonists and antagonists. Effects of NMDAR modulation shown here
suggest that active NMDARs play pathological roles in megakaryocytic cancers. Further
studies into NMDAR effects may provide new insights into disease mechanisms. NMDAR
antagonists and NMDAR overactivation inhibit cell growth in vitro. These effects suggest
potential new therapeutic applications for further testing using in vivo models of
megakaryocytic leukaemia. NMDAR modulation could provide an effective and safer
alternative treatment for this type of leukaemia, and therefore further testing of the NMDAR
modulatory strategies is warranted.
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The portions of this Results chapter have been previously published as the original paper
entitled “Inhibition of glutamate regulated calcium entry into leukemic megakaryoblasts
reduces cell proliferation and supports differentiation” in the journal Cellular Signalling in
2015 (Impact factor 4.315). The authors of this manuscript are: Kamal T, Green TN, MorelKopp M-C, Ward CM, McGregor AL, McGlashan SR, Bohlander SK, Browett PJ, Teague L,
During MJ, Skerry TM, Josefsson EC and Kalev-Zylinska ML. Some content and figure
panels have been reproduced from the published paper (Figures 6-2,6-4,6-8and 6-14). The
electronic

version

of

this

publication

is

available

at

Science

Direct

http://dx.doi.org/10.1016/j.cellsig.2015.05.004.
6.1 Preface
The calcium ion (Ca2+) is a critical intracellular signalling molecule regulated by the
coordinated interactions of Ca2+ channels, receptors, transporters and Ca2+-responsive
proteins including Ca2+-sensitive enzymes and transcription factors (Maki and Popescu,
2014). Regulation of Ca2+ homeostasis involves both Ca2+ entry from the extracellular
environment and Ca2+ release from the intracellular stores, such as the endoplasmic
reticulum (ER) and mitochondria (Chen et al., 2013). Alterations in Ca2+ homeostasis are
being increasingly reported in cancer. These occur through a variety of mechanisms,
including overactivation or dysfunction of membraneous Ca2+ channels that allow
extracellular Ca2+ entry. Deregulation of Ca2+ handling in cancer cells promotes cancer
hallmarks including uncontrolled cell proliferation, abnormal differentiation, and the
inhibition of apoptosis (Dong et al., 2009, Bose et al., 2015, Stewart et al., 2015).
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Calreticulin (CALR) is a highly expressed ER protein that plays an integral role in Ca2+
homeostasis by binding and storing Ca2+ in the ER (Vannucchi et al., 2014, Mehrotra et al.,
2015). Upon cell activation, CALR releases Ca2+ from the ER. When the level of ER Ca2+
decreases below a threshold level, this causes the opening of store-operated Ca2+ channels in
the plasma membrane resulting in a further influx of extracellular Ca2+ inside cells (VargaSzabo et al., 2009, Di Buduo et al., 2014). The prime candidates to mediate store-operated
Ca2+ entry into megakaryocytes are Orai1 channels (Tolhurst et al., 2008, Di Buduo et al.,
2014). However, megakaryocytes also express other ligand-gated membraneous Ca2+ ion
channels that may contribute Ca2+ entry upon the emptying of the ER stores, including
nicotinic cholinergic and NMDA receptors (Mahaut-Smith, 2012). The discovery of CALR
mutations in myeloproliferative neoplasms triggered further research into Ca2+ transport in
megakaryocytic cells (Kim et al., 2015). The work in this thesis has also been motivated by
the discovery of CALR mutations, as well as reports of deregulated Ca2+ homeostasis in
other human cancers.
Since NMDARs are glutamate-gated ion channels with high Ca2+ permeability, the influx of
extracellular Ca2+ is considered the primary event associated with the NMDAR activity
(Dong et al., 2009). In the brain, excessive release of glutamate overactivates NMDARs,
resulting in a massive influx of intracellular Ca2+, which can trigger a cascade of events
eventually culminating in cell death (Wong et al., 2009). The C-terminal domain of the
NMDAR also contains binding sites for Ca2+-dependent proteins that modify receptor gating
according to intracellular and extracellular Ca2+ concentrations (Maki and Popescu, 2014).
In principle, voltage-gated Ca2+ channels open when the plasma membrane is depolarised
whereas receptor-activated Ca2+ channels become activated when a ligand binds to the
channel (Bose et al., 2015). NMDARs are both voltage-gated and ligand dependent; their
activation requires membrane depolarisation and ligand (glutamate and glycine) binding
(Fan et al., 2014). Aberrant expression of Ca2+ channels, either voltage- or ligand- gated has
been linked with the development of cancer (Stewart et al., 2015).
NMDAR expression has been previously shown in megakaryocytic cells but their
functionality as Ca2+ channels in these cells has not been shown. Therefore, we investigated
here if and how megakaryocytic NMDARs regulate intracellular Ca2+ levels in Meg-01
cells. NMDAR antagonists (memantine, MK-801 and AP5) were used to inhibit receptor
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activity whereas NMDAR agonists (glutamate, NMDA and glycine) were applied to
enhance receptor function (Santangelo et al., 2012, Lakhan et al., 2013).
As described in previous chapters, Meg-01 cells express NMDAR subunits (Chapter 3) and
NMDAR activation contributes effects on Meg-01 cells growth and proliferation (Chapter
5). Here, NMDAR agonists were used to examine if they trigger Ca2+ influx into Meg-01
cells. NMDAR antagonists were also applied to confirm NMDAR contribution to Ca2+
influx, including in the context of ADP activation.
6.2 Specific aims
Specific aims of this chapter were to:
-

determine if NMDARs contribute Ca2+ influx into Meg-01 cells using a range of

NMDAR agonists and antagonists
-

determine if NMDARs contribute Ca2+ influx during ADP-induced activation of

Meg-01 cells using NMDAR antagonists
Two methodological platforms were used in this chapter to monitor changes in intracellular
Ca2+ levels in Meg-01 cells: microscopic examination of fluorescence in selected single cells
and a plate-reader method for cell populations.
6.3 Results
Experiments described in this chapter studied the impact of NMDAR agonists and
antagonists on Ca2+ levels in Meg-01 cells. Cytosolic Ca2+ was visualised utilising Fluo-4AM, a fluorescent indicator of Ca2+ that emits green fluorescence (520nm) when it is Ca2+ bound. Cells were loaded with 5µM Fluo-4-AM at RT for 60 min, as described in Materials
and Methods (see Section 2.2.5.1). Extracellular Ca2+ levels were modulated by the removal
of Ca2+from the buffer or the use of EGTA or BAPTA. ADP was used as it is known to
increase intracellular Ca2+ levels in Meg-01 cells, initially through the emptying of the ER
stores and then by extracellular Ca2+ entry (Di Buduo et al., 2014). Ionomycin (Ca2+
ionophore) was applied as a positive control. Lockes buffer and commercial kit buffer in the
presence or absence of DMSO or HCl used as negative control for microscopy and plate
reader, respectively.
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6.3.1 Cell density influences detection of Ca2+ responses by the plate reader method
The effect of cell density on detection of Ca2+ responses by the plate reader was
demonstrated in the experiments where Meg-01 cells were seeded at either 10,000 or 20,000
cells per well. The higher cell density was associated with better detection of Ca2+ responses
induced by glutamate, NMDA and ADP (Figure 6-1). Therefore, 20,000 cells were seeded
per well in plate reader experiments shown in this chapter.

Figure 6-1: Effect of cell density on plate reader recordings of Ca2+ responses to
NMDAR agonists in Meg-01 cells.
Mean relative levels of intracellular Ca2+ in Meg-01 cells as acquired on a plate reader shown
as fold change from baseline in response to the addition of: A) glutamate 500 μM, B) NMDA
50 μM and C) ADP 25 μM when cells were plated at 20,000 (20K) and 10,000 (10K) per
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well, as indicated. Extracellular buffer contained 2.3 mM extracellular Ca2+. Line graphs
show mean relative levels of intracellular Ca2+ over 300 s (Fold change from average
fluorescence values between the 1 and 16 s time points). Corresponding bar graphs show
mean ± SEM of relative Ca2+ levels during the early plateau at 40 s. Negative (buffer)
controls are shown. HCl refers to a buffer used to dilute glutamate that contained 5 mM HCl.
Each experiment was repeated at least three times using cells of different passages; within
each experiment, measurements were taken from triplicate wells. Statistical significance is
shown (one-way ANOVA with Dunnett’s post-hoc; *p<0.05, ***p< 0.001).

6.3.2 Monitoring of Ca2+ responses using fluorescence microscopy and a plate reader
Fluorescence microscopy (Nikon Eclipse TE2000 inverted microscope) was used to monitor
changes in intracellular Ca2+ at a single cell level (Materials and Methods section 2.2.5.1),
followed by a plate reader method (EnSpire2300 multimode plate reader) for higher
throughput measurements (Materials and Methods section 2.2.4.5). Measurements of
NMDAR dependent changes in Ca2+ were also performed in the presence and absence of
extracellular Ca2+ or BAPTA, as an extracellular Ca2+ chelator, to help discriminate between
intracellular Ca2+ store release and Ca2+ influx from the extracellular space, respectively.
6.3.2.1 NMDAR agonists trigger Ca2+responses in Meg-01 cells
A fluorescence microscopy method was used first to examine if similar to neurons,
NMDARs function as Ca2+ channels in Meg-01 cells. NMDAR agonists (glutamate, NMDA
and glycine) were applied to cells (singly and in combination) and cell fluorescence was
monitored in real-time to obtain a read-out of intracellular Ca2+concentrations.
Meg-01 cells were plated onto fibronectin-coated slides, loaded with 5 µM Fluo-4-AM and
Ca2+ levels were monitored under a microscope in the presence or absence of 2.3 mM
extracellular Ca2. Fluorescence was quantified before and after addition of NMDAR
agonists over 300 s, analysed and displayed in all Figures in this chapter as fold change in
fluorescence compared to baseline.
Glutamate caused transient and dose-dependent increases in intracellular Ca2+ levels, and the
application of 500 µM glutamate caused stronger responses than 100 µM glutamate (Figures
Figure 6-2,C and Figure 6-3A,B; Movie 6-1). Responses to NMDA (100-200 µM) were
weaker but also triggered dose-dependent increases in cytosolic Ca2+, greater at 200 µM
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NMDA than 100 µM (Figure 6-2B and Figure 6-3C; Movie 6-2). Ca2+ responses to glycine
alone were small but quantifiable (Figure 6-4A; Movie 6-3). All agonists caused a rapid
increase in cytosolic Ca2+ that stabilised within 30-50 s; hence the statistical comparison of
responses was conducted for values obtained at 40 s (shown as bar graphs in Figure 6-2 and
Figure 6-4). Plateau was variable, sustained for up to 200 s in the presence of glutamate,
followed by a significant decline to almost baseline levels within 300 s. The addition of 100
µM glycine to glutamate (100 or 500 µM) did not strengthen glutamate effects (Figure 64B). The removal of Ca2+ from the extracellular environment markedly reduced Ca2+
responses to 500 µM glutamate, indicating glutamate requirement for extracellular Ca2+ to
mediate its response (Figure 6-2C and Figure 6-3B; Movie 6-4).
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Figure 6-2: Effects of glutamate and NMDA on intracellular Ca2+ responses in Meg-01
cells evaluated by fluorescence microscopy.
Mean relative levels of intracellular Ca2+ in Meg-01 cells as evaluated by fluorescence
microscopy shown as fold change from baseline in response to the addition of: A) glutamate
100 and 500 μM, B) NMDA 100 and 200 μM and C) glutamate 500 μM added in the
presence or absence of extracellular Ca2+. All line graphs show mean relative levels of
intracellular Ca2+ over 300 s (Fold change from average fluorescence values between the 4
and 16 s time points). Corresponding bar graphs show mean ± SEM of relative Ca2+ levels
during the early plateau, arbitrarily chosen at 40 s post the initial peak. Negative (buffer)
controls are shown. Unless indicated otherwise, extracellular buffer contained 2.3 mM
CaCl2. Each experiment was repeated at least three times using cells of different passages.
Each mean shown represents at least 150 cells tested in at least three independent
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experiments. Statistical significance is shown (one-way ANOVA with Dunnett’s post-hoc;
*p<0.05, **p<0.01, ***p< 0.001).

Figure 6-3: Live-cell images demonstrating intracellular Ca2+ responses to glutamate
and NMDA in Meg-01 cells.
Representative fluorescence images reflecting levels of cytoplasmic Ca2+ before and 40 s
after the addition of 500 μM glutamate in the presence A) or absence B) of extracellular
Ca2+, C) NMDA 100 μM and D) ionomycin 5μM positive control. Extracellular buffer
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contained 2.3 mM CaCl2 unless indicated otherwise. Each experiment was repeated at least
three times using cells of different passages.

Figure 6-4: Effects of glycine on intracellular Ca2+ responses in Meg-01 cells evaluated
by fluorescence microscopy.
Mean relative levels of intracellular Ca2+ in Meg-01 cells as evaluated by fluorescence
microscopy shown as fold change from baseline in response to the addition of: A) glycine
100 and 200 μM and B) combinations of glutamate (glut; 100 or 500 μM) and glycine (gly;
100 μM). All line graphs show mean relative levels of intracellular Ca2+ over 300 s (Fold
change from average fluorescence values between the 4 and 16 s time points). Corresponding
bar graphs show mean ± SEM of relative Ca2+ levels during the early plateau at 40 s.
Negative (buffer) controls are shown. Extracellular buffer contained 2.3 mM CaCl2. Each
experiment was repeated at least three times using cells of different passages. Each mean
shown represents at least 150 cells tested in at least three independent experiments. Statistical
significance is shown (one-way ANOVA with Dunnett’s post-hoc; *p<0.05). Abbreviations:
glut, glutamate; gly, glycine; ns, non-significant.
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Similar experiments using NMDAR agonists were performed on the plate reader to confirm
results. The plate reader approach confirmed the induction of Ca2+ responses in Meg-01 cells
by the NMDAR agonists, glutamate (100-500 µM), NMDA (50-200 µM) and glycine (100200 µM) (Figure 6-5). In keeping with the microscopy results described above, the plate
reader demonstrated responses to the NMDAR agonists that were dose-dependent and
highest in the presence of 400-500 µM glutamate. All agonists caused a rapid increase in
cytosolic Ca2+ that stabilised within 30-50 s and persisted for as long as the agonist was
present (up to 300 s, the maximum time tested; Figure 6-5). As for microscopy analysis,
statistical comparisons of plate reader signals were conducted for measurements obtained at
40 s; these are shown as bar graphs in subsequent figures. The good intra-experimental
precision of responses from triplicate wells was obtained (Figure 6-6).
The relative height of responses registered by the plate reader was weaker compared with
the microscopy method, in particular for glutamate where microscopy demonstrated
approximately 4 fold increases in intracellular Ca2+ (Figure 6-2A,C) compared with
approximately 2 fold increases by the plate reader (Figure 6-5A). This was in keeping with
the fact that the microscopy analysis was performed for 50 cells displaying highest
fluorescence at 20 s after the addition of the modulator; in comparison, the plate reader
registered signals from all cells in wells. NMDAR agonists failed to trigger Ca2+ responses
when extracellular Ca2+ was chelated using BAPTA (Figure 6-7), which was also as for
microscopy observations. Overall, results shown in this section provide convincing evidence
for the presence of a mechanism for Ca2+ influx in Meg-01 cells that involves NMDAR
activity, and depends on extracellular Ca2+.
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Figure 6-5: Effects of the NMDAR agonists on intracellular Ca2+ responses in Meg-01
cells evaluated on a plate reader.
Mean relative levels of intracellular Ca2+ in Meg-01 cells as acquired on a plate reader shown
as fold change from baseline in response to the addition of: A) glutamate 100, 200, 300, 400
and 500 μM, B) NMDA 200, 100 and 50 μM and C) glycine 100 and 200 μM added in the
presence of 2.3 mM extracellular Ca2+. Line graphs show mean relative levels of intracellular
Ca2+ over 300 s (Fold change from average fluorescence values between the 1 and 16 s time
points). Corresponding bar graphs show mean ± SEM of relative Ca2+ levels during the early
plateau at 40 s. Negative (buffer) controls are shown. Each experiment was repeated at least
three times using cells of different passages; within each experiment, measurements were
taken from triplicate wells. Statistical significance is shown (one-way ANOVA with
Dunnett’s post-hoc; *p<0.05, **p<0.01, ***p< 0.001). Abbreviations: ns, non-significant.
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Figure 6-6: Demonstration of the plate reader measurements precision of intracellular
Ca2+in response to the NMDAR agonists.
Mean relative levels of intracellular Ca2+ in Meg-01 cells as acquired on a plate reader shown
as fold change from baseline in response to the addition of: A) glutamate 500 μM, B) NMDA
50 μM and C) glycine 200 μM added in the presence of 2.3 mM extracellular Ca2+. Lines
Page | 182

Chapter 6: NMDARs contribute Ca2+ influx in Meg-01 cells
reflect mean relative levels of intracellular Ca2+ and SEM has been added for each
measurement taken at 1 s intervals. Relative Ca2+ levels are shown over 300 s (Fold change
from average fluorescence values between the 1 and 16 s time points). Negative (buffer)
controls are shown. Each experiment was repeated at least three times using cells of different
passages; within each experiment, measurements were taken from triplicate wells.

Figure 6-7: Chelation of extracellular Ca2+ by BAPTA inhibits intracellular Ca2+ in
response to glutamate and NMDA in Meg-01 cells.
Mean relative levels of intracellular Ca2+ in Meg-01 cells as acquired on a plate reader shown
as fold change from baseline in response to the addition of: A) glutamate 500 μM, and B)
NMDA 50 μM in the presence of 2.3 mM extracellular Ca2+ with and without the addition of
BAPTA, as indicated. Line graphs show mean relative levels of intracellular Ca2 + over 300 s
(Fold change from average fluorescence values between the 1 and 16 s time points).
Corresponding bar graphs show mean ± SEM of relative Ca2+ levels during the early plateau
at 40 s. Negative (buffer) controls are shown. Each experiment was repeated at least three
times using cells of different passages; within each experiment, measurements were taken
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from triplicate wells. Statistical significance is shown (one-way ANOVA with Dunnett’s
post-hoc; ***p< 0.001).

6.3.2.2 NMDAR antagonists block glutamate-mediated Ca2+ responses in Meg-01 cells
To help determine whether the glutamate and NMDA evoked Ca2+ responses were specific
for NMDAR activation, Meg-01 cells were pre-incubated with 100 µM of NMDAR-specific
antagonists(MK-801, memantine and AP5) for 5 min prior to stimulation with NMDAR
agonists. The initial experiments using MK-801 and memantine were performed under the
microscope to ensure an additional level of visual control. These experiments demonstrated
that 100 µM of both MK-801 and memantine inhibited glutamate-mediated Ca2+ increases,
supporting specific NMDAR contribution towards glutamate effects (Figure 6-8 and Figure
6-9; Movie 6-5). Results were then confirmed using the plate reader method for both
glutamate (400 µM) and NMDA (50 µM) as the NMDAR agonists, and also for AP5 (100
and 250 µM) as a competitive NMDAR antagonists (Figure 6-10 and Figure 6-11). In all
settings, NMDAR antagonists markedly inhibited both glutamate and NMDA-mediated Ca2+
increases, strengthening the evidence for specific NMDAR contribution towards glutamate
and NMDA effects on Ca2+ influx. The potential confounder is that pre-incubation of cells
with memantine and MK-801 increased background fluorescence of cells. The significance
of this is unclear and future studies will need to examine if this effect is specific. For the
purpose of our objective, we elected to conduct a relative comparison of Ca2+ responses
before and after the addition of NMDAR agonists.
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Figure 6-8: MK-801 and memantine inhibit intracellular Ca2+ responses to glutamate in
Meg-01 cells as evaluated by fluorescence microscopy.
Mean relative levels of intracellular Ca2+ in Meg-01 cells as evaluated by fluorescence
microscopy shown as fold change from baseline triggered by 500 μM glutamate in the
absence or presence of A) 100 μM MK-801 and B) 100 μM memantine. Line graphs show
mean relative levels of intracellular Ca2+ over 300 s (Fold change from average fluorescence
values between the 4 and 16 s time points). Corresponding bar graphs show mean ± SEM of
relative Ca2+ levels during the early plateau at 40 s. Negative (buffer) controls are shown.
Extracellular buffer contained 2.3 mM CaCl2. Each experiment was repeated at least three
times using cells of different passages. Each mean shown represents at least 150 cells tested
in at least three independent experiments. Statistical significance is shown (one-way
ANOVA with Dunnett’s post-hoc; ****p< 0.0001).
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Figure 6-9: Live-cell images demonstrating inhibition of intracellular Ca2+ responses to
glutamate by MK-801 and memantine.
Representative fluorescence images reflecting levels of cytoplasmic Ca2+ before and 40 s
after the addition of 500 μM glutamate in the absence A) or presence of B) 100 μM MK-801
or C) 100 μM memantine. Cells before stimulation were exposed to NMDAR antagonists
alone, which increased background fluorescence. Extracellular buffer contained 2.3 mM
CaCl2. Each experiment was repeated at least three times using cells of different passages.
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Figure 6-10: Inhibition of intracellular Ca2+ responses to glutamate in Meg-01 cells by
NMDARs antagonists as evaluated on a plate reader.
Mean relative levels of intracellular Ca2+ in Meg-01 cells as acquired on a plate reader shown
as fold change from baseline triggered by 400 μM glutamate in the absence or presence of A)
100 μM MK-801, B) 100 μM memantine and C) 100 and 200 μM AP5, as indicated.
Extracellular buffer contained 2.3 mM extracellular Ca2+. Line graphs show mean relative
levels of intracellular Ca2+ over 300 s (Fold change from average fluorescence values
between the 1 and 16 s time points). Corresponding bar graphs show mean ± SEM of relative
Ca2+ levels during the early plateau at 40 s. Negative (buffer) controls are shown. Each
experiment was repeated at least three times using cells of different passages; within each
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experiment, measurements were taken from triplicate wells. Statistical significance is shown
(one-way ANOVA with Dunnett’s post-hoc; ***p< 0.001).

Figure 6-11: Inhibition of intracellular Ca2+ responses to NMDA in Meg-01 cells by
NMDARs antagonists as evaluated on a plate reader.
Mean relative levels of intracellular Ca2+ in Meg-01 cells as acquired on a plate reader shown
as fold change from baseline triggered by 50 μM NMDA in the absence or presence of A)
100 μM MK-801, B) 100 μM memantine and C) 100 and 200 μM AP5, as indicated.
Extracellular buffer contained 2.3 mM extracellular Ca2+. Line graphs show mean relative
levels of intracellular Ca2+ over 300 s (Fold change from average fluorescence values
between the 1 and 16 s time points). Corresponding bar graphs show mean ± SEM of relative
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Ca2+ levels during the early plateau at 40 s. Negative (buffer) controls are shown. Each
experiment was repeated at least three times using cells of different passages; within each
experiment, measurements were taken from triplicate wells. Statistical significance is shown
(one-way ANOVA with Dunnett’s post-hoc; *p<0.05, **p<0.01, ***p< 0.001).

6.3.2.3 NMDARs contribute towards Ca2+ responses induced by ADP
Consistent with recent observations in normal megakaryocytes (Di Buduo et al., 2014), we
have also found that ADP triggered Ca2+ rises in Meg-01 cells that required extracellular
Ca2+ (Figure 6-13; Movie 6-6). Ionomycin (Ca2+ ionophore) was used as a positive control
in these experiments (Figure 6-14). Patterns of responses to ionomycin both by microscopy
and plate reader were comparable to ADP and glutamate responses, which validated both
methods to examine intracellular Ca2+ entry in Meg-01 cells. The responses of ADP to
induce Ca2+ influx of Meg-01 cells was similar at 25 µM and 50 µM ADP using a plate
reader (data not shown) so further experiments used 25 µM of ADP to induce Ca2+ influx in
Meg-01 cells in that platform. The strength of Ca2+ fluxes responses to 25-50 µM ADP and
500 µM glutamate were similar (4-5 fold increases from baseline by single-cell microscopy
for both glutamate and ADP, compared with approximately 2.2 fold increases by a plate
reader; Figure 6-13). The comparable level of Ca2+ flux mounted in cells to ADP and
glutamate, supported physiological relevance of glutamate effects. MK-801 and memantine
(100 µM) inhibited ADP-mediated Ca2+ increases (first observed under the microscope;
Figure 6-14 and Figure 6-15, Movie S-7), indicating for the first time that NMDAR activity
contributes to ADP-mediated Ca2+ responses. All NMDAR antagonists (MK-801 and
memantine (both at 100 µM) and AP5 (100 and 200 µM) markedly inhibited ADP-mediated
Ca2+ increases recorded by the plate reader, providing further evidence for the NMDAR
contribution towards ADP effects (Figure 6-17).
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Figure 6-12: Inhibition of intracellular Ca2+responses to NMDA in Meg-01 cells by
NMDARs antagonists as evaluated on a plate reader.
Mean relative levels of intracellular Ca2+ in Meg-01 cells as acquired on a plate reader shown
as fold change from baseline triggered by 50 μM NMDA in the absence or presence of A)
100 μM MK-801, B) 100 μM memantine and C) 100 and 200 μM AP5, as indicated.
Extracellular buffer contained 2.3 mM extracellular Ca2+. Line graphs show mean relative
levels of intracellular Ca2+ over 300 s (Fold change was calculated from average
fluorescence values between the 1 and 16 s time points). Corresponding bar graphs show
mean ± SEM of relative Ca2+ levels during the early plateau at 40 s. Negative (buffer)
controls are shown. Each experiment was repeated at least three times using cells of different
passages; within each experiment, measurements were taken from triplicate wells. Statistical
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significance is shown (one-way ANOVA with Dunnett’s post-hoc; *p<0.05, **p<0.01,
***p< 0.001).

Figure 6-13: ADP induces intracellular Ca2+ responses in Meg-01 cells that require
extracellular Ca2+.
Mean relative levels of intracellular Ca2+ in Meg-01 cells triggered by 50 or 25 μM ADP as
evaluated A) by fluorescence microscopy or B) on a plate reader in the presence or absence
of extracellular Ca2+ or in the presence of extracellular BAPTA, as indicated. Line graphs
show mean relative levels of intracellular Ca2+ over 300 s (Fold change from average
fluorescence values between the 4 and 16 s time points for microscopy and the 1 and 16 s
time points for plate reader). Corresponding bar graphs show mean ± SEM of relative Ca2+
levels during the early plateau at 40 s. Negative (buffer) controls are shown. Each experiment
was repeated at least three times using cells of different passages. Plate reader measurements
were taken from triplicate wells. Statistical significance is shown (one-way ANOVA with
Dunnett’s post-hoc; ***p< 0.001).
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Figure 6-14: Ionomycin-induced intracellular Ca2+ responses in Meg-01 cells.
Mean relative levels of intracellular Ca2+ in Meg-01 cells triggered by 5 μM ionomycin as
evaluated A) by fluorescence microscopy or B) on a plate reader. Line graphs show mean
relative levels of intracellular Ca2+ over 300 s (Fold change from average fluorescence values
between the 4 and 16 s time points for microscopy and 1 and 16 s time points for plate
reader). Corresponding bar graphs show mean ± SEM of relative Ca2+ levels during the early
plateau at 40 s. Negative (buffer) controls are shown. Each experiment was repeated at least
three times using cells of different passages. Plate reader measurements were taken from
triplicate wells. Statistical significance is shown (one-way ANOVA with Dunnett’s post-hoc;
**p <0.01, and ****p< 0.0001).
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Figure 6-15: MK-801 and memantine inhibit intracellular Ca2+ responses to ADP in
Meg-01 cells as evaluated by fluorescence microscopy.
Mean relative levels of intracellular Ca2+ in Meg-01 cells as evaluated by fluorescence
microscopy shown as fold change from baseline triggered by 50 μM ADP in the absence or
presence of A) 100 μM MK-801 and B) 100 μM memantine. Line graphs show mean relative
levels of intracellular Ca2+ over 300 s (Fold change from average fluorescence values
between the 4 and 16 s time points). Corresponding bar graphs show mean ± SEM of relative
Ca2+ levels during the early plateau at 40 s. Negative (buffer) controls are shown.
Extracellular buffer contained 2.3 mM CaCl2. Each experiment was repeated at least three
times using cells of different passages. Each mean shown represents at least 150 cells tested
in at least three independent experiments. Statistical significance is shown (one-way
ANOVA with Dunnett’s post-hoc; ****p< 0.0001).
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Figure 6-16: Live-cell images demonstrating inhibition of intracellular Ca2+ responses
to ADP in Meg-01 cells by MK-801 and memantine.
Representative fluorescence images reflecting levels of cytoplasmic Ca2+ before and 40 s
after the addition of 50 μM ADP in the absence A) or presence of B) 100 μM MK-801 or C)
100 μM memantine. Extracellular buffer contained 2.3 mM CaCl2. Each experiment was
repeated at least three times using cells of different passages.
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Figure 6-17: Inhibition of intracellular Ca2+ responses to ADP in Meg-01 cells by
NMDARs antagonists as evaluated on a plate reader.
Mean relative levels of intracellular Ca2+ in Meg-01 cells as acquired on a plate reader shown
as fold change from baseline triggered by 25 μM ADP in the absence or presence of A) 100
μM MK-801, B) 100 μM memantine and C) 100 and 200 μM AP5, as indicated.
Extracellular buffer contained 2.3 mM extracellular Ca2+. Line graphs show mean relative
levels of intracellular Ca2+ over 300 s (Fold change from average fluorescence values
between the 1 and 16 s time points). Corresponding bar graphs show mean ± SEM of relative
Ca2+ levels during the early plateau at 40 s. Negative (buffer) controls are shown. Each
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experiment was repeated at least three times using cells of different passages; within each
experiment, measurements were taken from triplicate wells. Statistical significance is shown
(one-way ANOVA with Dunnett’s post-hoc; ***p< 0.001).

6.4 Summary
This chapter demonstrates that Meg-01 cells contain functional NMDARs that facilitate
entry of extracellular Ca2+ in response to glutamate, NMDA and glycine. Ca2+ responses are
strongest to glutamate and weaker to NMDA and glycine. Pre-treatment of cells with
BAPTA (Ca2+ chelator) or conducting an experiment in a Ca2+-free extracellular buffer
markedly weakened Ca2+ responses, indicating a requirement for extracellular Ca2+ to mount
glutamate-dependent Ca2+ entry. Thus, extracellular Ca2+ is a prerequisite for eliciting
complete Ca2+ response to glutamate. The specific contribution of the NMDAR to
glutamate-mediated Ca2+ entry was further supported by the inhibition of Ca2+ responses by
a range of NMDAR antagonists (MK-801, memantine and AP5). Further, NMDARs helped
sustain intracellular Ca2+ rises in Meg-01 cells in response to ADP, indicating for the first
time that NMDARs contribute to ADP-mediated Ca2+ signaling in megakaryocytic cells.
Because ADP is a physiological platelet and megakaryocyte agonist, the involvement of
NMDARs in ADP-induced Ca2+ signalling raises a possibility that glutamate also plays
physiological roles inactivating megakaryocytic cells. All conclusions presented here have
been supported both by the microscopy analysis of selected single cells and by the real-time
fluorescent plate reader monitoring. Both technological platforms confirmed the presence of
a novel mechanism for Ca2+ elevation in megakaryocytic cells attributable to the activation
of the NMDAR pathway. Our results pave the way for more advanced studies to further
examine glutamate effects on megakaryopoiesis. Some of such studies will be described in
subsequent chapters.
The plate reader-based measurements of intracellular Ca2+ levels returned lower values
compared with single cell fluorescence microscopy measurements. This is because
microscopy analysis selected 50 cells that were most responsive. Microscopy observations
highlighted that not all cells responded to activation simultaneously and some cells did not
respond at all. Reasons for this are unclear but physiological differences between cells may
have contributed. For example, non-responding cells may not express sufficient NMDARs
to evoke a Ca2+ response. It is also possible that NMDAR expression varies during cell
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cycle. Further testing will be required to examine these possibilities. In comparison to the
microscopy method where single cells were examined under a visual control, the output
from the high throughput plate reader represented an average of real-time kinetic
measurements of Ca2+ from both responsive and non-responsive cells. Consequently, lower
average measurements of Ca2+ levels by the plate reader are likely influenced by nonresponsive cells. Cell density is also relevant in plate reader experiments. Stronger signal
when cells were seeded at higher density may be due to a higher loading of cells with Fluo4-AM but it is also possible that cell density with more cell contact increased NMDAR
expression. Taken together, the findings presented in this chapter revealed that NMDARs
function as Ca2+ channels in Meg-01 cells.

6.5 Conclusions
NMDARs contribute Ca2+ fluxes in megakaryocytic cells. Extracellular glutamate may
therefore modulate intracellular Ca2+ signalling in megakaryocytic cells (normal and
malignant) in the bone marrow environment. Further examination of the roles that NMDARs
and Ca2+ fluxes play in megakaryocytic cells is required to uncover possible contribution
from the NMDARs to both normal megakaryocyte biology and cancer development. Other
downstream signalling effects of NMDAR activation in megakaryocytic cells are unknown,
and will require elucidation. Cellular consequences of the NMDAR activation will also need
to be thoroughly investigated, as both pro-apoptotic and pro-survival effects of NMDAR
activation are possible. Further work will be required to determine how NMDAR-mediated
Ca2+ influx affects normal and leukaemic megakaryocytes. Based on the differences in the
NMDAR composition in megakaryocytes compared with neurons shown in Chapters 3 and
4, NMDAR functionality in megakaryocytic cells will likely be different compared with
neurons. Novel pharmacological NMDAR compounds could be used in the future to further
examine how NMDARs contribute in leukaemic cells. Considering complex cellular effects
of neuronal NMDARs and those shown in Chapter 5, the therapeutic window for NMDARbased therapeutics in megakaryocytic leukaemia may be narrow. Advanced studies of the
NMDAR functionality in leukaemic cells should guide the development of novel
pharmacological compounds that efficiently inhibit NMDAR functionality in these cells.
More modern platforms to test Ca2+ fluxes in cells are becoming available and will assist
such work in the future.
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7.1 Preface
Haematopoiesis is a multi-stage developmental process that culminates in the generation of
haematopoietic stem cells and progenitor cells that can proliferate, self-renew and
differentiate into mature blood cells of all lineages. Dysregulation of balance between cell
proliferation and differentiation contributes to oncogenesis (Gocek & Marcinkowska, 2011;
Wagner et al., 2011). Blockade of differentiation of leukaemic cells at a distinct stage in
maturation is a pre-requisite to acquire a leukaemia phenotype (Nowak, Stewart, & Koeffler,
2009; Zhang et al., 2015). Differentiation agents that unblock normal differentiation may
help treat leukaemia, similar to how retinoic acid differentiates acute promyelocytic
leukaemia cells. More recently, there has been considerable interest in histone deacetylase
inhibitors as potential anti-cancer agents to overcome the differentiation block in leukaemic
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megakaryocytes (Schweinfurth, Hohmann, Deuschle, Lederbogen, & Schloss, 2010).
Valproic acid (VPA) is a histone deacetylase inhibitor that increases transcription of
endogenous genes required for the induction of differentiation in leukaemic blasts. VPA
commits Meg-01 cells to megakaryocytic differentiation and up-regulates expression of
megakaryocytic glycoproteins (Schweinfurth et al., 2010). PMA, a specific activator of
protein kinase C (PKC), has also been shown to promote differentiation and induce apoptosis
in cancer cells, including megakaryocyte leukaemia cell lines (Cartee et al., 2002; Wang et
al., 2012). The expression of CD41a and CD61 is a characteristic feature of megakaryocytic
differentiation (Jimenez et al., 2015); their altered expression associates with disturbed
megakaryopoiesis.
Apoptosis is a physiological cell death process that plays an important role in maintaining
tissue homeostasis (Hassan, Watari, AbuAlmaaty, Ohba, & Sakuragi, 2014). An uncontrolled propagation of apoptosis can ultimately cause inflammation and many
pathologies, including cancer (Hassan et al., 2014). Most of the anti-cancer therapies trigger
their effects through the induction of apoptosis and necrosis (Hassan et al., 2014). During the
early stage of apoptosis, phosphatidylserine is translocated from the inner to the outer layer
of the plasma membrane, which can be detected by Annexin V binding (Christina et al.,
2013). Caspases act as effectors of both extrinsic and intrinsic apoptotic pathways, so
alterations in caspase function can impair apoptosis (Favaloro, Allocati, Graziano, Di Ilio, &
De Laurenzi, 2012). The identification of novel pharmaceutical agents that selectively induce
apoptosis in cancer cells may provide an effective tactic for the treatment of cancer.
As described in Chapter 4, both PMA and VPA increased expression of the NMDAR
subunits in Meg-01 cells, suggesting a role of the NMDAR during later stages of
megakaryocytic differentiation. The aim of this chapter was to examine if NMDAR activity
contributes to differentiation of leukaemia cells, including in the presence of PMA and VPA.
Before undertaking this work, we needed to validate the PMA and VPA effects on
megakaryocytic differentiation, as these models were not used in our lab before.
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7.2 Specific aims
Specific aims of this chapter were to
-

set up models of differentiation of megakaryocytic leukaemia cell lines using PMA

and VPA
- examine effects of NMDAR antagonists on the differentiation of megakaryocytic
leukaemia cell lines
The following cell parameters were examined to determine differentiation effects of PMA,
VPA and NMDAR antagonists: morphology, expression of megakaryocytic markers (CD41a
and CD61), nuclear ploidy, expression of apoptotic markers and glutamate release.
7.3 Results
7.3.1 Validation of PMA effects on cell differentiation
Our first experiments tested effects of two concentrations of PMA (10 or 25 nM PMA) on
the differentiation of all three megakaryocytic leukaemia cell lines, K-562, Meg-01 and Set-2
(Figure 7-1). PMA effects were examined through the determination of megakaryocytic
marker expression (CD41a and CD61) using flow cytometry. A 3-day exposure to PMA
increased expression of CD41a and CD61 in all three cell lines but Meg-01 cells showed the
highest degree of differentiation (Figure 7-1A and Figure 7-2). The efficacy of PMA to
induce differentiation of Meg-01 cells was similar at 10 nM and 25 nM. In comparison, K562 and Set-2 cells required 25 nM PMA to increase their megakaryocytic maturation.
(Figure 7-1A, Figure 7-2).
Morphological examination confirmed a robust differentiation effect of PMA on Meg-01
cells (Figure 7-1B). Cells adhered to plastic, grew larger, acquired nuclear lobulation and
cytoplasmic extensions. However, 25 nM PMA caused more cell toxicity (Figure 7-1B). In
contrast to Meg-01 cells, the morphology of K-562 and Set-2 cells did not obviously change
upon PMA treatment (data not shown), which made differentiation events harder to monitor
for these cell lines.
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The initial experiments also showed that NMDAR antagonists modulated effects of PMA on
the growth of Meg-01, K-562 and Set-2 cells in the MTT assay (Figure 7-3). Memantine and
riluzole were found to inhibit cell proliferation in the presence of PMA, encouraging further
experiments to define the role of NMDARs in PMA-induced differentiation.
In summary, 10 nM PMA induced megakaryocytic differentiation in Meg-01 cells with less
toxicity than 25 nM. Differentiation effects were also present in other cell lines, but weaker
and more difficult to monitor. Further experiments presented in this chapter therefore used
Meg-01 cells to model differentiation in the presence of PMA.
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Figure 7-1: Effects of PMA on the differentiation of megakaryocytic leukaemia cells.
A) K-562, Meg-01 and Set-2 cells were cultured for 3 days in the presence of 10 nM and 25
nM PMA and effects on CD41a and CD61 expression were examined by flow cytometry.
Data presented are the mean ± SEM for the MFI of CD41a and CD61 as indicated from two
independent experiments. The level of statistical significance is shown compared with the
diluent control (DMSO) (*p<0.05, **p<0.01, ***p< 0.001 and ****p< 0.0001; one-way
ANOVA with Dunnett’s post-hoc). Abbreviations: MFI, Mean Fluorescence Intensity, ns,
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non-significant. B) Representative morphology of Meg-01 cells cultured for 3 days in the
presence of PMA (10 and 25 nM) and 0.1% DMSO (control). The following features are
indicated: multi-lobulated nuclei (black arrows), large cytoplasmic vacuoles (white arrows),
and proplatelet-like cytoplasmic extensions (black arrowheads). There is cell degeneration
seen at higher PMA concentrations. Scale bars are 50 μm.
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Figure 7-2: Examples of immunophenotypic effects of PMA on differentiation of megakaryocytic leukaemia cells.
Representative histograms for CD41a and CD61 expression in A) K-562, B) Meg-01 and C) Set-2 cells cultured for 3 days in the presence
of 10 nM and 25 nM PMA. CD41a and CD61 detection is shown as overlay histograms. Two independent experiments were performed. Page | 204
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Figure 7-3: The effects of NMDAR antagonists on the number of viable PMA
differentiated cells.
Meg-01, Set-2 and K-562 cells were treated for 3 days with the indicated concentrations of
PMA without or with memantine A) MK-801 B) and riluzole C); effects on cell growth were
assessed using the MTT assay. Graphs were generated by Sigma plot v.10 using a linear
calibration curve. The IC50 lines are marked. Each data point represents a mean ± SEM of at
least three independent experiments (n = 3). Significant differences (*p< 0.05, **p< 0.01 and
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***p< 0.001) compared with 10 nM PMA are indicated, calculated by one-way ANOVA
with Dunnett’s post-hoc using GraphPad Prism v.5. Abbreviations: ns, non-significant.

7.3.2 NMDAR antagonists facilitate differentiation of megakaryocytic leukaemia cells
7.3.2.1 Effects on cell morphology
In preparation for experiments with PMA, we unexpectedly noticed that Meg-01 cells
cultured for 3 days in the presence of 100 µM NMDAR antagonists alone acquired
morphologic features of megakaryocytic differentiation (Figure 7-4). Cells grew in size,
acquired multi-lobulated nuclei (black arrows), granule-like cytoplasmic inclusions (blue
arrows), proplatelet-like cytoplasmic extensions (black arrowheads) and showed budding of
platelet-like cytoplasmic particles (yellow arrowheads). Cells became most megakaryocytelike in the presence of memantine and riluzole (Figure 7-4C and F, respectively). Cytological
abnormalities, such as vacuoles, were also present, in particular in the presence of memantine
(Figure 7-4C; white arrows), suggesting induction of cell death processes. The
megakaryocyte-like cells were less common in the presence of MK-801 and AP5, in keeping
with their weaker anti-proliferative effects described in Chapter 5, although, budding of
platelet-like particles (yellow arrowheads) were common with AP5 (Figure 7-4E; yellow
arrowheads).
These morphological features of megakaryocytic differentiation in the presence of NMDAR
antagonists became even more obvious after 7 days in culture (Figure 7-5 and Figure 7-6).
Cells cultured in the presence of memantine became even more vacuolated after 7 days
(Figure 7-5A). Cell size, nuclear lobulation, cytoplasmic extensions and budding also
increased by day 7 for all antagonists (Figure 7-5 and Figure 7-6). Taken together, these
changes in cell morphology implied that NMDAR inhibition by itself induced differentiation
of Meg-01 cells.
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Figure 7-4: Effects of NMDAR antagonists on the morphology of Meg-01 cells after 3 days of culture.
Representative morphology of Meg-01 cells cultured for 3 days in the presence of: A) 0.1% DMSO (control), B) 10 nM PMA
(positive control), C) memantine, D) MK-801, E) AP5 and F) riluzole (all NMDAR inhibitors at 100 μM). Live cells were imaged Page | 207
under phase contrast and fixed cells after staining with haematoxylin-eosin.
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The following features are indicated: multi-lobulated nuclei (black arrows), granule-like
cytoplasmic inclusions (blue arrows), large cytoplasmic vacuoles (white arrows), proplateletlike cytoplasmic extensions (black arrowheads) and budding of platelet-like particles (yellow
arrowheads). Observations are from three independent experiments. Scale bar, 50 μm for all.

Figure 7-5: Effects of memantine and MK-801 on the morphology of Meg-01 cells after
4 and 7 days of culture.
Representative morphology of Meg-01 cells cultured in the presence of: A) memantine and
B) MK-801 (both at 100 μM) for a week. Live cells were imaged under phase contrast
microscope at two different time points (4 days and 7 days). The following features are
indicated: multi-lobulated nuclei (black arrows), granule-like cytoplasmic inclusions (blue
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arrows), large cytoplasmic vacuoles (white arrows), proplatelet-like cytoplasmic extensions
(black arrowheads) and budding of platelet-like particles (yellow arrowheads). Observations
are from three independent experiments. Scale bar, 100 μm for all.

Figure 7-6: Effects of AP5 and riluzole on the morphology of Meg-01 cells after 4 and 7
days of culture.
Representative morphology of Meg-01 cells cultured in the presence of: A) AP5 and B)
riluzole (both at 100 μM) for a week. Live cells were imaged under phase contrast
microscope at two different time points (4 days and 7 days). The following features are
indicated: multi-lobulated nuclei (black arrows), granule-like cytoplasmic inclusions (blue
arrows), large cytoplasmic vacuoles (white arrows), proplatelet-like cytoplasmic extensions
(black arrowheads) and budding of platelet-like particles (yellow arrowheads). Observations
are from three independent experiments. Scale bar, 100 μm for all.
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7.3.2.2 Effects on expression of megakaryocytic markers
We proceeded to characterise pro-differentiation effects of NMDAR antagonists by
evaluating acquisition of the megakaryocyte-specific immunophenotype (CD41a and CD61
expression; Figure 7-7 and Figure 7-8). Meg-01 cells were cultured for 3 days in the presence
of NMDAR antagonists and expression of CD41a and CD61 was evaluated by flow
cytometry. Apart from AP5, memantine, MK-801 and riluzole (all at 100 µM) led to an
increase in CD41a and CD61 expression, confirming that NMDAR inhibition induced
megakaryocytic differentiation in these cells. In keeping with effects observed on cell
morphology, riluzole caused the strongest up-regulation of CD41a and CD61 (similar to
PMA effects). Effects of memantine and MK-801 were weaker but equivalent for both
modulators (Figure 7-7 and Figure 7-8). After 7 days in culture, relative effects of NMDAR
antagonists on CD41a and CD61 expression were less pronounced, which may have been at
least partially related to cell toxicity or a higher degree of spontaneous differentiation over a
longer period of time (Figure 7-S1).

Page | 210

Chapter 7: Effects of NMDAR antagonists on differentiation of megakaryocytic leukaemia
cell lines

Figure 7-7: Effects of NMDAR antagonists on the immunophenotypic markers of
megakaryocytic differentiation in Meg-01 cells.
Meg-01 cells were cultured for 3 days in the presence of NMDAR antagonists (100 μM for
all and AP5 also at 250 μM) and expression of CD41a and CD61 markers were tested by
flow cytometry. Bar graphs in A and B show fold change in CD41a and CD61 expression,
respectively, calculated relative to the diluent control. MFI readings (mean ± SEM) have
been graphed from three independent experiments. Statistical significance is shown
(*p<0.05, **p<0.01 and ***p< 0.001) calculated by one-way ANOVA with Dunnett’s posthoc. Abbreviations: MFI, Mean Fluorescence Intensity; ns non-significant.
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Figure 7-8: Examples of immunophenotypic changes induced in Meg-01 cells by
NMDAR antagonists.
Representative examples of histograms showing expression of CD41a and CD61 in Meg-01
cells cultured for 3 days in the presence of PMA (positive control), memantine, MK-801,
AP5 and riluzole (all at 100 μM). CD41a and CD61 detection are shown as overlay
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histograms from three independent experiments. Images were generated using FlowJo
software.
7.3.2.3 Effects on cell ploidy
Nuclear ploidy was examined after 3 days and 7 days in culture, as nuclear endo-replication
is a hallmark of megakaryocytic differentiation (Figure 7-9 and 7-S2). Consistent with
morphological and immunophenotypic data, nuclear ploidy was highest for cells cultured in
the presence of riluzole, even higher than for PMA (Figure 7-9 and 7-S2). We also saw a
trend for increased ploidy in the presence of memantine (a mild shift from 2N to 4N was
detected; p = 0.07). There were no statistically significant changes in the ploidy status in the
presence of MK-801 and AP5 (Figure 7-9 and 7-S2).
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Figure 7-9: Effects of NMDAR antagonists on ploidy of Meg-01 cells.
Meg-01 cells were cultured for 3 days in the presence of NMDAR antagonists (100 μM for
all and AP5 also at 250 μM). Ploidy level was determined by flow cytometry; 2N, 4N, 8N
and 16N indicate classes of nuclear ploidy.A) Mean ± SEM of the percentage of ploidy from
3 independent experiments. B) Representative examples of ploidy patterns for all conditions.
Images were generated using BD FACSDiva software. Statistical significance is shown,
analysed by two-way ANOVA with Bonferroni correction for multiple comparisons.
Abbreviations: ns, non-significant; PI, Propidium Iodide.
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7.3.2.4 Effects on apoptosis
We were intrigued by the presence of prominent vacuoles in Meg-01 cells cultured in the
presence of memantine, and to a lesser extent MK-801. These appearances led us to develop
a hypothesis that the process of differentiation that followed NMDAR inhibition was
associated with the induction of apoptosis. We therefore examined activation of Caspase 3
and Annexin V binding in Meg-01 cells cultured for 3 days in the presence of NMDAR
antagonists as above. Expression of intracellular activated Caspase 3, Annexin V binding and
PI staining were evaluated in parallel by flow cytometry (Figure 7-10, Figure 7-11 and
Figure 7-12).
We found that expression of activated Caspase 3 increased in cells differentiated with
memantine and riluzole (both at 100 µM), as well as with 10 nM PMA (Figure 7-10).
Staining for extracellular Annexin V and PI revealed moderate increases in Annexin V
binding in the presence of riluzole and PMA and a mild increase for memantine (Figure 711), suggesting that a degree of apoptosis developed in these cells. PI staining remained low
(below 5%) indicating a lack of biologically significant necrosis (Figure 7-11).
Quantification of early and late apoptotic cells was performed based on the flow cytometric
data for Annexin V and PI labelling. The quantified data provided additional evidence for the
increase in early apoptosis in the presence of memantine, and early and late apoptosis in the
presence of riluzole (Figure 7-12).
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Figure 7-10: Caspase 3 activity in Meg-01 cells cultured in the presence of NMDAR
antagonists.
Meg-01 cell lines were cultured for 3 days in the presence of 100 μM NMDAR antagonists
(memantine, MK-801, AP5, riluzole) and stained for active Caspase 3-PE. Data was acquired
by flow cytometry. A) Mean ± SEM for the fold changes in MFI compared with vehicle
control. B) Mean ± SEM for the percentage of active Caspase-3-positive cells. Three
independent experiments were performed. Statistical significance is shown compared with
the diluent control (*p <0.05, **p <0.01, ***p < 0.001), calculated by one-way ANOVA
with Dunnett’s post-hoc. Abbreviations: MFI, Mean Fluorescence Intensity, ns, nonsignificant. C) Representative examples of active Caspase-3 expression shown as overlay
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histograms in Meg-01 cells following exposure to NMDAR antagonists and PMA, as
indicated.

Figure 7-11: Features of apoptosis/necrosis in Meg-01 cells cultured in the presence of
NMDAR antagonists.
Page | 217

Chapter 7: Effects of NMDAR antagonists on differentiation of megakaryocytic leukaemia
cell lines
Meg-01 cell lines were cultured for 3 days in the presence of 100 μM NMDAR antagonists
(memantine, MK-801, AP5 and riluzole) and labelled with Annexin V-FITC and stained with
propidium iodide (PI). Data was acquired by flow cytometry. A) Mean ± SEM of the fold
changes in MFI for cells expressing Annexin V.B) Mean ± SEM of the percentage of cells
that were positive for Annexin V. C) Mean ± SEM of the percentage of cells positive for PI.
Three independent experiments were performed. Statistical significance is shown compared
with the diluent controls (*p<0.05, **p<0.01, ***p< 0.001 and ****p < 0.0001), calculated
by one-way ANOVA with Dunnett’s post-hoc. D) Representative dot plots showing
positivity for Annexin V versus PI. Quadrants Q1-Q4 contain the following populations of
cells: Q3 = viable cells (Annexin V−/PI−); Q4 = early apoptotic cells (Annexin V+/PI−); Q2
= late apoptotic cells (Annexin V+/PI+); Q1 = necrotic cells (Annexin V−/PI+). PI positivity
was low for all conditions. The quantitative analysis of different populations is shown in the
next Figure 7-12. Abbreviations: MFI, Mean Fluorescence Intensity, ns, non-significant; PI,
Propidium Iodide.
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Figure 7-12: Quantification of apoptotic and necrotic Meg-01 cells induced by NMDAR antagonists.
Meg-01 cell lines were labelled with Annexin V and propidium iodide (PI) after 3 days in culture in the presence of 100 μM NMDAR
antagonists. Data was acquired by flow cytometry as shown in Figure 7-11. Bars show the amounts in % of the following cell populations:
viable, early apoptotic, late apoptotic and necrotic cells (defined in Figure 7-11). Data presented are the mean ± SEM from 3 independent
experiments. Statistical significance is shown compared with the diluent control (***p< 0.001 and ****p< 0.0001) calculated by two-way
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7.3.3 NMDAR antagonists inhibit PMA-driven differentiation of Meg-01 cells
Here, we examined our original hypothesis that NMDARs play a part in the process of
megakaryocytic differentiation induced by PMA. This hypothesis was originally developed
based on results obtained in Chapter 4, where we found that NMDAR expression increased
upon exposure to PMA.
In this section, PMA was applied to megakaryocyte leukaemia cells at 10 nM together with
NMDAR antagonists and effects on differentiation were assessed by flow cytometric testing
of CD41a and CD61. To reduce potential toxic effects on cells by the combination of
chemicals, concentrations of NMDAR antagonists were reduced from 100 µM to 25 µM in
these experiments. We set up cultures where K-562, Meg-01 and Set-2 cells were incubated
for 3 days with 10 nM PMA and 25 µM NMDAR antagonists, together and separately.
At the end of cultures, expression of CD41a and CD61 were evaluated for all conditions by
flow cytometry (Figure 7-13, Figure 7-14 and 7-S3).
Apart from effects by riluzole, 25 µM of memantine and MK-801 by itself did not induce
differentiation in any of the cell lines (Figure 7-13 and 7-S3). However, this concentration of
all NMDAR antagonists interfered with PMA-driven differentiation, and effects were most
pronounced in Meg-01 cells. We saw a marked reduction in the expression of CD41a and
CD61 when Meg-01 cells were cultured with 10 nM PMA and 25 µM NMDAR antagonists,
compared with PMA alone (Figure 7-13 and Figure 7-14). A similar effect was subsequently
confirmed for NMDAR antagonists at 100 µM (data not shown). In K-562 and Set-2 cells,
memantine provided the most interference against PMA effects (Figure 7-S3).
This anti-differentiating effect of NMDAR antagonists provided in the presence of PMA was
unexpected, creating a paradoxical scenario where NMDAR antagonists by themselves
assisted differentiation of leukaemia cell lines but inhibited differentiation of Meg-01 cells
induced by PMA.
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Figure 7-13: Effects of NMDAR antagonists on PMA-driven differentiation.
Meg-01 cells were cultured for 3 days with 25 μM of NMDAR antagonists in the presence or
absence of 10 nM PMA. Expression of A) CD41a and B) CD61 were then tested by flow
cytometry. Bars are mean ± SEM of MFI readings obtained from two independent
experiments performed in triplicates. Statistical significance is shown (*p<0.05, ***p< 0.001
and ****p< 0.0001), calculated by one-way ANOVA with Dunnett’s post-hoc.
Abbreviations: MFI, Mean Fluorescence Intensity, ns, non-significant.
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Figure 7-14: Examples of immunophenotypic changes induced by NMDAR antagonists
in the presence of PMA.
Representative examples of histograms showing expression of CD41a and CD61 in Meg-01
cells cultured for 3 days with 25 μM of NMDAR antagonists with or without 10 nM PMA.
CD41a and CD61 detection are shown as overlay histograms from 3 independent
experiments. Images were generated using FlowJo software.
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7.3.4 NMDAR antagonists inhibit VPA-driven differentiation of Meg-01 cells
7.3.4.1 Validation of VPA effects on cell differentiation
Both PMA and NMDARs directly interact with PKC (Yan et al., 2011; Zauli et al., 1996).
Therefore, the inhibitory effect of NMDAR antagonists on PMA-driven differentiation posed
a question if this effect was due to a direct interference with PKC effect, and may not apply
to other pathways of megakaryocytic differentiation.
To address this possibility we employed VPA as an alternative agent to induce
megakaryocytic differentiation that does not work through PKC directly. Consequences of
NMDAR inhibition were then examined in the presence of VPA, instead of PMA, using
methods similar to above.
First, Meg-01 cells were cultured in the presence of 500 μM VPA to examine morphological
features of differentiation (Figure 7-15). VPA was much less toxic to cells than PMA and
cultures could continue for up to 10 days, which was much longer than 3 days in the presence
of PMA. VPA caused obvious morphological changes in Meg-01 cells consistent with
differentiation that intensified over time (Figure 7-15). The amount of cytoplasm increased
(blue arrows) and nuclei showed poly-lobulation (black arrows). We saw proplatelet-like
cytoplasmic extensions (black arrowheads) and budding of platelet-like particles (yellow
arrowheads; Figure 7-15). These appearances re-assured us that VPA provided an effective
differentiation signal to Meg-01 cells. We proceeded to use VPA as an alternative model of
Meg-01 cell differentiation to test effects of NMDAR antagonists.
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Figure 7-15: Effects of VPA on the morphology of Meg-01 cells.
Representative morphology of Meg-01 cells cultured in the presence of A) 0.1% DMSO
(negative control) and B) 500 μM VPA. Live cells were imaged under phase contrast
microscope at two different time points (4 days and 7 days as indicated). The following
features are pointed to: multi-lobulated nuclei (black arrows), cytoplasmic expansion (blue
arrows), proplatelet-like cytoplasmic extensions (black arrowheads) and budding of plateletlike particles (yellow arrowheads). Observations are from 3 independent experiments.
Images shown have been taken at 40X objective magnification. Scale bar, 100 μm for all.
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7.3.4.2 Effects of NMDAR antagonists on VPA-driven differentiation
Meg-01 cells were cultured for 7 days in the presence of 500 µM VPA and 100 µM NMDAR
antagonists and effects of NMDAR antagonists were evaluated by the examination of cell
morphology, immunophenotype and ploidy. The morphological features of megakaryocytic
differentiation in the presence of NMDAR antagonists by themselves were explained in
section 7.3.2.1. Morphologically, effects of NMDAR antagonists were dominant in VPA
differentiated cells on days 4 and 7. Cellular vacuolization (white arrow) were even more
intense on days 7 upon memantine and MK-801 with VPA exposure (Figures 7-S4). Budding
of platelet-like particles (yellow arrow) were common in AP5 treated VPA induced cells
(Figure 7-S5). Riluzole induced prominent proplatelet-like cytoplasmic extensions, similar to
its effects without VPA and platelet like bulges (red arrow) were only identified on days 7
following riluzole with VPA exposure (Figure 7-S5).
Flow cytometry was used to examine the expression of CD41a and CD61 (Figure 7-16).
Similar to what we found for PMA, memantine, MK-801 and AP5 potently inhibited
acquisition of CD41a and CD61 expression, normally induced by VPA by itself (Figure 716). VPA has also increased ploidy of Meg-01 cells, as expected (Figure 7-17). Memantine
and MK-801 have significantly prevented VPA effects on the increase in ploidy,
corroborating the cell marker evidence that active NMDARs support megakaryocytic
differentiation induced by VPA (Figure 7-17).
Further experiments found that NMDAR antagonists also reduced platelet-like particle
release triggered by VPA (Figure 7-S6). Together, these results argued that inhibition of
differentiation provided by NMDAR antagonists were not PKC-specific but may reflect a
natural engagement of the NMDAR in the process of megakaryocytic differentiation.
In contrast to other NMDAR antagonists, riluzole enhanced expression of CD41a and CD61
in VPA differentiated Meg-01 cells (Figure 7-16). The reason for this is unclear but may
reflect a different mechanism of action by riluzole.
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Figure 7-16: Effects of NMDAR antagonists on the VPA-driven expression of CD41a
and CD61.
Meg-01 cells were cultured for 7 days in the presence of 500 μM VPA and 100 μM of
NMDAR antagonists. Expression of CD41a A) and CD61 B) were tested by flow cytometry.
Bars are mean ± SEM of a fold change in MFI readings obtained from 3 independent
experiments. Statistical significance is shown compared with their respective controls
(*p<0.05, **p<0.01, ***p< 0.001 and ****p< 0.0001), calculated by one-way ANOVA with
Dunnett’s post-hoc. Abbreviations: MFI, Mean Fluorescence Intensity, ns, non-significant.
C) Representative examples of CD41a and CD61 expression shown as overlay histograms in
VPA differentiated Meg-01 cells following exposure to memantine, MK-801, AP5, and
riluzole as indicated (all at 100 μM).
Page | 226

Chapter 7: Effects of NMDAR antagonists on differentiation of megakaryocytic leukaemia
cell lines

Figure 7-17: Effects of NMDAR antagonists on VPA-driven nuclear ploidy –
quantitative evidence.
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Meg-01 cells were cultured for 7 days in the presence of 500 μM VPA and 100 μM of
memantine and MK-801. Nuclear ploidy was analysed by flow cytometry. A) Bars are mean
± SEM of percentage of ploidy from 3 independent experiments. Statistical significance is
shown (**p< 0.01, ***p< 0.001) compared with the DMSO control, calculated by two-way
ANOVA with Bonferroni correction for multiple comparisons. Abbreviations: MFI, Mean
Fluorescence Intensity, ns, non-significant. B) Representative examples of plots showing
ploidy levels under these conditions. Images were generated using BD FACSDiva software.
2N, 4N, 8N and 16N indicate classes of nuclear ploidy. PI, propidium iodide.

7.3.5 Evidence for glutamate release by differentiating Meg-01 cells
Here, preliminary experiments were conducted to measure glutamate concentrations in media
to assess the possibility that differentiating Meg-01 cells release glutamate to enhance
NMDAR effects in an autocrine or paracrine manner (Figure 7-18). Media samples were
collected on days 4 and 7 of cultures that used a combination of VPA and NMDAR
inhibitors. Glutamate concentrations were determined using the fluorometric kit. We
observed considerable variability in glutamate concentrations between biological and
technical repeats, which limits our conclusions. Nevertheless, glutamate concentrations were
higher in the presence of VPA, both on days 4 and 7 (Figure 7-18). This raised the possibility
that VPA-induced differentiation was associated with glutamate release. The addition of
memantine to VPA increased glutamate release even further, seen on day 3 (p< 0.01) but not
on day 7. Further testing will be required using more accurate methods to confirm glutamate
release during megakaryocytic differentiation and to examine how the released glutamate
contributes to cell effects.
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Figure 7-18: Glutamate concentrations in media from Meg-01 cell cultures.
Media was collected from wells on days 4 and 7 under conditions indicated. Meg-01 cells
were cultured in the presence of VPA and NMDAR antagonists. Bars are mean ± SEM
showing glutamate concentrations (μM) from 3 independent experiments. Statistical
significance is indicated (*p<0.05, **p<0.01) compared with the DMSO control, calculated
by one-way ANOVA with Bonferroni correction for multiple comparisons. Abbreviations:
ns, non-significant.
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7.4 Summary
This chapter shows that NMDAR antagonists induce megakaryocytic differentiation of Meg01 cells but inhibit differentiation driven by PMA and VPA. VPA was used to provide an
alternative model of megakaryocytic differentiation, not engaging PKC directly. VPA effects
on differentiation were more efficient and less toxic than PMA, which provided a useful
model to study NMDAR contribution to differentiation over a longer period of time (7 days
compared with 3 days for PMA). We found that active NMDARs were required for
differentiation in the presence of both PMA and VPA, suggesting natural involvement of
NMDARs in megakaryocytic differentiation. Our conclusions were based on the examination
of cell morphology, expression of CD41a, CD61 and nuclear ploidy.
This chapter also observed that megakaryocytic differentiation that followed the use of
NMDAR antagonists was accompanied by mild induction of apoptosis. Finally, preliminary
examination of glutamate concentrations in culture media raised the possibility that
differentiating Meg-01 cells release glutamate, which may further contribute to
differentiation.
7.5 Conclusions
Data presented in this chapter suggests that NMDAR activity is not required for
differentiation of leukaemic cells but on the other hand, NMDAR activity was required for
PMA and VPA induced differentiation. The anti-differentiating effects of NMDAR
antagonists seen in the presence of PMA and VPA warrant further testing. The next chapter
will examine NMDAR involvement in the differentiation of normal mouse megakaryocytes
in primary cultures.
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8.1 Preface
Megakaryocytes are one of the rarest cells (constitute less than 1% of cells) in the bone
marrow, responsible for the production of blood platelets (Liu et al., 2008). The mechanism
by which megakaryocytes mature and give rise to platelets remains incompletely understood.
Megakarypoiesis is a process that includes commitment of the haematopoietic stem cell to
the megakaryocyte lineage, proliferation of megakaryocytic progenitor cells, maturation of
megakaryocytes, proplatelet formation and finally platelet release (Deutsch and Tomer,
2013). The total time required for megakaryopoiesis is 5 days in humans and 2-3 days in
rodents (Machlus and Italiano, 2013). Endomitosis is a unique event during
megakaryopoiesis, by which megakaryocytes become polyploid through several rounds of
DNA replication occurring without cell division (Machlus et al., 2014). Polyploid
megakaryocytes then undergo cytoplasmic maturation that includes formation of the
invagination membrane system, granules, other organelles and synthesis of cytoplasmic
proteins essential for platelet function (Machlus and Italiano, 2013). Many factors and
cellular interactions in the bone marrow regulate megakaryopoiesis. Thrombopoietin (TPO)
has been established as the main regulator of megakaryocyte and platelet production (Liu et
al., 2008). However, platelet production can proceed without TPO (de Graaf and Metcalf,
2011, Ng et al., 2014) and other regulators of platelet production are not well known. Further
work into these pathways is required to help address clinical challenges.
Abnormalities in the process of megakaryopoiesis can result in thrombocytopaenia (low
platelet count), which increases the risk of bleeding (Kirchmaier and Pillitteri, 2010).
Transfusion of platelets remains the mainstay of management of severe bleeding. The ability
to control the in vitro expansion of megakaryocytes and their maturation into platelets could
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advance sources of platelets for transfusion. Novel treatment strategies are also required to
improve outcomes of patients with platelet and megakaryocyte disorders. This thesis
investigated the role of glutamate and NMDARs as potential novel regulators of
megakaryocyte biology. Our previous chapters demonstrated that NMDARs contribute to the
processes of proliferation and differentiation of megakaryocytic leukaemia cells. In this
chapter, we conducted exploratory experiments to determine if NMDARs also contribute to
the differentiation of normal mouse megakaryocytes. Primary mouse megakaryocytes or
their precursors were isolated from mouse bone marrow and cultured in the presence of
NMDAR antagonists to investigate how NMDARs influence megakaryocyte growth and
maturation.

8.2 Specific aims
Specific aims of this chapter were to examine effects of NMDAR inhibition on the:
-

proplatelet formation from mouse bone marrow explants and CD41-enriched

megakaryocytes
- megakaryocytic maturation from mouse lineage-negative bone marrow progenitors
induction of apoptosis in cultured primary megakaryocytes.
The following parameters were examined to determine effects of NMDAR inhibition on
megakaryocyte differentiation:
a)

numbers of megakaryocytes producing proplatelets

b)

expression of megakaryocyte-specific surface markers (CD41 and CD61)

c)

nuclear ploidy.

8.3 Results
Three different culture systems were used to examine effects of NMDAR antagonists on
megakaryocyte

maturation:

cultures

of

bone

marrow

explants,

CD41-enriched

megakaryocytes and lineage-depleted bone marrow progenitors. Megakaryocyte maturation
was assessed from the visual monitoring of proplatelet formation, testing of CD41 and CD61
expression, and ploidy status mainly by flow cytometry but also by immunocytochemistry.
In addition, markers of apoptosis were tested by flow cytometry.
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8.3.1 NMDAR antagonists inhibit proplatelet formation from bone marrow explants
To evaluate proplatelet formation in a native milieu, bone marrow sections were extracted
from male C57BL/6 mice and placed in air-tight chamber gaskets containing Tyrode's buffer
with 5% mouse serum at 37ºC. Cultures were observed for 10 hours in the presence or
absence of 100 µM NMDAR antagonists. Megakaryocyte differentiation was monitored at
3 hours, 6 hours and up to 10 hours. Megakaryocytes were gradually visible at the periphery
of the explants after 3 hours, recognisable due to their large size (Figure 8-1A).
Megakaryocytes are classified according to their morphology; some are spherical (stage 1) or
elongated (stage 2), others developing one thick protrusion (stage 3) and some extending
more than one protrusion (stage 4). All these stages could be seen in explant cultures after 3
hours (Figure 8-1B-E). Megakaryocytes with at least one thin extension or numerous
extensive branching have been classified as proplatelet bearing cells (Figure 8-2). At the
beginning of the experiment (0-1 hour), no individual megakaryocytes were visible due to
the thickness of the sections.
For DMSO-treated (control) explants, the number of megakaryocytes appearing at the
periphery of the explants progressively increased over time (Figure 8-1A). Similarly, the
number of proplatelets forming megakaryocytes increased over the time (Figure 8-2); these
were counted under the microscope (Table 8-1).
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Figure 8-1: Features of megakaryocytes released from bone marrow explants under
control conditions.
Bone marrow explants were isolated from femurs of mice and cultured at 37ºC in gaskets
containing Tyrode's buffer with 5% mouse serum and 0.1% DMSO. Images were captured
by phase-contrast after 3 hours. A) Megakaryocytes released from marrow explants.
Representative images of B) spherical megakaryocytes, C) elongated megakaryocytes D)
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megakaryocytes with early broad protrusions, and E) megakaryocytes with more than one
protrusion. Observations are from three independent experiments. Scale bars, 100 μm for all.

Figure 8-2: Proplatelet formation by megakaryocytes derived from bone marrow
explants under control conditions.
Representative microscopy images captured by phase-contrast of explant-derived
megakaryocytes forming proplatelets at 3, 6 and 8-10 hours. A blue arrow indicates passing
hours. Three different sizes of megakaryocytes undergoing proplatelet formation over time
are shown in A, B and C. Observations are from three independent experiments. Scale bars,
100 µm for all.
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The DMSO-treated explants generated megakaryocytes producing cytoplasmic extensions
showing all features of proplatelets (Figure 8-3). The hallmark features of proplatelets
include long, thin branched proplatelet shafts (yellow arrow), proplatelet buds (green
arrowhead) and intermediate swellings (red arrowhead) that are connected by thin
cytoplasmic bridges (Figure 8-3), as previously described (Kaushansky, 2008). We have not
had an opportunity to record time-lapse images but a short recording is attached to provide a
limited insight into the dynamicity of the process of platelet production (Recording 8-1).
The number of megakaryocytes that migrated out of explants were similar in the presence of
DMSO, riluzole and MK-801 (means ranging from 52 to 45 per experiment, respectively)
but this number was reduced by half in the presence of memantine (to a mean of 24 cells per
experiment), suggesting that memantine reduces cell migration or their late maturation
(Table 8-1). Most strikingly, compared with the DMSO control, memantine-exposed
megakaryocytes essentially failed to produce proplatelets (Table 8-1, Figure 8-4).
Cytological abnormalities, such as vacuoles (white arrows), were also noted in the presence
of memantine (Figure 8-4F, G; white arrows), suggesting induction of cell death processes.
Limited signs of megakaryocyte differentiation were seen in the presence of MK-801 (Figure
8-5) but numbers of proplatelet-forming megakaryocytes were also markedly reduced (Table
8-1). In contrast, riluzole did not inhibit but increased numbers of proplatelet-forming
megakaryocytes. Out of 51± 7 megakaryocytes seen to migrate out of explants, 40 ± 7
developed proplatelets in the presence of riluzole. Their morphological features were similar
to those seen under control conditions (DMSO) (Table 8-1) (Figure 8-6; Recording 8-2).
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Table 8-1: The number of megakaryocytes and proplatelets derived from bone marrow
explants.

Numbers of

Hours

DMSO

memantine

MK-801

riluzole

3

53 ± 5

24 ± 7

46 ± 6

52 ± 8

p = 0.03

p = 0.82

p = 0.95

0

2±1

40 ± 7

p< 0.0001

p = 0.0004

p = 0.046

megakaryocytes
Numbers of
megakaryocytes

6 - 10

28 ± 1

forming
proplatelets
Numbers of megakaryocytes migrating out of the explants and forming proplatelets are
indicated as counted under the microscope (mean ± SEM of three independent experiments,
16 explants used per condition in each experiment). P values indicate a difference between
the modulator and the DMSO control, calculated by one-way ANOVA with Dunnett’s posthoc using GraphPad Prism v.5.
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Figure 8-3: Peak features of proplatelet formation by megakaryocytes derived from
bone marrow explants under control conditions.
Phase-contrast representative micrographs of abundant proplatelet formation at 6 hours.
Representative images of different megakaryocytes producing proplatelets at 6 hours are
shown in A-E. The following proplatelet features are indicated: thin branched proplatelet
shafts (yellow arrows), proplatelet buds (green arrowheads) and intermediate swellings (red
arrowheads).Observations are from three independent experiments. Scale bars, 100 μm for
all.
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Figure 8-4: Features of megakaryocytes released from bone marrow explants in the
presence of memantine.
Phase-contrast representative micrographs of megakaryocytes maturing in the presence of
100 µM memantine at 3, 6 and up to 10 hours. A) Megakaryocyte release from marrow
explants - less megakaryocytes were seen to migrate out of explants at 3 hours. B-D)
Megakaryocytes of different sizes seen after 3 hours. E-G) The fate of released
megakaryocytes over the subsequent 6 hours. No proplatelet formation was observed.
Irregular and round vacuoles were seen to develop in some forms (white arrows).
Observations are from three independent experiments. Scale bars, 100 μm for all.
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Figure 8-5: Features of megakaryocyte maturation from bone marrow explants in the
presence of MK-801.
Phase-contrast representative micrographs of megakaryocyte maturation in the presence of
100 µM MK-801 at 3, 6 and up to 10 hours. A) Megakaryocyte release from marrow
explants at 3 hours. B-D) Different size megakaryocytes have been seen after 3 hours. E-H)
Proplatelet formation after 6 hours. Vacuoles were seen to develop in some cells(white
arrows). A blue arrow indicates passing hours. Observations are from three independent
experiments. Scale bars, 100 µm for all.
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Figure 8-6: Features of megakaryocyte maturation from bone marrow explants in the
presence of riluzole.
Phase-contrast representative micrographs of megakaryocyte maturation in the presence of
100 µM riluzole at 3 and 6 hours. A) Megakaryocyte release from marrow explants at 3
hours. B-D) Proplatelet formation after 6 hours. The following proplatelet features are
indicated: thin branched proplatelet shafts (yellow arrows), proplatelet buds (green
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arrowheads), intermediate swellings (red arrowheads) and platelet release (blue arrows).
Observations are from three independent experiments. Scale bars, 100 μm for all.

8.3.2 NMDAR antagonists inhibit differentiation of CD41-enriched megakaryocytes
To further analyse the role of NMDARs in the differentiation of normal megakaryocytes, we
used cultures of CD41-enriched megakaryocytes. The CD41-positive megakaryocytes were
isolated from mouse bone marrow using an immunomagnetic system from Miltenyi and
cultured in StemSpan™ Serum-Free Expansion Medium II (SFEM II) medium for 3 days
with 30 nM TPO, in the presence or absence of 100 µM NMDAR antagonists. Effects of
NMDAR modulation on these cultures were assessed through the examination of cell
morphology, in particular proplatelet formation, as above.
After 3 days, cells cultured in the presence of memantine and MK-801 appeared smaller and
present in fewer numbers (although this was not formally quantified), suggesting an element
of toxicity or an anti-proliferative effect by the NMDAR antagonists (Figure 8-7).
Proplatelets developed after 3 days in culture in the presence of DMSO with typical features
described above (Figure 8-8; Recording 8-3).
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Figure 8-7: The effect of NMDAR antagonists on the morphology of CD41-enriched
megakaryocytic cultures.
A) Representative image of CD41-enriched megakaryocytes as isolated on day 0.
Representative images of CD41-enriched megakaryocytes after 3 day cultures in the
presence of B) 0.1% DMSO, C) memantine, D) MK-801, and E) riluzole (all NMDAR
antagonists were at 100 μM). Live cells were imaged by phase-contrast microscopy and
Wright-Giemsa staining was used to highlight cytological features on the cytospin slides.
Observations are from three independent experiments. Scale bars, 100 μm for all.
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Figure 8-8: Proplatelet formation from cultured CD41-enriched megakaryocytes under
control conditions.
Phase-contrast micrographs of proplatelets produced by CD41-enriched megakaryocytes
after 3 days in culture. Representative examples are shown in A-D that are the same cells
imaged at 3 and 3.5 days in culture. The following features are indicated: thin branched
proplatelet shafts (yellow arrows), proplatelet buds (green arrowheads), intermediate
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swellings (red arrowheads) and release of platelets (blue arrows). Observations are from
three independent experiments. Scale bars, 100 μm for all.
Similar to what was found for explants, CD41-enriched megakaryocytes cultured in the
presence of memantine failed to produce proplatelets (Figure 8-9A). Some signs of
proplatelet-bearing megakaryocytes were observed in the presence of MK-801 but these cells
did not fully form numerous extensive proplatelet branching (Figure 8-9B). In contrast,
proplatelets formed in the presence of riluzole showed features similar to those under control
conditions (Figure 8-10). Although not formally quantified, numbers of proplatelet-bearing
megakaryocytes appeared higher in the presence of riluzole compared with DMSO. Cultured
wells were also stained for CD61 expression by immunocytochemistry to highlight features
of proplatelet formation after culture (Figure 8-11). The CD61 immunostaining highlighted a
rich network of proplatelets and platelet-like particles under control conditions (DMSO) and
in the presence of riluzole. In contrast, features of proplatelet formation were absent or
limited in the presence of memantine and MK-801, respectively. Taken together,
observations from CD41-enriched cultures supported explant data that NMDAR activity is
required to support the normal process of proplatelet formation.
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Figure 8-9: The effect of memantine and MK-801 on proplatelet formation by CD41enriched megakaryocytes.
Phase-contrast representative micrographs of proplatelet forms developed in the presence of 100
µM memantine and MK-801 after 3 days in culture. Green arrowheads point out proplatelet
buds. Observations are from three independent experiments. Scale bars, 100 μm for all.
Page | 246

Chapter 8: Effects of NMDAR antagonists on differentiation of normal mouse megakaryocytes

Figure 8-10: The effect of riluzole on proplatelet formation by CD41-enriched
megakaryocytes.
Phase-contrast representative micrographs of proplatelets produced by CD41-enriched
megakaryocytes cultured for 3 days in the presence of 100 µM riluzole. Representative
examples are shown in A-D that are the same cells imaged at 3 and 3.5 days in culture. The
following features are indicated: thin branched proplatelet shafts (yellow arrows), proplatelet
buds (green arrowheads), intermediate swellings (red arrowheads) and release of platelets
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(blue arrows). Observations are from three independent experiments. Scale bars, 100 μm for
all.

Figure 8-11: Proplatelet formation by CD41-enriched megakaryocytes highlighted by
CD61 immunocytochemistry.
Representative patterns of CD61 immunostaining performed on cells in wells after 3 day
cultures in the presence of 0.1% DMSO, memantine, MK-801 and riluzole, as indicated (all
antagonists at 100 μM). Observations are from three independent experiments. Scale bars, 100
µm for all.
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8.3.3 NMDAR antagonists inhibit megakaryocytic differentiation of lineage-negative
marrow progenitors
Previous experiments provided insights into the NMDAR role during late stages of
megakaryocytopoiesis with an emphasis on proplatelet formation. Encouraged by the effects
of the NMDAR antagonists observed, we proceeded to evaluate whether modulation of
NMDAR activity would affect the earlier process of megakaryocyte development from
lineage-negative haematopoietic stem cells/progenitors. Early progenitors were isolated from
mouse bone marrow using an immunomagnetic system from Miltenyi and cultured in SFEM
II for 4 days with 30 nM TPO, and in the presence or absence of 100 µM NMDAR
antagonists.
First insights into the dynamics of these cultures were gained from their simple microscopic
examination and daily imaging of cell morphology (Figures 8-S1 and 8-S2). From day 1 to 4,
cell size evidently increased for all conditions, although least for memantine and MK-801,
implying megakaryocytic differentiation was occurring in these cultures. Megakaryocytic
differentiation was then confirmed using CD61 immunostaining (Figure 8-S3).
8.3.3.1 Immunophenotypic features of megakaryocytic maturation from lineagenegative progenitors
To quantify megakaryocytic differentiation from lineage-negative progenitors with more
accuracy and to determine the effect of NMDAR antagonists, flow cytometry was used to
examine CD41a expression on cells after cultures (Figure 8-12). These analyses are of
enriched megakaryocytes purified at the end of the culture on a BSA gradient. This found
that acquisition of CD41a expression was markedly reduced in the presence of memantine
and mildly reduced in the presence of MK-801, indicating possible NMDAR involvement in
earlier stages of progenitor commitment to the megakaryocytic lineage. In contrast,
expression of CD41 did not change in the presence of riluzole (Figure 8-12).
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Figure 8-12: Effects of NMDAR antagonists on the acquisition of CD41 expression
during cultures of lineage-negative marrow progenitors.
Lineage-negative marrow progenitors were cultured for 4 days in the presence or absence of
NMDAR antagonists (all at 100 μM). Expression of CD41 was determined at the end of
cultures by flow cytometry. A) Bar graph showing mean fold change in CD41 expression,
calculated relative to the DMSO control. B) Representative examples of histograms are
shown to demonstrate an effect of memantine, MK-801 and riluzole, as indicated. Data are
mean ± SEM from 3 independent experiments. The level of statistical significance is shown
compared with the diluent control (*p<0.05 and ***p< 0.001, one-way ANOVA with
Dunnett’s post-hoc). Abbreviations: MFI, Mean Fluorescence Intensity, ns, non-significant.
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8.3.3.2 Ploidy features of megakaryocytes differentiated from lineage-negative
progenitors
Ploidy of cells was also examined to gain additional insights into megakaryocytic
differentiation from lineage-negative progenitors (Figure 8-13). These analyses are of
enriched megakaryocytes purified at the end of the culture on a BSA gradient. Consistent
with the immunophenotypic evidence described above, memantine provided strongest
inhibition of ploidy increase in 4-day cultures from lineage-negative progenitors (Figure 813).
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Figure 8-13: Effects of NMDAR antagonists on ploidy of megakaryocytes derived from
lineage-negative marrow progenitors.
Lineage-negative marrow progenitors were cultured for 4 days in the presence or absence of
NMDAR antagonists (all at 100 μM). Ploidy level was determined at the end of cultures by
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flow cytometry; 2N, 4N, 8N, 16N, 32N and 64N indicate classes of nuclear ploidy. A) Mean
± SEM of percentage of ploidy from three independent experiments. The level of statistical
significance is shown compared with the diluent control (*p<0.05 and ***p < 0.001, twoway ANOVA with Bonferroni’s post-hoc). Abbreviations: ns, non-significant. B)
Representative examples of histograms for all modulators. The overlay histograms were
generated by FlowJo software.

8.3.3.3 Proplatelet formation from megakaryocytes differentiated from lineage-negative
progenitors
On days 3 and 4 of culturing lineage-negative progenitors in the presence of NMDAR
antagonists, proplatelets appeared in cultures (Figure 8-14, Figure 8-15, Figure 8-16).
Frequent proplatelet formation was seen for control conditions and in the presence of riluzole
but proplatelet formation was not seen or was very rare in the presence of memantine and
MK-801, respectively.
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Figure 8-14: Effects of DMSO on proplatelet formation from megakaryocytes derived
from lineage-negative marrow progenitors under control condition.
Phase-contrast representative micrographs of proplatelets formed after 3 and 4 days of
culture with 0.1% DMSO. Representative examples are shown. The following features are
indicated: thin branched proplatelet shafts (yellow arrows), proplatelet buds (green
arrowheads), intermediate swellings (red arrowheads) and platelet release (blue arrows).
Observations are from three independent experiments. Scale bars, 100 µm for all.
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Figure 8-15: Effects of NMDAR antagonists on proplatelet formation from
megakaryocytes derived from lineage-negative marrow progenitors in the presence of
MK-801 and memantine.
Phase-contrast representative micrographs of proplatelets formed after 3 and 4 days of
culture in the presence of A) memantine and B) MK-801 (all at 100 μM). Representative
examples are shown. No proplatelet formation was seen in the presence of memantine. The
following features are indicated: thin branched proplatelet shafts (yellow arrows), proplatelet
buds (green arrowheads) and intermediate swellings (red arrowheads). Observations are
from three independent experiments. Scale bars, 100 µm for all.
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Figure 8-16: Effects of NMDAR antagonists on proplatelet formation from
megakaryocytes derived from lineage-negative marrow progenitors in the presence of
riluzole.
Phase-contrast representative micrographs of proplatelets formed after 3 and 4 days of
culture with 100 μM of riluzole. Representative examples are shown. The following features
are indicated: thin branched proplatelet shafts (yellow arrows), proplatelet buds (green
arrowheads), intermediate swellings (red arrowheads) and platelet release (blue arrows).
Observations are from three independent experiments Scale bars, 100 µm for all.
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8.3.3.4 Examination of apoptotic markers in megakaryocytic cells derived from lineagenegative progenitors
Flow cytometry was used to examine expression of Annexin V and the degree of PI staining
on cells differentiated from lineage-negative progenitors (Figure 8-17). This was driven by
morphological observations of vacuolation appearing in the presence of memantine and MK801 and the reduction of cell numbers in the presence of NMDAR antagonists. We found that
apoptotic or necrotic cells increased mildly in the presence of all NMDAR antagonists.
Quantification of early and late apoptosis was performed based on the flow cytometric data
for Annexin V and PI, which provided additional evidence for the mild increase in early and
late apoptotic cells in the presence of all antagonists tested, suggesting that NMDAR
inhibition induces a degree of apoptosis and necrosis in cultured megakaryocytes (Figure 818). These analyses are of enriched megakaryocytes purified at the end of the culture on a
BSA gradient. Further testing will be required to determine if these viability changes are
specific to the NMDAR modulation, as non-specific toxicity factors may have contributed in
primary cultures.
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Figure 8-17: Features of apoptosis in cultures from lineage-negative progenitors.
Lineage-negative progenitors were cultured for 4 days in the presence or absence of
NMDAR antagonists (memantine, MK-801 and riluzole; all at 100 μM). At the end of
cultures, cells were labelled with Annexin V and stained with propidium iodide (PI). Data
was acquired by flow cytometry. A) Mean ± SEM of the fold change in MFI for cells
expressing Annexin V-FITC. B) Mean ± SEM of the percentage of cells expressing Annexin
V-FITC. C) Mean ± SEM of the percentage of cells positive for PI. Three independent
experiments were performed for each condition. Statistical significance is shown compared
with the diluent controls (*p<0.05, **p<0.01, ***p< 0.001 and ****p< 0.0001) calculated
by one-way ANOVA with Dunnett’s post-hoc. D) Representative dot plots showing
positivity for Annexin V versus PI for all modulator conditions. Quadrants Q1-Q4 contain
the following populations of cells: Q3 = viable cells (Annexin V−/PI−); Q4 = early apoptotic
cells (Annexin V+/PI−); Q2 = late apoptotic cells (Annexin V+/PI+); Q1 = necrotic cells
(Annexin V−/PI+). The quantitative analysis of different populations is shown in the next
Figure 8-18. Abbreviations: MFI, Mean Fluorescence Intensity, ns, non-significant; PI,
propidium iodide.
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Figure 8-18: Quantitation of apoptosis in cultures from lineage-negative progenitors.
This is a quantitative analysis of Annexin V expression and propidim iodide (PI) staining shown in Figure 8-17. Data are mean ± SEM from 3
independent experiments. Statistical significance is shown compared with the diluent control (**p < 0.001 and ***p< 0.001) calculated by two-way
ANOVA with Bonferroni correction for multiple comparisons. Abbreviations: ns, non-significant
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8.4 Summary
Three different culture models of megakaryocytic differentiation were used in this chapter to
examine the potential contribution of NMDARs to the normal process of megakaryocytic
maturation. Proplatelet formation from bone marrow explant represented an approximation
of a native milieu, allowing megakaryocytes to form proplatelets much quicker (after 6-10
hours) than in other in vitro culture (after 3-4 days). Results from all models indicated that
NMDARs facilitated normal megakaryocytic differentiation. Memantine virtually aborted
proplatelet formation. MK-801 provided mildly weaker inhibition of this process but overall,
its effects were similar to memantine. Proplatelets that developed in the presence of MK-801
were few, short and distorted. This strong inhibitory effect of memantine and MK-801 on
proplatelet formation suggests that NMDAR activity is required for normal proplatelet
formation process. In contrast, riluzole did not inhibit proplatelet formation but exerted a
facilitatory effect on this process. Riluzole has a complicated mechanism of action. This
thesis used riluzole with an intention to inhibit glutamate release but this effect was in fact
not confirmed in our culture systems (Chapter 7). We suspect other mechanisms of riluzole
action account for its pro-differentiating effects seen throughout this thesis.
The earlier stages of lineage-negative progenitor commitment to megakaryocytic
differentiation were also reduced by memantine and MK-801 (the latter to a relatively lesser
degree), suggesting that the NMDAR role increases with megakaryocytic maturation.
Riluzole effects were less clear in cultures of lineage-negative progenitors.
Finally, we saw some induction of apoptosis and necrosis by all modulators in 4-day cultures
of lineage-negative progenitors. It is unclear how these effects relate to the NMDAR role, as
non-specific toxicity may have contributed in primary cultures.

8.5 Conclusions
Results of this chapter provide cell biologic and functional evidence that NMDARs are
required for the formation of proplatelets by normal megakaryocytes. In comparison, early
commitment of haematopoietic stem cells to the megakaryocytic lineage was less dependent
on the NMDAR activity. NMDAR antagonists impaired the ability of megakaryocytes to
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extend proplatelets and decreased the number of proplatelet-bearing cells. There was also a
suggestion that memantine interfered with megakaryocyte migration out of explants, which
may have a biological significance but will require confirmation. Further deciphering of the
role that NMDARs play in normal megakaryocyte maturation and proplatelet formation
should shed more light on the process of platelet biogenesis and could open new possibilities
to treat disorders associated with abnormal platelet production. More sophisticated
monitoring methods are justified in the future. We have made steps to set-up time-lapse
recordings for future work in the lab (an example is shown in Supplemental Movie 8-S1).
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9.1 Preface
The main hypothesis driving this thesis was that NMDARs are functional in megakaryocytic
cells and influence their cellular phenotype, in particular proliferation and differentiation.
A range of studies have been presented in different chapters of this thesis that characterised
NMDAR expression and function in leukaemic and normal megakaryocytes, mouse and
human.
The main findings of this thesis are:
1. NMDAR components were expressed (at both transcript and protein levels) in human
megakaryocyte leukaemia cell lines and native mouse and human megakaryocytes, including
from patients with leukaemia (Chapter 3). Differentiation of leukaemic cells in culture was
associated with increased NMDAR expression (Chapter 4).
2. NMDAR antagonists inhibited proliferation of megakaryocyte leukaemia cell lines
(Chapter 5).
3. Megakaryocytic NMDARs assisted glutamate-mediated Ca2+entry into leukaemic cells
(Chapter 6).
4. NMDAR antagonists triggered differentiation of megakaryocyte leukaemia cell lines
(Chapter 7) but inhibited differentiation of normal, bone marrow derived mouse
megakaryocytes (Chapter 8).
NMDARs have been first suggested as potential regulators of megakaryocytic differentiation
in 1999 (Genever et al., 1999, Hitchcock et al., 2003). There has been a paucity of follow-up
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literature since then. Results presented in this thesis build on previous findings and broaden
our knowledge about the NMDAR role in megakaryocytic cells.
This thesis used three leukaemic cell lines with variable megakaryocytic features (Meg-01,
K-562 and Set-2) as models of megakaryocytic leukaemia. In addition, native mouse
marrow-derived megakaryocytes were used in primary cultures. For selected experiments,
human marrow-derived megakaryocytes were tested including from patients with the
megakaryocytic disease.
This discussion chapter will include comments from our previously published paper that
focused on the functional role of NMDARs in leukaemic but not normal megakaryocytes.
The discussion will conclude with the consideration of limitations and future directions and
the proposed model of the NMDAR role in leukaemic and normal megakaryocytes.

9.2 Properties of megakaryocytic NMDARs
9.2.1 NMDAR composition
Combinations of NMDAR subunits and their splice variants that we found expressed in
leukaemic megakaryoblasts differed from normal bone marrow and the brain, suggesting
NMDAR de-regulation in the context of malignancy. Meg-01, K-562 and Set-2 cells
showed dominant expression of GluN2D and GluN3B subunits, while GluN2A and GluN2B
predominated in the brain. In comparison, GluN2D is known to be rare in the brain (Paoletti et
al., 2013b).
NMDAR channel activity depends on its subunit composition (Wang and Thukral, 1996).
The GluN1 subunit is an obligate NMDAR component (Traynelis et al., 2010). GluN1 assists
NMDAR complexing and trafficking between intracellular membranes and the cell surface,
and the receptor distribution on the cell surface (Salter and Kalia, 2004, Sanz-Clemente et al.,
2013). The M4 domain of GluN1 has the most impact on the NMDAR surface expression
(Kaniakova et al., 2012). The C1 domain of GluN1 binds to many proteins, including
calmodulin, Ca2+/calmodulin-dependent protein kinase II (CaMKII) and tubulin (Scott et al.,
2003, Sanz-Clemente et al., 2013). The GluN2 subunits are regulatory, with their N-terminal
domains responsible for channel gating and ligand-binding (Clarke et al., 2013, Glasgow et
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al., 2015b, Glasgow et al., 2015a). Four hydrophobic transmembrane domains (M1, M2, M3
and M4) of the GluN2 subunit serve as receptor anchors and interact with signal transduction
molecules. The large C-terminal domains of the GluN2 proteins play an important role in
altering channel properties and determining the subcellular localisation of the receptors
(Sanz-Clemente et al., 2013, Squire, 2013). Biophysical characteristics of the channel
including ion conductance, mean open time, sensitivity to Mg2+ block are also determined by
the composition of the GluN2 subunits (Monyer et al., 1994b). Binding of both glycine to
GluN1 and glutamate to GluN2 subunits, along with the relief of a Mg2+ block of the ion
channel pore by membrane depolarisation are necessary for the activation of NMDARs
(Yuan et al., 2009, Karakas and Furukawa, 2014). GluN2D and GluN3A are highly
expressed during brain development, which underscores their trophic functions (Watanabe et
al., 1992, Monyer et al., 1994a, Henson et al., 2010). GluN2D-containing NMDARs are less
permeable to Ca2+ but still contribute significant Ca2+ entry because of the lack of inhibition
by Mg2+ and slower closure (Paoletti et al., 2013b, Wyllie et al., 2013). GluN3 subunit allows
additional regulation by glycine, either inhibitory or excitatory dependent upon NMDAR
composition (Pachernegg et al., 2012). We found that human megakaryocytes, both normal
and leukaemic expressed diverse NMDAR subunits. Of particular note was that the pattern
of NMDAR transcripts varied between normal and leukaemic megakaryocytes using RTPCR, suggesting an opportunity for disease-specific intervention. In normal megakaryocytes,
GRIN2A and GRIN2D transcripts predominated, while all GRIN transcripts were abundant in
AMKL. Our identification of GluN1, GluN2 and GluN3 subunits in megakaryocytic cells
suggests an active role for the NMDAR in these cells. The types of NMDAR subunits
expressed suggest that megakaryocytic NMDARs may have functional properties that are
distinct from neuronal NMDARs. Other members of our lab have previously reported a similar
NMDAR composition in human platelets (Kalev-Zylinska et al., 2014). Our data is consistent
with the previous report describing the dominance of GRIN1 and GRIN2D transcripts in
Meg-01 cells (Genever et al., 1999). The dominant presence of GluN2D has also been
reported in other non-neuronal cancer cell lines, such as colon colorectal carcinoma cell line
(HCT-116), osteoblastic cell line (MG63 cells) and breast cancer cell lines (MCF-7 and
SKBR3) (Piepoli et al., 2009, North et al., 2010, Yamaguchi et al., 2013). Our Western blot
results also confirmed that megakaryocytic cell expressed NMDAR subunits. Our flow
cytometry experiments demonstrated the surface expression of NMDAR subunits together
with the presence of substantial amounts of proteins inside cells, which is in line with the
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previous report describing the evidence for an intracellular store of GluN1 in neurons and
platelets (Ehlers et al., 1995, Kalev-Zylinska et al., 2014). The latter may serve as stores but
an intracellular role for the NMDARs is also possible and warrants future testing.
9.2.2 The significance of diverse patterns of the GluN1 splice variants
The GluN1 subunit has three alternative splice sites within exons 5, 21 and 22, that can give
rise to eight distinct GluN1 isoforms (Vance et al., 2012, Paoletti et al., 2013a). The identity
of the GluN1 splice variant is a major determinant of the pharmacological properties,
deactivation time course and intracellular binding partners of NMDARs, so their
identification is important (Vance et al., 2012). The splice variant-specific association of
GluN1in receptor assembly is also vital for regulating potentiation by polyamines, inhibition
by protons, or inhibition by Zn2+ (Cull-Candy and Leszkiewicz, 2004, Vance et al., 2012).
Moreover, exons 21 and 22 are responsible for the trafficking of GluN1 from the
endoplasmic reticulum (ER) to the plasma membrane; hence their lack hinders surface
expression of these splice variants. Our data indicates that megakaryocytic cell lines carried
four GRIN1 isoforms, h1-1 to h1-4, all of an ‘a’ type (exon 4 is deleted). In comparison, both
types ‘a’ and ‘b’ (exon 4 expressed) were detected in human brain. The functional
significance of these differences remains unclear but is likely to carry a functional
importance, which deserves elucidation in future studies. Follow-up studies to define
NMDAR functionality in megakaryocytic cells should be assisted by newer subunit-specific
modulators that are now becoming commercially available (Hansen and Traynelis, 2011,
Edman et al., 2012, Hansen et al., 2012).
9.2.3 Modulation of NMDAR expression during cell differentiation
There is substantial evidence that NMDAR activity is regulated by PKC, which increases
NMDAR expression and channel opening (Chen and Roche, 2007). We can speculate that
PMA-induced PKC activation influences NMDAR activity, which contributes to PMA
effects on cell differentiation. Results presented in Chapter 4 suggest that NMDAR
expression is linked with the cell maturation process. The rise in the GluN2A mRNA
expression following PMA activation was previously demonstrated by Hitchcock et al
(2003). In support, the apparent increase in the GluN protein upon PMA stimulation was
identified in megakaryocytic cell lines. Consistent with previous studies showing increased
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expression of GluN1 and GluN2A in rat and mouse brain following VPA stimulation
(Rinaldi et al., 2007, Iijima et al., 2016); our results also confirm that VPA induced GluN1,
GluN2A and GluN2D expression in Meg-01 cells. To the best of our knowledge, this is the
first report describing the VPA mediated NMDAR expression in Meg-01 cells. This suggests
increasing NMDAR role upon cell differentiation; mechanisms will need to be elucidated by
future research.
9.2.4 Megakaryocytic NMDARs as functional Ca2+channels
Neuronal NMDARs are glutamate-gated cation channels with high Ca2+ permeability
(Traynelis et al., 2010). There is increasing interest in the role of Ca2+ homeostasis in
megakaryocytic cells as abnormalities in Ca2+ pathways may be contributing to human
megakaryocytic cancers (Di Buduo et al., 2014). The importance of Ca2+ regulation in
megakaryocytic cells has been highlighted by the discovery of CALR mutations in
myeloproliferative neoplasms (Klampfl et al., 2013, Nangalia et al., 2013, Kim et al., 2015).
Ca2+ fluxes engage multiple plasma membrane ion channels, including voltage-gated Ca2+
channels, receptor-activated Ca2+ channels, SOCE or Ca2+ release from the intracellular
stores, primarily from the ER (Stewart et al., 2015). Neuronal NMDARs are both voltageand ligand- activated, where depolarisation removes the Mg2+ block and glutamate and
glycine act as endogenous ligands (Fan et al., 2014, Bose et al., 2015). However, growing
literature suggests that Mg2+ block may not apply to non-neuronal cells (Stewart et al., 2015).
Physiological NMDAR activity links with trophic pathways (including ERK, PI3-K, CREB
and receptor tyrosine kinases) (Mattson, 2008, Hardingham and Bading, 2010, Bading, 2013,
Bartlett and Wang, 2013). On the other hand, excessive rises in intracellular Ca2+ result in
cell toxicity, leading to subsequent activation of cell death cascade (Matute, 2011). The
toxicity mechanisms include activation of a family of pro-apoptotic proteins, up-regulation of
nNOS, dysfunction of mitochondria and ER stress (Karlstad et al., 2012, Kritis et al., 2015).
Results presented in Chapter 6 revealed that Meg-01 cells mounted Ca2+ entry in response to
glutamate, NMDA and glycine, supporting NMDAR functionality as Ca2+ channels in these
cells. Extracellular Ca2+ was a prerequisite for eliciting complete Ca2+ responses to NMDAR
agonists, consistent with the entry of Ca2+ from the extracellular environment. ADP is a
known potent regulator of platelet and megakaryocyte function, including megakaryocyte
maturation (Di Buduo et al., 2014). ADP increases cytosolic Ca2+ in human megakaryocytes
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that involves the activation of SOCE (Galan et al., 2009, Lang et al., 2013, Di Buduo et al.,
2014). Intriguingly, this thesis demonstrates for the first time that NMDARs contribute to
ADP-mediated Ca2+ signalling in Meg-01 cells. We found that NMDAR antagonists reduced
ADP-mediated Ca2+ responses to near-baseline levels. These observations support NMDAR
engagement in physiological processes relevant to platelet and megakaryocyte function, as
ADP is such an important regulator of platelet and megakaryocyte physiology.
In support of NMDAR Ca2+ channel functionality in megakaryocytic cells shown in this
thesis, previous studies already demonstrated NMDAR-mediated Ca2+ inﬂux in platelets
(Franconi et al., 1998, Kalev-Zylinska et al., 2014). NMDAR-mediated Ca2+ entry was also
documented in other non-neuronal cells such as human astrocytes and red blood cells (Lee et
al., 2010, Makhro et al., 2013, Hanggi et al., 2015). NMDARs contribute to agonist-mediated
Ca2+ signalling in Meg-01 cells. Nevertheless, NMDAR antagonists inhibited agonist
mediated Ca2+ signalling in Meg-01 cells. Similarly to what was observed in platelets (Sage
et al., 2013), megakaryocytic cells exposure to NMDAR agonist in the absence of
extracellular Ca2+ reduced the agonist mediated Ca2+response to near-baseline, revealing
extracellular Ca2+ is a prerequisite for eliciting a complete Ca2+ response to NMDAR agonist.
This thesis highlights a novel mechanism for Ca2+ elevation in megakaryocytic cells
attributable to the activation of the NMDAR pathway. This NMDAR role appears analogous
to the functions of other membranous Ca2+ channels (nicotinic cholinergic and P2X1) in
megakaryocytes (Ikeda, 2007, Thornton et al., 2011, Mahaut-Smith, 2012).
9.2.5 NMDARs as modulators of megakaryocytic cell growth and differentiation
Modulation of NMDAR plays a critical role in the progression of cancer cells.NMDAR
agonist stimulates the lung cancer cells (A549) proliferation in glutamine-free medium
(Kang et al., 1994). In contrast, inhibition of NMDAR activation shows antitumor effects and
anti-proliferative action while suppressing p21 protein by MK-801 (Stepulak et al., 2005).
Our results align well with these previously published reports that NMDAR agonists
increased growth and proliferation of Meg-01, Set-2 and K-562 cells in this thesis. On the
other hand, low concentrations of well-established glutamate and NMDAR antagonists
(riluzole, memantine, MK-801 and AP5; 5-100 µM) reduced growth and proliferation of
leukaemic megakaryocytes and supported their differentiation. To our knowledge, this is the
first study to report that NMDARs support survival and proliferation of megakaryocytic
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leukaemia cell lines, at least partially through the influx of extracellular Ca2+. Inhibition of
cell growth by NMDAR antagonists and their pro-differentiation effects suggest a novel
avenue to modulate the growth of this type of leukaemia.
Although glutamic acid and glycine are importance for cellular function (Abdalla, 2011), the
co-application of glutamate and glycine reduced the number of viable neuronal cells by about
50% (Stout et al., 1998). In support, our results provide additional evidence that the
combined effects of glycine and glutamate also reduced megakaryocytic cell proliferation.
We also saw reducing effects on megakaryocytic cell growth and proliferation with
increasing concentration of glutamate, contributing to toxicity due to NMDAR
overactivation.
In contrast to effects in leukaemic cells, active NMDARs were required to support
differentiation of normal mouse megakaryocytes. We observed that NMDAR antagonists
inhibited maturation of normal megakaryocytes, in particular their later stages of proplatelet
formation. In further support of NMDAR involvement in the normal programme of
megakaryocytic differentiation, NMDAR antagonists interfered with differentiation effects
of PMA and VPA on leukaemia cell lines.
NMDARs have been previously shown to regulate maturation of human megakaryocytes
from CD34-positive cells in vitro (Hitchcock et al., 2003), so our results are consistent. This
thesis hypothesised that NMDARs support growth of leukaemic cells through increasing
Ca2+ entry and the evidence that was obtained supports it. Results align well with growing
evidence for NMDAR oncogenicity in other cancers (Li and Hanahan, 2013, D'Mello S et
al., 2014, Prickett et al., 2014, Robert and Sontheimer, 2014). Previous studies observed that
NMDAR inhibition inhibited the rowth of breast cancer xenografts (North et al., 2010). Both
MK-801 and memantine were also seen to inhibit proliferation of human lung
adenocarcinoma cells and hepatocellular carcinomas (Yamaguchi et al., 2013, Deutsch et al.,
2014). More background data on the NMDAR contribution to cancer growth has been
presented in Chapter 1.
We found that memantine interfered with leukaemia cells growth most potently and also
provided most potent pro-differentiation effects. This may be related to the drug’s
pharmacokinetics. Memantine rapidly blocks and unblocks NMDARs and MK-801 binds
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within the NMDAR channel irreversibly (Vyklicky et al., 2014). Memantine is more specific
for GluN2D-containing receptors that we found to predominate in megakaryocytic cells
(Kotermanski and Johnson, 2009). Further, memantine has high activity when NMDARs are
subjected to high concentrations of agonists (Lipton, 2006, Han et al., 2013), which applies
to culture media. Low concentrations of memantine successfully block pathological
activation of NMDARs without impairing its normal activity (Gilling et al., 2009, Wesierska
et al., 2013). These pharmacological properties of memantine may help explain why
memantine was more effective than MK-801 in the inhibition of proliferation of leukaemia
cell lines in our experiments. AP5, a competitive NMDAR antagonist, induced weaker
functional effects, which may also be due to its mechanism of action. As AP5 competes with
glutamate for binding to the receptor and RPMI-1640 contains relatively high concentration
of glutamate, higher concentrations of AP5 (250 µM) were required to counteract glutamate
effects, which appears not surprising.
The most important clinical implication of our work is that glutamate pathways could emerge
as potential therapeutic targets in megakaryocytic disease. It is intriguing to speculate that
NMDAR antagonists could be used in patients with megakaryocytic cancers. Memantine is a
clinical drug used in neurological patients, so it wouldn’t be difficult to re-purpose it, if it
was useful. In reality however, a lot more work is required to prove that NMDAR inhibition
may be of therapeutic benefit. Further work should include models of disease in vivo to study
effects of NMDAR modulation on leukaemia growth. It is also relevant that NMDAR
inhibition produces neurological side effects. Both MK-801 and memantine readily cross the
blood-brain barrier (North et al., 2010, Mehta et al., 2013), which may disrupt normal
neuronal functioning, in particular in learning and memory. To avoid neurological
complications in patients, novel NMDAR modulators may have to be developed that do not
cross blood-brain-barrier.
Compared with memantine, MK-801 and AP5, riluzole caused different effects on
megakaryocytic cells. However, the full mechanism of riluzole action has not yet been fully
elucidated. There is some evidence that riluzole has anti-tumour properties and inhibits
breast and prostate cancer cells proliferation (Koochekpour et al., 2012, Speyer et al., 2016).
Riluzole was a lot more cytotoxic in our experiments than other NMDAR antagonists and
also displayed pro-differentiating (not differentiation inhibiting) effects in normal
megakaryocytes. The class of chemicals that riluzole belongs to, benzothiazole, has been
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recently shown to inhibit BCLXL (Lessene et al., 2013).This may have influenced the
observed effects on cultured megakaryocytic cells, independent of its effects on glutamate
and NMDARs.
9.2.6 NMDARs as potential novel players in normal megakaryocytic differentiation
This thesis successfully implemented PMA and VPA to induce differentiation of Meg-01
cells with outcomes equivalent to previous studies (Micallef et al., 1994, Schweinfurth et al.,
2010, Hohmann et al., 2011). These models were used to demonstrate that memantine and
MK-801 potently inhibited PMA and VPA induced megakaryocytic differentiation, as well
as differentiation of native, marrow-derived mouse megakaryocytes.
PMA mediated PKC activation triggers the downstream MEK/MAPK pathway that plays a
critical role in the activation of several proteins necessary for the induction of endomitosis
and regulation of megakaryocytic differentiation (Jacquel et al., 2005, Huang et al., 2014).
VPA represents an inhibitor of histone deacetylase. We used VPA as an alternative agent to
trigger megakaryocyte differentiation that has no direct effects on PKC. Nevertheless, PKC
activation is a part of the normal megakaryocyte differentiation programme, including in the
presence of VPA (Trécul et al., 2014). Effects of NMDAR antagonists on differentiation
were not specific to PMA in our studies, but the possibility remains that the role of
NMDARs in cell differentiation is related to its cross-regulation with PKC. Further studies
are required to define the mechanism through which NMDAR activity supports
megakaryocytic differentiation.
9.2.7 Glutamate as potential new regulator of megakaryocytic differentiation
Glutamate has already been suggested to regulate megakaryopoiesis (Thompson et al., 2010).
Human megakaryocytes and Meg-01 cells release glutamate in a manner that was found to be
similar to the brain. However, unlike neuronal cells, glutamate release is spontaneous in
megakaryocytes (Thompson et al., 2010). Osteoblastic cells also release glutamate in the
bone marrow environment, which may provide an additional source of glutamate for
megakaryocytes (Bhangu et al., 2001). Moreover, it has reported that PMA differentiated
Meg-01 cells significantly release glutamate in culture medium (Thompson et al., 2010). Our
results suggest that Meg-01 cells release glutamate over time. Meg-01 differentiation induced
by VPA enhanced glutamate release, raising the possibility that the role of glutamate
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increases during cell differentiation. A number of other cancer cell lines (for example breast
and prostate) also release glutamate (Seidlitz et al., 2009). Extracellular glutamate has been
shown to exert trophic functions that support tumour growth (Rzeski et al., 2001). In
addition, there has been evidence that extracellular glutamate induces ionotropic glutamate
receptors to release glutamate from astrocytes via activation of glutamate transporters
(Hayashida et al., 2010, Yoshizumi et al., 2012).We used riluzole with the intention to inhibit
glutamate release (Coderre et al., 2007) but we found that Meg-01 cells release ample
amount of glutamate following riluzole treatment. It has been reported that riluzole enhances
glutamate release from astrocytes with the increasing concentration of glutamate
supplemented into the medium, so pre-existing medium glutamate may have influenced the
Meg-01 cells to release glutamate to the culture supernatant. Our experimentation to
document glutamate release by megakaryocytic cells was limited. We do not believe that the
increase in glutamate concentration in culture media was due to the toxic breakdown of the
cell membrane but the mechanism of glutamate release by megakaryocytic cells will need to
be further elucidated.
The potential involvement of glutamate and NMDARs in megakaryocytopoiesis is
interesting beyond previously discussed potential opportunities for novel anti-cancer
treatments. For example, glutamate and NMDAR modulation may facilitate platelet
production in vitro for use in transfusion. The demand on platelet transfusion is increasing
(Hatami et al., 2015), which is limited by the short shelf-life of platelets that is only 5 to 7
days (Hatami et al., 2014). Therefore, new ex-vivo strategies to manufacture platelets and
expand megakaryocyte progenitors for transfusion would be a promising strategy to support
patients with thrombocytopenia, regardless of the causes.
9.2.8 Model of the NMDAR role in leukaemic and normal megakaryocytes
Based on previous data and findings of this thesis, we propose a model to describe the role of
glutamate and NMDARs in normal and cancerous megakaryocytes.
Our results indicate that active NMDARs are required for differentiation of normal but not
malignant megakaryocytes. Well-established NMDAR Ca2+ channel blockers (memantine
and MK-801) potently inhibited maturation of normal megakaryocytes, in particular
proplatelet formation (Figure 9-1). Anti-differentiation effects of memantine and MK-801
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were confirmed in three primary megakaryocyte culture systems: bone marrow explants and
primary cultures of CD41-enriched megakaryocytes and lineage-depleted progenitors.
Memantine was the most potent inhibitor of proplatelet formation, but MK-801 effects were
similar. The consistency of effects between memantine and MK-801 supports the conclusion
that these effects are NMDAR specific. In contrast, riluzole had an almost opposite effect
associated with prominent proplatelet formation. We suspect that riluzole effects were
NMDAR-independent and possibly also, glutamate-independent, as we found no reduction in
glutamate concentrations in media in the presence of riluzole. All modulators were
associated with mild apoptosis which may represent a non-specific culture phenomenon; the
current notion is that apoptosis is dispensable for megakaryocyte maturation (Josefsson et al.,
2014). Our examination of the apoptotic process was motivated by the appearance of
vacuoles in the presence of memantine. However, no specific association between maturation
and apoptosis was detected, and further work will be required to explain what causes
vacuolation.
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Figure 9-1: Model of the NMDAR role in normal megakaryocytes.
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NMDAR activity in normal megakaryocytes is critical for their late maturation, in particular
proplatelet formation. This NMDAR contribution was revealed through the use of
memantine and MK-801 (two well-established NMDAR channel blockers) in three primary
megakaryocyte culture systems: bone marrow explants and primary cultures of CD41enriched megakaryocytes and lineage-depleted progenitors. We saw no (for memantine) and
very limited (for MK-801) proplatelet formation, associated with reduced acquisition of
CD41 expression. Memantine also caused vacuolation in cells (arrowhead), suggesting cell
damage. Riluzole had different effects that appeared NMDAR and glutamate independent.
Mild induction of apoptosis accompanied all modulators but did not correlate with NMDAR
inhibition.

In contrast to the requirement for active NMDARs in normal megakaryocytic maturation,
NMDAR activity was not required to differentiate leukaemic megakaryocytic cells. Instead,
active NMDARs were required to support the proliferation of leukaemic cells (Figure 9-2).
Memantine and MK-801 not only interfered with the proliferation of Meg-01 cells but also
allowed cell differentiation and caused cytoplasmic vacuolation. Mild induction of apoptosis
was again seen in cultured cells but with no specific association with the vacuolation effect.
Our observations from multiple models of normal and leukaemic megakaryocyte growth lead
us to suggest that NMDAR-mediated Ca2+ entry becomes ‘hijacked’ in malignant
megakaryocytes to help sustain cell proliferation, instead of supporting differentiation.
Our hypothesis is consistent with recent reports on the deregulated Ca2+ signalling in other
cancers. Malignant cells evolve mechanisms to reduce Ca2+ ER stores, primarily to resist
apoptosis, and instead favour store-independent mechanisms of Ca2+ entry coupled to trophic
pathways (Dubois et al., 2014, Prevarskaya et al., 2014). In neoplastic megakaryocytes,
CALR mutations reduce the amount of Ca2+ stored in the ER (Shivarov et al., 2014). To
compensate for reduced ER stores in leukaemic cells, extracellular Ca2+ entry is increased,
and may involve NMDAR-mediated mechanisms, as suggested by our data. NMDARs are
coupled to a number of trophic pathways (Mattson, 2008, Hardingham and Bading, 2010,
Bading, 2013, Bartlett and Wang, 2013), which may sustain increased proliferation of
megakaryocytic cells. Future studies should pursue exact mechanisms through which
NMDARs support neoplastic growth, as elucidation of these effects may suggest new
therapeutic options.

Page | 274

Chapter 9: Discussion

Figure 9-2: Model of the NMDAR role in leukaemic megakaryocytes.
NMDAR activity in leukaemic megakaryocytes is required for cell proliferation but not
differentiation, suggesting hijacking of the normal NMDAR function in leukaemic cells
towards supporting cancer growth. This NMDAR contribution was revealed through the use
of NMDAR antagonists (in particular memantine and MK-801) in cultures of megakaryocyte
leukaemia cell lines (in particular Meg-01). NMDAR inhibition led to the escape from
proliferation, induction of cell differentiation and signs of cell damage/death visualised by
cytoplasmic vacuolation (arrowhead). Differentiating leukaemia cells increased expression of
CD41a, CD61 and NMDAR subunits.
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9.3 Limitations
This thesis conducted a broad range but still exploratory studies into the role of NMDARs in
megakaryocytic cells. A number of limitations apply, including those listed below.
1. NMDAR function was interrogated using pharmacological modulators, and their off target
effects cannot be excluded. Nevertheless, the consistency of effects seen with different direct
NMDAR antagonists (memantine, MK-801 and AP5) suggests these to be receptor-specific.
2. Experiments were performed in vitro using well-characterised leukaemia cell lines.
Testing in other disease models, including in vivo will need to follow.
3. Ca2+ responses to NMDAR agonists were examined in leukaemic but not normal
megakaryocytes; therefore, NMDAR-mediated Ca2+ influx in native megakaryocytes
remains unconfirmed. The influx of Ca2+ may not be the only mechanism through which
NMDARs influence cell phenotype. Other pathways downstream of the NMDAR and
interacting molecules will need to be examined in the future.
4. Primary culture experiments presented in this thesis did not involve real-time monitoring.
The analysis was based on still imaging, interval comparisons, and manual counting of cells.
However, the effects of memantine and MK-801 were so pronounced in these systems, that
minor count variations are unlikely to be relevant to the overall conclusion that NMDAR
activity is important for normal megakaryocyte maturation. Nevertheless, more sophisticated
monitoring approaches are justified in the future.
5. This thesis does not provide an explanation as to why NMDAR inhibition has opposite
effects on differentiation in normal and leukaemic megakaryocytes. We propose that this is
due to the remodelling of Ca2+ pathways and a reduction in Ca2+ stores in leukaemic cells,
compared with normal cells. However, experimental validation of this hypothesis will be
required.
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9.4 Future directions
This thesis has already provided strong evidence for the NMDAR functionality in normal
and leukaemic megakaryocytes. However, genetic techniques would be useful to confirm
these findings. CRISPR/Cas9 knock-out or short-hairpin-RNA-mediated knock-down of
GRIN1 (an obligate NMDAR subunit) would be useful in both cell lines and primary cultures
to document effects of NMDAR deletion in these cells. Considerable evidence suggests that
proplatelet formations are regulated by several transcription factors such as GATA1,
GATA2, and NF-E2 (Tijssen and Ghevaert, 2013). It would be worthwhile to investigate
how NMDAR modulation influences the differential expression of transcription factors and
to uncover other gene regulatory mechanisms that contribute to proplatelet formation. Such
information could be obtained through subjecting cells with NMDAR deletion and controls
to RNA sequencing (RNA-Seq) or targeted testing of expression of relevant transcripts by
quantitative

real-time

RT-PCR.

An

immunogold

labelling

of

proplatelet-bearing

megakaryocytes and microtubules of individual proplatelets could shed more light on the
NMDAR localisation and effects of its modulation on the intracellular cytoskeleton of
proplatelets. Such examination could help us understand how NMDARs regulate proplatelet
formation.
A conditional transgenic mouse model of Grin1 deletion in megakaryocytic cells would also
be useful; the constitutional knock-out of Grin1 is lethal due to brain effects.
Megakaryocyte-specific Grin1 knock-out could be achieved by breeding Grin1-loxP with
Pf4-Cre transgenic mice that can be acquired from Jackson Laboratories. Such an approach
would reveal if the NMDAR contribution to the process of platelet formation also applies in
vivo. Further, our data justifies examination of megakaryocytes and platelets from patients
with megakaryocytic cancers to determine changes in glutamate and Ca2+ pathways
associated with the disease. Our lab is now initiating a patient study where glutamatemediated Ca2+ events will be examined in patient blood and marrow cells. Some of this
information could also be dissected from the interrogation of the online databases such as
OMIM, TCGA or BioPortal.
Finally, relative contributions from intracellular Ca2+ stores and extracellular Ca2+ entry
should be quantified both in normal and malignant megakaryocytes to determine the validity
of our hypothesis that Ca2+ pathways are deregulated in malignant megakaryocytes. The
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initial examination could employ methods that this thesis has already established (plate
reader and direct microscopy) and estimate ER Ca2+ release in response to thapsigargin in
calcium-free or BAPTA-containing buffers.

9.5 Closing statements
The ultimate aim driving this thesis was to help improve outcomes for patients with
megakaryocytic cancers. There are currently no specific treatments available for these
patients and outcomes are unsatisfactory. A potential contribution of glutamate and its
receptors to the processes of cell survival and differentiation examined in this thesis may
create new opportunities to regulate cell fate. This thesis bridged the connection between
previously known NMDAR expression in megakaryocytic cells with their functional
consequences, revealed here through the use of pharmacological modulators. Findings
indicate that NMDARs support the proliferation of leukaemic cells through the process that
includes Ca2+ entry from the extracellular environment. NMDAR antagonists inhibit cell
proliferation and support cell differentiation, suggesting a novel way to treat megakaryocytic
cancers. In addition, NMDAR inhibition in normal megakaryocytes blocks differentiation,
suggesting a novel pathway that regulates normal platelet generation. Further work into these
systems is justified and may lead to new solutions to manipulate megakaryocytopoiesis in
vitro and in vivo.
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Appendix 1: Supplementary data
Chapter 3: Supplementary figures

Figure 3-S1: Demonstration of good proteins separation and transfer.
A) The Coomassie Blue staining showing good separation of proteins on a homemade gel. B)
Ponceau staining of a blot confirming a good transfer by Trans-Blot Turbo apparatus. These
checks were routinely applied where required.
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Figure 3-S2: Western blot developed using secondary antibodies only.
Blots were immunostained with A) anti-mouse HRP secondary antibody only and B) antirabbit HRP secondary antibody only (no primary antibody was used). No staining is seen in
the regions of interest. Anti-Actin antibody was utilised to visualise sample loading. The
immunoblots are representative of three independent experiments.
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Figure 3-S3: Expression of GluN1 in Meg-01, Set-2 and K-562 cells as obtained using
BSA blocking without (surface) and with (total) permeabilisation.
GluN1 detection is shown in A) Meg-01, B) Set-2 and C) K-562 as overlay histograms. Cells
were tested using blocking with BSA, without or with cell permeabilisation (surface and
total, respectively). Percentage positivity is shown. Histograms shown are representative of
two independent experiments and were generated using FlowJo software.
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Figure 3-S4: Expression of GluN2A in Meg-01 cells obtained using BSA with goat
serum blocking without (surface) and with (total) cell permeabilisation.
GluN2A detection is shown as overlay histograms. Meg-01 cells were tested using blocking
with BSA and goat serum, without or with cell permeabilisation (surface and total,
respectively). A) Methanol without Triton X-100. B) Methanol with Triton X-100. C) PFA
only D) Triton X-100 only. Histograms shown are representative of three independent
experiments. Histograms were generated using FlowJo software. Percentage positivity is
shown.
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Figure 3-S5: Expression of GluN2A in Set-2 cells obtained using BSA with goat serum
blocking without (surface) or with (total) permeabilisation.
GluN2A detection is shown as overlay histograms. Set-2 cells were tested using blocking
with BSA and goat serum, without or with cell permeabilisation (surface and total,
respectively). A) Methanol without Triton X-100. B) Methanol with Triton X-100. C) PFA
only D) Triton X-100 only. Histograms shown are representative of two independent
experiments. Histograms were generated using FlowJo software. Percentage positivity is
shown.
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Figure 3-S6: Expression of GluN2A in K-562 cells obtained using BSA with goat serum
blocking without (surface) or with (total) permeabilisation.
GluN2A detection is shown as overlay histograms. K-562 cells were tested using blocking
with BSA and goat serum, without or with cell permeabilisation (surface and total,
respectively). A) Methanol without Triton X-100. B) Methanol with Triton X-100. C) PFA
only. D) Triton X-100 only. Histograms shown are representative of two independent
experiments. Histograms were generated using FlowJo software. Percentage positivity is
shown.
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Chapter 4: Supplementary figure

Figure 4-S1: Effect of VPA on GluN1 expression examined by Western blotting.
Whole cell lysates from Meg-01 cells cultured for 7 days with and without VPA were
prepared using NP-40 lysis buffer. 40 μg of cell proteins and 20 μg of the hippocampal
proteins were fractionated on 4–15% Mini- PROTEAN® TGX Stain-Free™ gradient gels,
followed by Trans-Blot Turbo transfer. Proteins were immunolabelled with the anti-GluN1
antibody (Cell Signalling; 1:500) and subsequently visualised with an ECLPlus substrate.
Hippocampus lysate and HCT-116 lysate were used as positive controls and probed with
anti-GluN1 antibody revealed a band at the 120 kDa position. Arrows on the right point to
the expected size of the GluN1 protein, predicted by PageRuler™ Plus prestained protein
ladder. The immunoblots are representative of at least two independent experiments.
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Chapter 5: Supplementary figures

Figure 5-S1: Effects of NMDAR agonists on the growth of megakaryocytic cells.
Meg-01, Set-2 and K-562 cells were grown for 3 days in glutamine-free media with
NMDAR agonists added as indicated. Effects on cell growth were assessed by the MTT
assay. The bar graphs were generated using Sigma plot v.10. Each bar represents a mean ±
SEM of three independent experiments performed in triplicates (n = 3 for each). Relative
percentage changes in number of viable cells are depicted compared to their respective
(100%) diluent controls. Statistical significance is shown (*p<0.05, **p<0.01 and ***p<
0.001), calculated by one-way ANOVA with Dunnett post-hocusing GraphPad Prism v.5.
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Figure 5-S2: Effects of NMDAR agonists on the proliferation of megakaryocytic cells.
Meg-01 cells were grown in glutamine-free media for 3 days with NMDAR agonists added
as indicated. Effects on cell proliferation were assessed using the BrdU incorporation assay.
The bar graphs were generated using Sigma plot v.10. Each bar represents a mean ± SEM of
three independent experiments performed in triplicates (n = 3 for each). Relative percentage
changes in cell proliferation are depicted compared to their respective (100%) diluent
controls. Statistical significance is shown (*p<0.05, **p<0.01 and ***p< 0.001), calculated
by one-way ANOVA with Dunnett post-hocusing GraphPad Prism v.5.
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Video dataMovies were compiled from time-lapse images taken from Nikon Digital Sight cooled colour
camera (connected with Nikon TE2000 microscope) for every 4 s for 200 s using Fiji ImageJ
open-source software (Schindelin et al., 2012).
Movie 6-1: Fluxes of Ca2+ in Meg-01 cells in response to 500 μM glutamate.
Movie 6-2: Fluxes of Ca2+ in Meg-01 cells in response to 100 μM NMDA.
Movie 6-3: Fluxes of Ca2+ in Meg-01 cells in response to 100 μM glycine.
Movie 6-4: Reduced Ca2+ fluxes in response to 500 μM glutamate in the absence of
extracellular Ca2+.
Movie 6-5: Memantine (100 μM) reduces Ca2+ fluxes in Meg-01 cells in response to 500 μM
glutamate.
Movie 6-6: Fluxes of Ca2+ in Meg-01 cells in response to 50 μM ADP.
Movie 6-7: Memantine (100 μM) reduces Ca2+ fluxes in Meg-01 cells in response to 50 μM
ADP.
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Figure 7-S1: Effects of NMDAR antagonists on expression of CD41a and CD61 in Meg01 cells on day 7 of cultures.
Meg-01 cells were cultured for 7 days in the presence of 100 μM of NMDAR antagonists as
shown. Expression of A) CD41a and B) CD61 were tested by flow cytometry. Bars are mean
± SEM of a fold change in MFI readings obtained from 3 independent experiments.
Statistical significance is shown compared with their respective controls (***p< 0.001),
calculated by one-way ANOVA with Dunnett’s post-hoc. Abbreviations: MFI, Mean
Fluorescence Intensity, ns, non-significant. C) Representative examples of histograms
showing expression of CD41a and CD61 in Meg-01 cells. Images were generated using
FlowJo software.
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Figure 7-S2: Effects of NMDAR antagonists on nuclear ploidy of Meg-01 cells on day 7
of cultures.
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Meg-01 cells were cultured for 7 days in the presence of DMSO (negative control) and
NMDAR antagonists (all at 100 µM) as shown. Ploidy level was determined by flow
cytometry; 2N, 4N, 8N, 16N and 32N indicate classes of nuclear ploidy. A) Mean ± SEM of
percentage of ploidy from 3 independent experiments. B) Representative examples of ploidy
patterns for all NMDAR antagonists. Statistical significance is shown compared with the
DMSO control (**p<0.01 and ****p< 0.001), analysed by two-way ANOVA with
Bonferroni correction for multiple comparisons. Abbreviations: ns, non-significant; PI,
propidium iodide.
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Figure 7-S3: Effects of NMDAR antagonists on PMA-driven differentiation.
K-562 and Set-2 cells were cultured for 3 days with 25 μM of NMDAR antagonists in the
presence or absence of 10 nM PMA. Expression of A) CD41a and B) CD61 were then tested
by flow cytometry. Bars are mean ± SEM of MFI readings obtained from two independent
experiments performed in triplicates. Statistical significance is shown (*p< 0.05), calculated
by one-way ANOVA with Dunnett’s post-hoc. Abbreviations: MFI, Mean Fluorescence
Intensity, ns, non-significant.
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Figure 7-S4: Effects of VPA and memantine or MK-801 on the morphology of Meg-01
cells.
Representative morphology of Meg-01 cells cultured in the presence of 500 μM VPA and
100μM of memantine or MK-801. Live cells were imaged under phase contrast microscope
at two different time points (4 days and 7 days as indicated). The following features are
pointed to: multi-lobulated nuclei (black arrows), large cytoplasmic vacuoles (white arrows),
cytoplasmic expansion (blue arrows), proplatelet-like cytoplasmic extensions (black
arrowheads) and budding of platelet-like particles (yellow arrowheads). Observations are
from 3 independent experiments. Images shown have been taken at 40X objective
magnification. Scale bar, 100 μm for all.
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Figure 7-S5: Effects of VPA and AP5 or riluzole on the morphology of Meg-01 cells.
Representative morphology of Meg-01 cells cultured in the presence of 500 μM VPA and
100μM of AP5 or riluzole. Live cells were imaged under phase contrast microscope at two
different time points (4 days and 7 days as indicated). The following features are pointed to:
multi-lobulated nuclei (black arrows), cytoplasmic expansion (blue arrows), proplatelet-like
cytoplasmic extensions (black arrowheads) and budding of platelet-like particles (yellow
arrowheads) and platelet like bulges (red arrow). Observations are from 3 independent
experiments. Images shown have been taken at 40X objective magnification. Scale bar, 100
μm for all.
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Figure 7-S6: Effects of NMDAR antagonists on the release of platelet-like particles on
day 7 of cultures.
The platelet-like particles derived from cultured Meg-01 cells upon treatment with VPA for 7
days, NMDAR antagonists or a combination of VPA and antagonists as indicated. PlateletPage | 295

Appendix 1
like particles were gated based on size and expression of CD41a and CD61 tested by flow
cytometry. Bars in A) and B) are mean ± SEM of the fold change in MFI readings of CD41a
and CD61, respectively, obtained from 3 independent experiments. Statistical significance is
shown compared with the DMSO control (*p <0.05, **p <0.01 and ***p < 0.001), calculated
by one-way ANOVA with Dunnett’s post-hoc. Abbreviations: MFI, Mean Fluorescence
Intensity, ns, non-significant. C) Representative examples of dot plots and histograms
showing gating and expression of CD41a and CD61 on platelet-like particles, respectively.
Images were generated using FlowJo software.
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Chapter 8: Supplementary figures

Figure 8-S1: Morphology of lineage-depleted marrow cells on days 1 and 2 of cultures.
Representative images captured by phase contrast showing morphology of lineage-depleted marrow progenitors on days 1 and 2
cultured in the presence of NMDAR antagonists (memantine, MK-801, and riluzole; all at 100 μM). Observations are from three
independent experiments. Scale bars, 100 μm for all.
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Figure 8-S2: Morphology of lineage-depleted marrow cells on days 3 and 4 of cultures.
Representative images captured by phase contrast showing morphology of lineage-depleted marrow progenitors on days 3 and 4
cultured in the presence of NMDAR antagonists (memantine, MK-801, and riluzole; all at 100 μM). Observations are from three
independent experiments. Scale bars, 100 μm for all
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Figure 8-S3: Megakaryocytic differentiation of lineage-depleted marrow progenitors
confirmed by CD61 immunostaining.
A) DMSO–no primary and DMSO-CD61 B) Representative images of CD61
immunostaining on cytospun cells cultured for 4 days in the presence of NMDAR
antagonists (memantine, MK-801 and riluzole as indicated; all at 100 μM). Observations
are from three independent experiments. Scale bars, 100 μm for all
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Supplementary recordings
Recordings were captured from Nikon FS-Fi2 camera using a mobile device and captioned
using VideoPad V 4.45 (NCH software).
Recording 8-1: Proplatelets formed by explant megakaryocytes under control condition at
the 6 hours time-point.
Recording 8-2: Proplatelets formed by explant megakaryocytes in the presence of riluzole at
the 6 hours time-point.
Recording 8-3: Proplatelets formed by CD41-enriched megakaryocytes under control

condition after 3 days in culture.
Supplementary movie
Movie was compiled from time-lapse images taken from Nikon Digital Sight cooled colour
camera (connected with Nikon TE2000 microscope) using Fiji ImageJ open-source software.
The images were captured after 6 hours and subsequently acquired for every 10 s for an
additional 2 hours. The movie was captioned using Windows Movie Maker (Microsoft).
Supplemental time-lapse Movie
Supplemental time-lapse Movie 8-S1: Proplatelets formed by explant megakaryocytes
under control conditions.
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are protected by copyright.



You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-alone
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the terms of the license, no part of the Wiley Materials may be copied, modified, adapted
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The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or their
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right to reproduce the Wiley Materials pursuant to Section 2 herein during the continuance
of this Agreement. You agree that you own no right, title or interest in or to the Wiley
Materials or any of the intellectual property rights therein. You shall have no rights
hereunder other than the license as provided for above in Section 2. No right, license or
interest to any trademark, trade name, service mark or other branding ("Marks") of WILEY
or its licensors is granted hereunder, and you agree that you shall not assert any such
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NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR REPRESENTATION OF
ANY KIND TO YOU OR ANY THIRD PARTY, EXPRESS, IMPLIED OR STATUTORY, WITH
RESPECT TO THE MATERIALS OR THE ACCURACY OF ANY INFORMATION CONTAINED IN
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MERCHANTABILITY, ACCURACY, SATISFACTORY QUALITY, FITNESS FOR A PARTICULAR
PURPOSE, USABILITY, INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH
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OR ANY OTHER PERSON OR ENTITY FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL,
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Should any provision of this Agreement be held by a court of competent jurisdiction to be
illegal, invalid, or unenforceable, that provision shall be deemed amended to achieve as
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validity and enforceability of the remaining provisions of this Agreement shall not be
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constitute a waiver of either party's right to enforce each and every term and condition of
this Agreement. No breach under this agreement shall be deemed waived or excused by
either party unless such waiver or consent is in writing signed by the party granting such
waiver or consent. The waiver by or consent of a party to a breach of any provision of this
Agreement shall not operate or be construed as a waiver of or consent to any other or
subsequent breach by such other party.



This Agreement may not be assigned (including by operation of law or otherwise) by you
without WILEY's prior written consent.



Any fee required for this permission shall be non-refundable after thirty (30) days from
receipt by the CCC.

These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes all
prior agreements and representations of the parties, oral or written. This Agreement may
not be amended except in writing signed by both parties. This Agreement shall be binding
upon and inure to the benefit of the parties' successors, legal representatives, and
authorized assigns.

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions, these
terms and conditions shall prevail.

WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing transaction,
(ii) these terms and conditions and (iii) CCC's Billing and Payment terms and conditions.

This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any legal
action, suit or proceeding arising out of or relating to these Terms and Conditions or the
breach thereof shall be instituted in a court of competent jurisdiction in New York County in
the State of New York in the United States of America and each party hereby consents and
submits to the personal jurisdiction of such court, waives any objection to venue in such
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WILEY OPEN ACCESS TERMS AND CONDITIONS
Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.
The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and nonCreative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)
Creative Commons Attribution-Non-Commercial-NoDerivs License
The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations
are made. (see below)
Use by commercial "for-profit" organizations
Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.
Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html
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