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ABSTRACT
Changes in local cerebral blood flow in response to neural activity is
termed functional hyperemia. Previous work in our laboratory indicates that
the diameter of brain arteries and arterioles can be increased by N‐methyl‐D‐
aspartate (NMDA) receptor activation. We hypothesized that brain endothelial
NMDA receptors are responsible for this activity. We looked for expression of
NMDA receptors and endothelial cell responses to NMDA receptor agonists in
and antagonists in the immortalized mouse brain endothelial cell line bEnd.3.
Using RT‐PCR and Western blotting we found evidence supporting the
presence of NMDA receptor subunits NR1 and NR2C. Functionally, treatment
of bEnd.3 cells with combinations of 100 μM glutamate and

D‐serine

significantly increased intracellular calcium, but the magnitude of these
increases was smaller than the expected response from our positive control for
nitric oxide (NO) dependent vasodilation, acetylcholine. In agreement, we saw
no direct evidence that NO was produced in response to NMDA receptor
activation using the Griess method. We did observe an NMDA receptor‐
dependent increase in protein nitrosylation. This increase is unlikely related to
enhanced NO levels since it was not correlated with NO production and was
not inhibited by the endothelial NO synthase inhibitor L‐NIO. Overall, our data
indicate that bEnd.3 cells express functional NMDA receptors and that

ii

activation of these receptors leads to oxidative stress but not eNOS‐dependent
NO production.
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INTRODUCTION
1.1

Regulation of Brain Blood Flow

Accounting for only 2% of normal human body weight the brain is
responsible for over 20% of daily metabolic needs. The brain is a
heterogeneous collection of neurons, astrocytes, microglia, pericytes,
microvascular smooth muscle and endothelial cells that all have different
energy requirements that must be met. Maintenance of an adequate supply of
energy substrates and oxygen through blood vessels is essential to brain
function and neuronal survival. Short interruptions in cerebral blood flow can
lead to widespread neuronal death within minutes (Hossmann, 2006).
Cerebral blood flow is regulated by two mechanisms: cerebrovascular
autoregulation and functional hyperemia. Cerebrovascular autoregulation is
responsible for the prevention of harmful increases in cerebral blood flow due
to systemic changes in arterial blood pressure. This will not be discussed in
great detail. Local changes in cerebral blood flow in response to elevated
neuronal activity and corresponding increases in oxygen consumption and
glucose utilization is termed functional hyperemia (Iadecola and Nedergaard,
2007). Functional hyperemia was first described in the late 1800’s by Roy and
Sherrington (Roy and Sherrington, 1890) and forms the basis for today’s
functional magnetic resonance imaging (fMRI) (Raichle et al., 1975). The blood
supply for the brain begins at the circle of Willis located at the base of the brain
1

(Hossmann, 2006). From here arteries travel along the surface of the brain
giving rise to pial arteries (figure 1). Pial arteries are responsible for two‐thirds
of cerebrovascular resistance, which is unique compared to other organs
where vascular resistance is controlled from vessels located within the organ
(Faraci and Heistad, 1990). Pial arteries branch into smaller vessels (arteries
and arterioles) that penetrate deep into the brain parenchyma (Raichle et al.,
1975). Characteristically, these arteries and arterioles are composed of an
endothelial layer surrounded by one or more layers of smooth muscle cells
whose main responsibility is to control the diameter of these blood vessels.
These penetrating arteries and arterioles are separated from the brain
substance by an extension of the subarachnoid space, termed the Virchow‐
Robin space (Jones, 1970). As arterioles reach deeper into the brain the basal
lamina comes into direct contact with astrocytic endfeet, at which point they
become intracerebral arterioles. Arterioles give rise to capillaries, which are
comprised solely of a single layer of endothelium resting on the basal lamina,
and pericytes. Pericytes are a type of cell with contractile capabilities
purported to be involved in functions related to maintenance of the blood
brain barrier (BBB) integrity and angiogenesis (Fisher, 2009). Arterioles and
capillaries are responsible for the remaining third of vascular resistance
observed in the brain (Faraci and Heistad, 1990).

2
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1.2

Regulation of Vascular Tone by Neurotransmitters

As metabolic demands of tissues increase, the supply of oxygen and
energy substrates to the sites of activity must increase accordingly. Increased
supply of oxygen and nutrients by a responsive increase in local blood flow is
termed functional hyperemia. The overall spatial and temporal mechanisms
involved are unclear but we do know of several mechanisms driven by
neuronal activity that influence cerebrovascular tone and blood flow. To meet
the highly dynamic metabolic needs of the brain, both regionally and locally, a
variety of nerve terminals are believed to play a role in functional hyperemia.
The vascular supply of the brain is innervated by both the sympathetic and
parasympathetic nervous system in addition to sensory nerves (Gulbenkian et
al., 2001). Sympathetic nerves from the superior cervical ganglion have a high
density of contacts on the pial arteries that dissipate as vessels penetrate
deeper into the brain parenchyma, though some can still be detected in
arterioles (Gulbenkian et al., 2001). Stimulation of adrenergic nerves results in
vasoconstriction of pial arteries and a reduction of cerebral blood supply
(Raichle et al., 1975). Other signal substances released from sympathetic nerve
endings include ATP and neuropeptide Y (Gulbenkian et al., 2001). Cholinergic
parasympathetic neurons originate from the spenopalatine ganglion and
innervate the pial arteries (Suzuki and Hardebo, 1993). Electrical stimulation of
these nerves in rats was found to induce NO‐dependent relaxation that was
4

blocked by tetrodotoxin (Toda et al., 1995). Tetrodotoxin antagonizes voltage‐
gated fast sodium channels, whose actions are principally responsible for
regulating sodium influx into these NO producing cells following membrane
depolarization (Liu et al., 2000). NO is a fat soluble radical that has the ability to
diffuse across cell membranes with a short half‐life of about 5 seconds (Archer,
1993).
In addition to autonomic innervation, central innervation has also been
observed. Other aminergic neurons believed to be involved in modulating
blood flow include dopamine (Krimer et al., 1998), which constrictions both
microvessels and capillaries in the brain, γ‐aminobutyric acid (GABA) and
serotonin.. GABAnergic neurons release GABA, which in turn dilates blood
vessels through a GABAA‐receptors. Serotonergic neurons have been reported
to have both vasocontrictory and vasodilatory effects, which is attributed to
the large and complex number of serotonin receptors distributed in neurons
and astrocytes (Drake and Iadecola, 2007).
NO is thought to play a pivotal role in functional hyperemia in the brain.
NADPH‐diaphorase staining is a technique that positively identifies NOergic
neurons. Staining of neuron populations in the brain show that most NADPH‐
diaphorase positive cells lie nthe basal lamina covering endothelial cells and
pericytes (Wiencken and Casagrande, 2000). In the cerebellum, stellate cells
express neuronal nitric oxide synthase (nNOS) (Rodrigo et al., 1994) and
5

release NO and cause vasodilation in response to the neurotransmitter
glutamate via N‐methyl‐D‐aspartate receptors (NMDARs). Overall, functional
hyperemia is dependent on nNOS to varying degrees regionally. In mice lacking
nNOS there was a significant reduction in cerebral blood flow after upper lip
stimulation while under anesthesia. Positron electron imaging measuring blood
flow and glucose utilization following administration of an nNOS inhibitor
showed a pronounced reduction in cerebellar blood flow when the forepaws of
anesthetized cats were electrically stimulated. There is some, though less
evidence that endothelial NO in the brain has a role in functional hyperemia.

1.3

Regulation of Vascular Tone by Astrocytes

Prior to the late 1970’s glial cells were generally accepted to be structural
cells that acted as insulation for neurons (Somjen, 1988). Research into
receptors present on the cell surfaces of glia began to change this prevailing
thought. Beginning in 1978 cultured glial cells were shown to express
functional G‐protein coupled receptors (GPCRs) that played a role in a diverse
array of intracellular signaling (McCarthy and de Vellis, 1978; Van Calker et al.,
1978). Some believed that the expression of GPRCs was a culture artifact as
opposed to in vivo expression however this is not supported by the
demonstration that glia, both in vivo and in situ, maintained expression of
GPCRs (Porter and McCarthy, 1997). The first description of a role for
6

astrocytes in functional hyperemia was made by Newman et. al. (1984), who
described a process by which potassium released across synaptic terminals of
active neurons was siphoned through astrocytes and released from astrocytic
endfeet onto nearby blood vessels (Newman et al., 1984), causing release of
EDHF and vasodilation. A seminal observation that astrocytes can directly
influence local arteriole diameter was made by Zonta et al. in 2003. These
authors demonstrated that a neuronally‐induced rise in intracellular astrocyte
calcium levels triggered the release of arachidonic acid metabolites from
endfeet to reduce vascular tone (Zonta et al., 2003). Astrocytes are well‐suited
to translate messages from synapses to local vasculature. They have numerous
processes that encircle neuronal synaptic terminals. Astrocyte processes also
completely ensheath arterioles and capillaries. In addition, perisynaptic
astrocyte processes possess other receptors that respond to neurotransmitter
release, including glutamate receptors. This structure provides a signaling
circuit linking neurotransmission with the blood supply. Moreover, connections
associated with nearby neural cells (Bushong et al., 2002; Halassa et al., 2007)
occupy mutually exclusive 3‐D spaces and are linked by gap junctions to form
intricate spatial networks. This provides for upstream and downstream spatial
coordination of functional hyperemia signals. One way this is thought to
happen is by the phenomenon known as calcium wave propagation during
which glutamate induces the development of transient increases in
7

intracellular calcium, which in turn trigger rises in Ca2+ in nearby astrocytes in a
wave‐like manner (Cornell‐Bell et al., 1990). Astrocyte Ca2+ waves are
propagated by signaling pathways involving gap junctions (Stout et al., 2002),
P2X7 ATP receptors and several types of anion channels (Anderson et al., 2004;
Darby et al., 2003).
Astrocytic processes contacting arteriolar smooth muscle or basal lamina
are capable of releasing vasoactive substances such as the vasoconstrictor
cytochrome P450 metabolite 20‐hydroxy‐(5Z,8Z,11Z,14Z)‐eicosatetraenoic acid
(20‐HETE; Mulligan and MacVicar, 2004) and vasodilatory arachidonic acid
metabolites prostaglandin E2 (PGE2; Hirase, 2005) and epoxyeicosatrienoic acid
(EET; Harder et al., 1998). Whether dilatory or constrictor substances are
released appears to depend on the prevailing energy status of the local tissue,
as dictated by local lactate accumulation (Gordon et al., 2008). In vivo
experiments involving the photolysis of caged Ca2+ in anesthetized adult mice
demonstrated a direct relation between the rise in intracellular calcium
localized in astrocyte endfeet, vasodilation and increased blood flow proximal
to the transients (Takano et al., 2006). Further in vivo experiments involving
1,4,5‐trisphosphate (InsP3) uncaging in astrocytes demonstrated that endfoot
rises in calcium are dependent on release from intracellular calcium stores
from the ER and that vasodilation of vessels near the affected endfoot was
propagated to adjacent arterioles (Straub et al., 2006).
8

Another response mediated by increases in intracellular calcium stores is
the exocytotic release of gliotransmitters. Gliotransmitters are chemical
mediators released from astrocytes. The major gliotransmitters released in this
fashion include glutamate (Bezzi et al., 1998; Parpura et al., 1994), ATP (Coco
et al., 2003; Li et al., 2008) and D‐serine (Mothet et al., 2005; Schell et al.,
1995). D‐Serine is a unique gliotransmitters as it is produced almost exclusively
in astrocytes. The extracellular concentration of D‐serine in a healthy brain is
between 5‐10 μM (Hashimoto et al., 1995).

D‐serine

has been shown to affect

neuronal excitability (Yang et al., 2003) and synaptic plasticity (Yang et al.,
2003) and is critical for neural cell development (Kim et al., 2005). D‐serine
released may bind to the D‐serine/glycine co‐agonist binding site of NMDAR‐
type glutamate receptors (Mothet et al., 2000). Whether

D‐serine

affects

cerebrovascular tone or brain blood flow is currently unknown.

1.4

NMDA Receptors

N‐Methyl‐D‐Aspartate receptors (NMDARs) are ligand‐gated cation
channels and are a part of the larger family of ionotropic glutamate receptors
including α−amino‐3‐hydroxy‐5‐methyl‐4‐isoxazolepropionic acid (AMPA) and
kainate receptors. All characteristically bind the agonist glutamate, which
leads to activation of the channel allowing the passage of small cations
including Na+, K+ and Ca2+. Influx of ions through these channels can generate
9

neuronal action potentials. There are several distinguishing properties of
neuronal NMDARs that make them unique when compared to other ionotropic
receptors: 1) they require an additional co‐agonist, either glycine or D‐serine,
to function and 2) they are normally blocked by Mg2+ ions located within the
channel pore. Membrane depolarization must occur in order to repel Mg2+
from the channel.

Other substances which are known to interact with

NMDARs and modulate their activity include zinc cations, protons, polyamines
such as dizocilpine (MK‐801; Ransom and Stec, 1988) and the psychotropic
drug phencyclidine (PCP; figure 2).

10

NMDARs are heterotetrameric protein complexes assembled from a pool
of three different gene families, NR1, NR2 and NR3 (Dingledine et al., 1999).
The NR1 subunit is essential in all functional NMDARs. It possesses the binding
site for regulatory glycine/D‐serine (Kuryatov et al., 1994) and is necessary in
the formation of tetrameric NMDAR channels (McIlhinney et al., 2003). mRNA
for the NR1 subunit is alternatively spliced to form 8 variants (figure 3).
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An N‐terminal splice site at exon 5 and C‐terminal splice regions at exons
21 and 22 are responsible for the variants observed. N‐terminal and C‐terminal
splice variants exhibit altered functional characteristics. NMDARs lacking exon
5 display an increased affinity for NMDA and marked potentiation by spermine
(Durand et al., 1993). Variants containing the N‐terminal exon 5 express an ER
retention motif RRR, which may be suppressed by the PDZ‐domain expressed
in NR1 subunits containing exon 22 (Standley et al., 2000) thus altering the
surface expression of NR1. Exon 5 containing units also exhibit an increased
IC50 for voltage‐independent Zn2+ inhibition (Traynelis et al., 1998). C‐terminal
splice variants are involved in altered phosphorylation states by protein kinase
C (Tingley et al., 1993) for enhanced translocation from the ER. Variant C‐
terminal expression also changes NMDAR targeting to different subcellular
structures (Zukin and Bennett, 1995).
The four NR2 subunits (NR2A‐D) possess the binding sites for the
neurotransmitter glutamate (Anson et al., 1998; Anson et al., 2000; Laube et
al., 1998). They are expressed differentially in areas throughout the brain
where they combine with NR1 subunits to form functional receptors. Diversity
in the NR2 subunit composition of NMDARs affects channel properties such as
channel conductance (Momiyama et al., 1996), sensitivity to extracellular Mg2+
blockage (Qian et al., 2005; Shiokawa et al., 2010), glutamate affinity (Monyer
et al., 1994; Vicini et al., 1998; Wyllie et al., 1998) and modification of synaptic
12

plasticity (Liu et al., 2004).

The NR2 subunits are strong candidates for

pharmacological treatment due to their differences in tissue distribution and
function (Cull‐Candy et al., 2001). Successes in the field of pharmacology for
successful drug development that target individual subunits such as traxoprodil
(CP101,606), a specific NR2B receptor antagonist that has shown promise in
phase 2 clinical trials for the treatment of major depression (Preskorn et al.,
2008). Other drugs that are known to target NR2 subunits to varying degrees
can be seen in Table 1 (Brimecombe et al., 1998; Donevan and McCabe, 2000;
Hrabetova et al., 2000; Ilyin et al., 1996; Kew et al., 1998; Kleckner et al., 1999;
Traynelis et al., 1995; Williams, 1993).
The four different NR2 subunits show a distinct distribution in the central
nervous system that changes expression profile through the course of
development (Monyer et al., 1994; Standaert et al., 1996; Watanabe et al.,
1994). In neurons NR2B, and to a lesser extent NR2D, predominate in early
stages of development. These are gradually replaced by NR2A and the NR2C
subunits. At adulthood the NR2A subunit is found expressed ubiquitously
throughout the brain while the NR2B and NR2C subunits are at high levels in
the forebrain and cerebellum respectively (Kohr, 2006). The multiple functional
roles of NR2‐containing NMDARs can be further evidenced by contrasting the
roles of two of the more common NR2 subunits: NR2A and NR2B. Long‐term
potentiation (LTP) and long‐term depression (LTD) mediated by NMDARs is
13

believed to be critically important in learning and memory (Kemp and Bashir,
2001). Recent investigations into the differential role of NR2A and NR2B in LTP
and LTD have shown that NR2A containing receptors are required for LTP while
LTD is moreover controlled by NR2B (Liu et al., 2004; Massey et al., 2004).
NR2B containing channels are also believed to play a part in alcohol
dependence (Nagy, 2004) and plays a role in chronic inflammatory pain
sensation (Hu et al., 2009).

14
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Less is known about the more recently discovered class of NR3 subunits
(NR3A‐B) and their role in functional NMDARs. Like the NR1 subunit, NR3
contains a binding site for regulatory glycine/D‐serine (Yao and Mayer, 2006).
They also share similarities with NR2C and NR2D containing receptors insofar
as assemblies consisting of an NR3 group tend to exhibit low single‐channel
conductance (Das et al., 1998). NMDARs containing NR3 subunits have been
found impermeable to calcium ions and are also resistant to magnesium‐
dependent blockade (Chatterton et al., 2002).
Assembly of functional NMDARs is thought to occur in a two‐step
process. The first step involves dimerization between an NR1 subunit and
either an NR2 or NR3. In a second step two heterodimers of either NR1/NR2 or
NR1/NR3 further dimerize to form the final active tetrameric channel (Schuler
et al., 2008). Thus, all functioning NMDARs consist of two NR1 subunits and
two additional units, either trihetero‐oligomers consisting of 2NR1:NR2:NR3
(Madry et al., 2007) or homoheterodimers of NR2 (Dingledine et al., 1999) or
NR3 (Awobuluyi et al., 2007; Cavara et al., 2009; Madry et al., 2007; Smothers
and Woodward, 2007; figure 4). Prior to receptor expression at cellular surface
sites a disulfide bridge involving cysteine 79 must be formed between two
neighboring NR1 subunits (Papadakis et al., 2004). Each subunit is a
transmembrane protein with 3 transmembranous loops (M1, M3 and M4) and
one reentrant loop (M2) formed in the intracellular membrane. The M2 loop is
16

responsible for formation of the channel pore (Bennett and Dingledine, 1995;
Wo and Oswald, 1995; Wood et al., 1995). The N‐terminal domain of each
protein exists on the extracellular side of cells with the C‐terminus exposed to
the cytosol (figure 5).
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1.5

Non-Neuronal Distribution of NMDA Receptors

There is substantial evidence that NMDA receptors are expressed in non‐
neuronal tissues including heart (Gao et al., 2007; Morhenn et al., 1994; Seeber
et al., 2000), kidney (Leung et al., 2004), pancreas (Inagaki et al., 1995),
stomach (Covasa et al., 2000) skeletal tissue (Hinoi et al., 2003; McNearney et
al., 2010), astrocytes (Krebs et al., 2003; Lalo et al., 2006) and oligodendrocytes
(Karadottir et al., 2005).
These extraneural NMDARs play widely different roles compared to their
neuronal counterparts. Work in rats showed that stomach NMDARs inhibit
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histamine‐induced reduction in mucosal blood flow (Tsai et al., 2004). In
cardiac tissue, NMDARs may have a role in maintaining heart excitation and
rhythm (Gill et al., 2007), though more recent work has also shown that over
activation of these receptors may also have deleterious effects. Activation of
these same NMDARs may lead to an increase in oxidative stress of
cardiomyocytes and calcium load of cardiac mitochondria, which can ultimately
lead to cell death (Tyagi et al., 2009). Alternate roles for NMDARs can also be
seen in the kidneys where renal NMDARs control blood flow (Deng et al.,
2002)and glomerular filtration rate (Deng and Thomson, 2009).
The expression of endothelial NMDARs has also been reported by many
investigators (Betzen et al., 2009; Krizbai et al., 1998; Scott et al., 2007; Sharp
et al., 2003; Sharp et al., 2005). Conspicuously, however, several groups were
unable to confirm these results (Domoki et al., 2008; Morley et al., 1998;
Preston et al., 1998). Therefore, the existence and function of endothelial
NMDARS is an area of debate. Our laboratory has immunological evidence for
endothelial NR1 and NR2C in culture and in situ. This fuels our interest in
further understanding the link between endothelial NMDARs and brain
vasodilation.
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1.6

Nitric Oxide and Nitric Oxide Synthase

One of the most important molecules involved in vascular tone and blood
flow regulation is NO. NO is a small gaseous organic molecule that easily
diffuses across membranes to its site of action. NO is produced in many
different cell types from a family of isoenzymes known as nitric oxide synthases
(NOS). There are three known NOS enzymes: endothelial NOS (eNOS or NOS
III), neuronal NOS (nNOS or NOS I) and inducible NOS (iNOS or NOS II). eNOS
and nNOS constitutively produce low levels of NO in their resting state while
iNOS must be activated to produce high levels of NO.
NOS is a complex enzyme that requires five additional co‐factors to be
functional. These co‐factors are NADPH, heme, tetrahydrobiopterin, flavin
adenine dinucleotide and flavin mononucleotide. The calcium binding protein
calmodulin regulates NOS activity. Increases in intracellular calcium ions bind
to calmodulin, which then undergoes a conformational change allowing
binding to inactive NOS.
Active NOS catalyzes the formation of NO and L‐citrulline from molecular
oxygen and L‐arginine. Many NOS inhibitors are either L‐arginine analogues or
urea/guanidine derivatives, which have differing affinities for the various NOS
enzymes. NOS inhibitors that display no specificity for NOS subtypes include
NG‐nitro‐L‐arginine (L‐NNA), NG‐monomethyl‐L‐arginine (L‐NMMA) and NG,NG‐
dimethyl‐L‐arginine (ADMA; Knowles and Moncada, 1994). Other Inhibitors
20

display

specificity

for

particular

NOS

isozymes

such

as

N‐(3‐

(Aminomethyl)benzyl)acetamidine, more commonly known as 1400W. 1400W
exhibits binding affinity to iNOS 5000‐fold larger than that of eNOS and 250‐
fold greater than nNOS (Garvey et al., 1997). Relatively specific inhibitors for
eNOS and nNOS include L‐N(5)‐(1‐iminoethyl)ornithine (L‐NIO) and 7‐
nitroindazole (7‐NI) respectively.
NO is a potent vasodilator that relaxes vascular smooth muscle both in
vitro and in vivo. Released NO activates soluable guanylate cyclase creating
3’,5’‐cyclic guanosine monophosphate (cGMP). This increase in intracellular
cGMP activates protein kinase G which ultimately leads to inactivation of
myosin light‐chain kinase. The net result is dephosphorylation of the myosin
light‐chain and relaxation of smooth muscle cells (Surks, 2007). NO generated
by macrophages and neutrophils is also released into invading microorganism
as part of the immune response (Li et al., 2006; Nguyen et al., 1992; Wink et
al., 1991).
NO is a small radical compound that is highly reactive as a result of an
unpaired electron in its outermost orbital. Though NO has a relatively short
half‐life with a t1/2 of approximately 5 seconds(Archer, 1993; Nathan, 1992) it
may react with numerous other biomolecules to form nitrate (NO3‐) and nitrite
(NO2‐). Some of the reactions that are known to occur in vivo include:
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NO + O2‐

ONO2‐ + H+

NO3‐ + H+

2NO + O2

N2 O 4 + H 2 O

NO2‐ + NO3‐ + 2H+

NO + NO2

N2 O 3 + H 2 O

2NO2‐ + 2H+

Most notable, NO may react with superoxide anion. This reaction results
in the formation of peroxynitrite, a powerful oxidant that may have cytotoxic
effects, which are not limited to DNA damage (Burney et al., 1999; Krizbai et
al., 1998; Salgo et al., 1995) and damaging protein nitrosylation (Green et al.,
1982; Viner et al., 1999).
Protein nitrosylation involvement in cell signaling has received attention
in recent years. It has been shown that exogenous NO is able to nitrosylate
cysteine residues to form nitrosothiols or tyrosine residues to produce N‐
nitrotyrosine (Mayer et al., 1998; Stamler et al., 1992; Stamler et al., 1997).
Modification of cysteineyl groups in this way has been implicated in the
regulation of many biological pathways through direct interactions such as S‐
nitrosylated mediated deactivation of NOS (Patel et al., 1996; Ravi et al., 2004),
and dimethylarginine dimethylaminohydrolases (Leiper et al., 2002), enzymes
involved in the conversion of arginine to NO. Another noteworthy effect of S‐
nitrosylation is inhibition of NMDAR function. In vitro experiments have shown
that S‐nitrosylation of heteromers consisting of NR1 and NR2A display a
marked reduction in calcium influx upon nitrosylation of a single cysteine
residue at position 339 (Choi et al., 2000; Lipton et al., 1993). Further
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experiments have confirmed that NR2A is an endogenous substrate for NO‐
mediated nitrosylation (Lipton et al., 2002) and may be involved in the
allosteric regulation of ligand binding (Hess et al., 2005).

1.7

Implications of Neurovascular Dysfunction in Dementia

Dementia is a neurological disease characterized by cognitive
impairment. Vascular dementia and Alzheimer’s disease (AD) are the two most
common forms of cognitive impairment in the elderly (Fotuhi et al., 2009) and
while these two diseases have been considered separate for many years,
emerging evidence suggests that the pathogenesis of both diseases is routed in
cerebrovascular dysfunction (Iadecola, 2010)
In addition to being a disease typified by neurodegeneration, AD has a
strong vascular component.

As AD progresses, profound changes in

cerebrovascular structure and function have been observed. In regards to
structure, microvessel numbers are reduced, endothelial cells adopt a more
flattened conformation and smooth muscles cells of the cerebrovasculature
become degenerated (Kalaria, 1997). Functional changes such as reduced
cerebral blood flow at rest and impairment in functional hyperemia also
become apparent. These changes are hypothesized to occur in response to the
accumulation of Aβ. Mouse models of AD where amyloid precursor protein is
overexpressed to promote the formation of Aβ have demonstrated a marked
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inability to regulate cerebral blood flow (Iadecola, 2004). CBF dysfunction can
be reproduced in healthy normal mice by topical superfusion of Aβ1‐40 to the
neocortex (Niwa et al., 2000; Park et al., 2004). Plaque formation alone is
unable to explain the cognitive impairment and decline of patients as some
patients have the aforementioned clinical signs of AD but no Aβ plaques
(Gomez‐Rodriguez et al., 2008). Aβ can occur either as a soluble peptide that
acts as a powerful vasconstrictor or an insoluble aggregate that forms
polymers, which is responsible for plaque and tangle formation. Disruption of
blood flow reduces clearance of Aβ from the brain leading to its accumulation
in cerebral blood vessels. This process of growing Aβ aggregates is known as
cerebral amyloid angiopathy and has been found to be associated with
cognitive decline. Other studies have shown that as the disease progresses
resting blood flow decreases and functional hyperemia is attenuated (Agbaje et
al., 2008; Mentis et al., 1996; Warkentin and Passant, 1997).
Free radical generation plays a key role in cerebrovascular dysfunction.
Loss of blood flow regulation leads to local regions of hypoxia and ischemia in
the brain, which damages neural white matter contributing to the cognitive
decline observed in dementia patients (Iadecola, 2010). Oxidative stress and
free radical generation can also trigger inflammatory responses in the
cerebrovasculature. Inflammation further exacerbates the generation of
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radical oxygen species by increasing expression of radical generating enzymes
while reducing cellular antioxidant defense mechanisms (Gill et al., 2010).

1.8

RATIONALE

While it is well established that neural activity is strongly coupled to the
supply of nutrients and oxygen to active areas of the brain by activating
astrocytes, the molecular basis for how this occurs is less well understood.
There are several types of cells involved in this process that together make up
the neurovascular unit (figure 6). These cells include neurons, astroglia,
pericytes, smooth muscle cells and endothelial cells.
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During neural activity the neurotransmitter glutamate is released across
the synaptic cleft, which has two effects on neighboring cells related to
functional hyperemia. Firstly, glutamate released can activate neuronal NMDA
receptors triggering activation of nNOS and subsequent neuronal release of
NO. As mentioned, this is a mechanism of functional hyperemia with significant
support. Astrocytic processes located at the synapse also respond to
glutamatergic transmission with an increase in intracellular Ca2+, including in
astrocytic endfeet surrounding nearby blood vessels. The focal increase in
calcium at endfeet promotes the secretion of vasoactive substances to nearby
vessels thereby causing vasodilation or relaxation of the vessels. Proposed
substances responsible for the observed dilatory effects of action include ADP,
potassium and products of arachidonic acid metabolism (Vanhoutte and
Mombouli, 1996).
We have evidence of another astrocyte‐mediated mechanism that
implicates endothelial NMDA receptors and eNOS. When preconstricted
middle cerebral arteries removed from male mice are treated with the NMDA
receptor agonists glutamate and D‐serine the vessels relax. Coexposure of
these vessels with NMDA receptor antagonists specific for the glutamate and
D‐serine

binding sites attenuated this dilatory response while the

AMPA/kainate receptor antagonist had no effect.

The dilatory response to

NMDA receptor agonists suggests that the observed vessel relaxation is NMDA
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mediated and occurs at the level of the vessel. Blockade of these responses by
eNOS inhibitors and removal of the endothelial cell layer of vessels suggest
that endothelial NMDA receptors are responsible. Since astrocytes are capable
of secreting D‐serine in response to calcium transients our lab postulates that
astrocytes release

D‐serine,

which can act at endothelial NMDA receptors

causing vasodilation. Recent work in brain slices from our lab by Jillian
LeMaistre support this by showing that vasodilation in response to increase in
calcium in astrocytes is dependent on D‐serine release.

1.9

HYPOTHESIS AND OBJECTIVES

The specific hypothesis for this project examines part of this postulate,
which is that activation of endothelial NMDA receptors leads to an increase in
intracellular calcium levels activating endothelial nitric oxide synthase to
produce the vasodilator nitric oxide.
We tested our hypothesis using an immortalized mouse brain endothelial
cell line, bEnd.3. The success of other groups examining putative NMDA
receptors in the same cell line and favorable reports of retention of endothelial
blood brain barrier characteristics were behind the decision to use this model
(Betzen et al., 2009; Scott et al., 2007). The objectives of my experiments were;
1) determine whether bEnd.3 cells expressed functional NMDARs; 2) elucidate
the NMDAR subunits expressed in bEnd.3 cells and; 3) show that exposure of
27

bEnd.3 cells to solutions of the NMDAR agonists and coagonists glutamate and
D‐serine precipitated an increase in NO production.
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MATERIALS AND METHODS
2.1

Culture of bEnd.3 Cells

The immortalized mouse brain endothelial cell line bEnd.3 was
maintained and used in experiments for up to 20 passages. bEnd.3 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 2
mM L‐glutamine, 10% fetal bovine serum (FBS) and 0.02% streptomycin. Cells
were grown to 85‐95% confluence at 37oC and 5% CO2, at which point they
were passaged. Passaged cells were washed twice with Phosphate Buffered
Saline (PBS) solution (10 mM PO42‐, 2.7 mM KCl, 137 mM NaCl, pH 7.4) prior to
treatment with 0.25% trypsin‐EDTA (2‐[2‐(Bis(carboxymethyl)amino)ethyl‐
(carboxymethyl)amino]acetic acid) for 8 minutes at 37oC. Trypsin activity was
subsequently deactivated by addition of 8000 μL DMEM.
Cells were seeded in 75 cm2 flasks at a density of 1.3x104 cells/cm2. 10cm
dishes, 6‐well dishes and 96‐well plates were plated at densities of 6.4x102
cells/cm2.

2.2

Preparation of Protein Extracts

bEnd.3 cells were grown to confluence in 6‐well plates and placed on ice.
Lysis of cells was accomplished by addition of 200 μL Laemlli Buffer (50 mM
Tris(tris(hydroxymethyl)aminomethane), 2% sodium dodecyl sulfate (SDS), pH
6.8) and protease inhibitor cocktail (Roche, Mini Complete tablets, 1
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tablet/mL).

Cells were lysed directly in wells and the resulting lysate

transferred to 1.5 mL Eppendorf tubes. Lysate was triturated with a 20.5 GA
needle to shear genomic DNA, reducing viscosity. Protein concentrations were
measured using the Bradford Assay (Bradford, 1976).

Protein samples were

either used the same day or aliquoted into 1 mL Eppendorf tubes and stored at
‐20⁰C.
A similar protocol was used for protein extractions from mouse brain
tissue. Approximately 5 volumes of Laemlli buffer was added to brain tissue
extracted from 15 week old CD46 mice and ground with an electric pestle.
Samples were then spun for 15 minutes at 12000 x g, pelleting cellular debris.
Lysate was decanted from the pellet and spun for an additional 10 minutes to
minimize contamination from insoluble cellular debris.

Measurement of

protein concentration and storage was identical to methods used for cultured
cells.

2.3

Western Blotting

Proteins from whole cell lysates were separated on 7.5%, 1.5 mm SDS‐
PAGE gels using a constant voltage of 80 V through the stacking gel and 120 V
through the running gel. Transfer of proteins to a microporous polyvinylidene
difluoride (PVDF) membrane was done by electro blotting. Proteins were
transferred from the gel to the PVDF membrane in transfer buffer (25 mM
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Tris, 192 mM glycine, 10% methanol, pH 8.0) at 220 mA for 1 hour at 4⁰C.

Membranes were next blocked in Tris‐buffered saline solution (20 mM Tris‐HCl,
pH7.5 150 mM NaCl) with 0.1% Tween‐20 (TBST) and 5% non‐fat skim milk for
8 hours at 4oC before incubation in a primary antibody solution containing 5%
non‐fat skim milk and 1% bovine serum albumin (BSA) in TBST. Primary
antibody applications (see Table 2 for a complete list of antibodies) were
incubated overnight at 4oC on a rocker.

Membranes were subsequently

washed 5 times for periods of 5 minutes in TBST to remove excess primary
antibody before incubation with the appropriate secondary HRP‐linked (horse
radish peroxidase) antibody (table 2). Membranes were incubated with
secondary antibody for 1 h at room temperature.
Table 2. Antibodies used in Western Blot Probing

Antibody
NR1

NR2A
NR2B
NR2C

NR2D
NR3A
NR3B
Goat IgG
Rabbit IgG

Company
Chemicon
EMD
Sigma
Sigma
Chemicon
Chemicon
Santa Cruz Biotechnology, Inc
Santa Cruz Biotechnology, Inc
Santa Cruz Biotechnology, Inc
Santa Cruz Biotechnology, Inc
Upstate
Upstate
Santa Cruz Biotechnology, Inc
Cell Signalling

Catalogue
Number
MAB363
454578
G8913
M‐207
AB1555P
AB1557P
sc‐1470
sc‐31547
sc‐50437
sc‐10727
07‐356
07‐351
sc‐2020
7074

Isotype
mouse IgG
mouse IgG
rabbit IgG
rat IgG
rabbit IgG
rabbit IgG
goat IgG
goat IgG
rabbit IgG
rabbit IgG
rabbit IgG
rabbit IgG
donkey IgG
mouse IgG

Epitope (Species)
660‐811 (na)
(na)
918‐938 (r)
(na)
1253‐1391 (r)
C‐terminus (m)
C‐terminus (na)
N‐terminus (h)
21‐100 (h)
268‐386 (h)
1098‐1113 (r)
916‐930 (m)
(na)
(na)

h, human; m, mouse; r, rat; na, information not available.
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After incubation membranes were washed an additional 5 times for 5
minutes in TBST. Following washing, membranes were covered with a
chemiluminescent reagent (ECL Plus, Amersham) for 15 minutes in low light
conditions after which ECL reagent was removed by pipette. Images were
captured using a Fluor‐S Max MultiImager (Bio‐Rad) with 55 mm, f1.4 lens
(Canon). Resulting pictures were processed using Quantity One (Bio‐Rad).

2.4

Calcium Imaging

bEnd.3 cells were grown to confluence in 6‐well plates on 25 mm glass
cover slips (Electron Microscopy Sciences). Media was aspirated from wells
and cells incubated in Locke’s Buffer (154 mM NaCl, 3.6 mM NaHCO3, 5.6 mM
KCl, 1.0 mM MgCl2, 5 mM glucose, 5 mM HEPES [N‐2‐Hydroxyethylpiperazine‐
N'‐2‐Ethanesulfonic Acid], 2.3 mM CaCl2, pH 7.2) containing an additional 0.1%
BSA and 5 μM FURA 2‐AM (Fura‐2‐acetoxymethyl ester) for 45 minutes at 37oC
and 5% CO2. After incubation cells were washed twice for 10 minutes with
Locke’s buffer to remove traces of excess extracellular FURA‐2. Cover slips
were next placed in a cover slip holder in 500 μL Locke’s buffer and viewed
using an inverted research microscope (Olympus, lX71). Fluorescence intensity
was measured at 500 nm using excitation wavelengths of 340 nm and 380 nm.
Data was captured and analyzed using software by PTi (PTi, V.1.04). Cells were
treated once baseline A340/380 ratios were consistent (deviated by not more
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than ± 0.05). Cells were treated with 10 mM, 1 mM, 500 μM, 100 μM and 50
μM glu ± equal concentrations of D‐ser. 10 mM ionomycin, 2 mM thapsigargan,
90 mM KCl and 100 μM ACh were used as positive controls.

2.5

Polymerase Chain Reaction

Total RNA was purified using the RNeasy® Mini kit (Qiagen). For each
extraction 10 μL β‐mercaptoethanol (β‐ME) was added to 1 mL fresh lysis
buffer (RLT buffer, Qiagen).

RNA from bEnd.3 cells and whole tissue

homogenates were collected using a different method. Total RNA from bEnd.3
cells was harvested through direct lysis of the cells in 10 cm dishes by addition
of 500 μL RLT buffer and scraped. Lysate was transferred to a 1 mL Eppendorf
tube using a sterile 1 mL syringe and 20.5 GA needle, which was then triturated
to break up cellular debris. Total RNA from tissue extracts, was performed by
adding ~ 30 mg of tissue to an Eppendorf along with 600 μL RLT buffer. Tissue
was next homogenized by grinding with a motorized pestle for 30‐40s.
Following homogenization lysate was triturated using a 1 mL syringe and 20.5
GA needle. Lysate was centrifuged for 3 minutes at 14000 rpm to pellet any
insoluble debris with subsequent decanting of the lysate to a new clean
Eppendorf tube. Total RNA was isolated from cleared lysates in both types of
purification methods as detailed by the manufacturer’s instructions. Final
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concentration of RNA was determined by reading absorbance at 260 nm and
280 nm and using the 260:280 ratios as an index for purity.
Total RNA was converted to cDNA using iScript™ cDNA Synthesis kit (Bio‐
Rad) following the instructions provided by the manufacturer. In each instance
500 ng RNA template was used per 20 μL reaction. The resultant cDNA was
used

in

subsequent

polymerase

chain

reaction

(PCR)

amplification

experiments.
Amplification was carried out following the protocol provided by
Invitrogen. The final concentration of components for PCR reactions were 1X
PCR Buffer (Invitrogen), 0.2 mM dNTP mixture (Invitrogen), 1.5 mM MgCl2, 0.2
µM left primer, 0.2 µM right primer, 1.0 units Platinum® Taq DNA polymerase
(Invitrogen) and DNA template. Reactions were made to a final volume of 50
μL with sterile ddH2O (Invitrogen). Reaction mixtures were incubated in an
iCycler (Bio‐Rad) thermal cycler using the cycles shown in Table 3.
Table 3. Cycle number, temperatures and times used in PCR amplification of cDNA.

Step
1

Cycles
1

2
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3
4

1
1

Temperature
(°C)
94
94
62.5
72
72
4

Time
(min:sec)
2:00
0:30
0:30
0:20
7:00

∞
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PCR product was run on a 2% agarose gel stained with ethidium bromide
(0.5 µg/mL). 7 µL from each sample was loaded into a lane and a constant
voltage of 120 V was applied for 25‐35 minutes. Images of visualized bands
were acquired using a Gel Doc XR imager and processed using Quantity One
(Bio‐Rad).
Primer sequences for PCR experiments were designed using software
from Primer 1 (Table 4).

mRNA primers for the various NMDARs were

synthesized by InvitrogenLife Technologies. PCR product amplified from bEnd.3
cells was sequenced by University Core DNA Services at the University of
Calgary.
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2.6

Nitric Oxide Assay

bEnd.3 cells were grown to confluence in 6‐well plates. Once confluent,
cells were treated for a period of 24 or 48hours in 2 mL solutions of DMEM
supplemented with either 100 µM‐10 mM glutamate, or a combination of 1
µM‐1 mM D‐serine and glutamate. A 1 mM solution of Ach was used for a
positive control. NO production was measured indirectly by colorimetric
analysis of nitrite concentration based on the Griess reaction (Green et al.,
1982). At each time point plates were gently swirled by hand and 100 µL media
from each sample was dispensed into one well of a 96‐well plate. To each
sample was added 50 µL 1% sulfanilamide in 5% phosphoric acid followed
immediately by the addition of 50 µL N‐(1‐Naphthyl)ethylenediamine
dihydrochloride. Color was allowed to develop for each plate at room
temperature in the absence of light for 15 minutes. After 15 minutes the
optical density of each well was measured at 540 nm (FLUOstar Omega; BMG
Labtech) Concentration of nitrite was quantitated by comparing against a
standard curve of calcium nitrite (Cayman Chemical, Sigma‐Aldrich) with
concentrations from 0‐15 μM in 5 μM increments. Nitrite standard solutions
were treated identically to those used in the bEnd.3 media preparations.
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2.7 Slot Blotting

bEnd.3 cell lysates were extracted and purified as detailed above. Cell
extracts were used the same day. To set up apparatus two sheets of blotter
paper (GB002, Whatman) and a nitrocellulose membrane were pre‐wet in PBS
for 15 minutes. Membranes and paper were placed on vacuum manifold and
vacuum was applied constantly. Wells were washed with 100 µL PBS prior to
sample loading. 10 μg protein solutions were made in 250‐300 µL PBS and
boiled at 100⁰C for 10 minutes prior to loading onto slot blot membrane. After
loading each well was washed twice with an additional 100 µL PBS. Following
washing vacuum pressure was removed and the membrane was placed in a
blocking solution comprised of Tris‐buffered saline solution, 0.1% Tween‐20
(TBST) with 5% non‐fat skim milk. Next, membranes were incubated in blocking
solution with a 1:600 dilution of rabbit anti‐mouse anti‐nitrotyrosine antibody
(Millipore, 06‐284) overnight on a rocker at 4⁰C.

Membranes were

subsequently washed the next day 5 times for periods of 5 minutes in TBST to
remove excess primary antibody before incubation with a secondary HRP‐
linked antibody. Membranes were incubated with secondary antibody for 1 h
at room temperature. Membranes were washed an additional 5 times for 5
minutes in TBST. Following washing, membrane was covered with
chemiluminescent reagent (ECL Plus, Amersham) for 15 minutes in low light
conditions before clearing excess liquid with a pipette and imaged. Images
38

were captured using a Fluor‐S Max MultiImager (Bio‐Rad) with 55 mm, f1.4
lens (Canon). Resulting pictures were processed using Quantity One (Bio‐Rad).
Densitometric analysis was carried out using ImageJ software.

2.8 Statistical Analysis

All statistical analysis was done using Graphpad Prism® version 4.02
software program (Graphpad software, San Diego, CA). Both the Student's t‐
test and 1‐way ANOVA analyses were used to evaluate statistical comparisons.
Differences were considered to be significant if p < 0.05. Data are presented as
mean ± S.E.M. Student Newman‐Keuls post‐tests were performed on all 1‐way
ANOVA analyses except for dose response analysis, for which a Dunnett’s test
was performed, comparing all columns to the control.
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RESULTS
3.1

bEnd.3 Cells Transcribe mRNA for NMDAR Subunits

RT‐PCR amplification was employed for detecting the mRNA of the seven
known NMDAR subunits in the bEnd.3 cell line. We showed that bEnd.3 cells
transcribe mRNA for the NR1, NR2B, NR2C, NR2D and NR3B subunits. No PCR
product was detected for the NR2A and NR3A subunits (figure 7A). RT‐PCR was
performed on RNA samples extracted from whole mouse brain as a positive
control for each unit subtype. mRNA for all NMDAR subunits was found in
mouse brain (figure 7B).

40

3.2

bEnd.3 Cells Express NMDAR NR1 and Other Subunits

Using Western blotting, an immunoreactive product consistent with the
expected 115 kDa band for NR1 was observed in bEnd.3 cell, cortical and
cerebellar homogenates (figure 8A). Similarly, the expected 130 kDa band was
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observed for NR2C (figure 8B). No immunoreactive bands were observed at or
near the expected size in bEnd.3 homogenates for NR2B or NR2D despite
evidence for the expected bands in brain control lanes (figure 8C and D). For
NR2A, NR3A and NR3B immunoreactive products were observed in the general
size range of the expected band size. In each case these bands differed from
the expected band size by more than 10 kDa, making interpretation difficult
(figure 8E, F and G).
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3.3

Treatment of bEnd.3 Cells with Glutamate and

D-Serine

Causes no Significant Increase in Nitrite Production

In primary endothelial cells, exposure to ACh results in the release of NO.
We expect activation of endothelial NMDARs to release NO in response to
glutamate and D‐serine exposure and that the magnitude of this release should
resemble that of stimulated ACh receptors. To test whether activation of the
endothelial NMDARs would produce a similar increase in NO production we
used the Griess method. The Griess method was used to test for production of
NO by measuring changes in nitrite production following glutamate and D‐
serine exposure. Treating bEnd.3 cells with glutamate with and without D‐
serine produced no significant changes in total nitrite at 24 hours of continuous
exposure (figure 9). The same trend was observed after 48 hours of agonist
exposure, with the notable exception of 1 mM glutamate (p < 0.001). Nitrite
production using 100 μM ACh yielded a significant increase in observed nitrite
production after 48 hours (p < 0.001), serving as a positive control and
indicating that glutamate and D‐serine do not produce NO levels comparable to
ACh.
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3.4

Treatment

with

Glutamate

and

D-Serine

Causes

an

Increase in S-Nitrosylated Protein Dependent on NMDAR
Activity

To gain further insight into NMDA receptor mediated production of NO,
we measured nitrosylated tyrosine residues by slot blot of total cell lysates as a
downstream indicator of NO‐mediated nitrosylative stress. Incubation of
bEnd.3 cells for 24 hours with glutamate alone caused no significant change in
S‐nitrosylated protein using concentrations of glutamate between 100 μM and
10 μM (figure 10). In contrast to the nitrite results, when cells were treated
with glutamate and D‐serine, a significant increase in S‐nitrosylated protein was
seen following dosing and 24 hour incubation with 100 μM glutamate and D‐
serine (p < 0.001). No significant increase was found at 10 μM glutamate and D‐
serine. A 100 μM treatment with ACh as a positive control (teal) also produced
a statistically significant increase in nitrosylation, as expected.
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We next tested whether the increase in nitrosylated protein was
dependent on NMDAR activation. Protein nitrosylation was significantly higher
in groups treated with 100 μM glutamate and D‐serine alone (p < 0.001; figure
11). bEnd.3 cells were then treated with 100 μM glutamate and D‐serine with
and without either 20 μM NMDAR glycine site antagonist DCKA or 50 μM
NMDAR glutamate antagonist AP5. Vehicle controls were used in all
experiments involving DCKA (0.1% DMSO in DMEM). After treatment with
DCKA we observed significant attenuation in protein nitrosylation relative to
proteins extracted from the control group. The glutamate site antagonist AP5
also significantly reduced this effect (figure 11). To ensure that the observed
increase in nitrosylated protein was not due to activation of endothelial
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AMPA/kainate receptors we used the AMPA/kainate receptor antagonist,
CNQX. 24 hours post continuous exposure to glutamate/D‐serine, CNQX had no
effect on protein nitrosylation. Vehicle controls were used in all experiments
involving CNQX (0.1% DMSO in DMEM).
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3.5

S-Nitrosylation is Not eNOS-Related

Examining whether the increase in nitrosylated proteins was due to
activation of eNOS, bEnd.3 cells were coexposed to 100 μM NMDAR agonists
glutamate and

D‐serine,

and 50 μM of the selective eNOS inhibitor L‐NIO.

Protein nitrosylation was not significantly different from the glutamate/D‐
serine treatments alone indicating that eNOS is not necessary for enhanced
nitrosylation (p < 0.001; figure 12).
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3.6

Glutamate

and

D-Serine

Elicit

Small

Increases

in

Intracellular Calcium Levels

As NMDARs characteristically gate an influx of intracellular calcium we
investigated whether activation of NMDARs in bEnd.3 cells produces increases
in intracellular Ca2+. Changes in intracellular calcium were monitored by
ratiometric imaging of calcium using the fluorescent probe fura‐2 am. After
achieving a steady baseline cells were treated with positive controls. When
cells were treated with the calcium ionophore, ionomycin (figure 13A), a
significant increase in intracellular calcium levels was observed suggesting that
extracellular calcium levels were sufficiently high to promote an increase in
bEnd.3 cell calcium levels. Similarly thapsigargan triggered a rise in intracellular
calcium indicating that we could measure calcium increases from intracellular
sources. (figure 13B). In a third positive control, 90 mM KCl also triggered a
transient rise in intracellular calcium that lasted almost 5 minutes before
baseline calcium levels were reestablished (figure 13C) indicative of calcium
channels activity.
In an extension of studies done in section 3.4, showing that glutamate
and D‐serine together produce an increase in protein nitrosylation, bEnd.3 cells
were treated with a combination

D‐serine

and glutamate and the rise in

intracellular calcium monitored. ACh was used as a comparator because it is a
known activator of calcium levels and eNOS in endothelial cells. After
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treatment with 100 μM of both NMDAR agonists an increase in the A340/380
ratio was recorded, indicating a significant increase in intracellular calcium.
Following NMDAR coagonist treatments cells were treated with 100 μM ACh,
which produced an increase in intracellular calcium levels of a larger
magnitude. ACh and glutmate/D‐serine induced calcium responses are
summarized in figure 14B. ACh produced a 2‐fold increase in calcium over
baseline (p < 0.001, n=14). The effect of glutamate and D‐serine was 1.7‐fold
smaller than ACh but was statistically significant (p < 0.001, n=14).
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DISCUSSION
bEnd.3 Cells Express NMDAR Receptors

We found molecular and pharmacological evidence that strongly suggests
that the bEnd.3 cell line expresses NMDARs. PCR data showed amplification of
the NR1 subunit. This is critically important as all functional NMDARs
necessitate the presence of the NR1 subunit, for both assembly and function.
PCR primers were selected that amplified all of the 8 possible splice variants for
NR1 so it was impossible to tell from PCR alone which variants of NR1 were
expressed. Furthermore, using PCR, mRNA transcripts were detected for the
NR2B, NR2C, NR2D and NR3B subunits. This is also supportive molecular
evidence for NMDARs, as the tetrameric NMDA receptors require two
additional subunits as combinations of NR2 and/or NR3.
Western blotting data using bEnd.3 homogenates resolved bands of the
expected size for NR1 – the pan‐NMDAR subunit – in the bEnd.3 cell line. We
also found solid evidence for the presence of NR2C, which is important
because it support other work done in our lab showing that NR2C is present in
brain endothelium in situ. While PCR amplification of mRNA showed transcripts
for NR2B and NR2D, no immunoreactive products were observed using
antibodies for either subunit. This suggests that End3 cells contain transcripts
for these subunits but they are not translated into protein. NR2A and NR3A
gave multiple bands, none of which fell within 10 kDa of the expected sizes.
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Coupled with the lack of supporting PCR transcripts it is unlikely that these two
subunits are present. Finally, while PCR data supported the expression of
NR3B, the immunoreactive product on western blots using an NR3B antibody
was smaller than the expected size shown to be present in brain positive
control tissue, by ~ 5 kDa. Two possibilities for this finding exist. First, similar to
NR2B and NR2D, mRNA transcripts but not translated protein may be present
in bEnd.3 cells. Second, it is possible that the translated product for NR3B does
exist but post‐translational modification of NR3B occurs differentially between
the bEnd.3 cell line and mouse brain tissues. Some important post‐translational
modifications that may have produced the small alterations in size of NR3B in
vivo include glycosylation and phosphorylation. Glycosylation of the NMDARs is
a possible cause for larger than expected sized bands. NMDARs possess a
number of potential consensus sites for either N‐glycosylation (N‐X‐S/T, where
X ≠ P; Everts et al., 1997) that occurs at asparagine residues or O‐glycosylation
at threonine or serine residues (Kleene and Schachner, 2004). Phosphorylation
of residues in NMDAR subunits is also reported to occur in many instances
(Cull‐Candy et al., 2001; Scott et al., 2001; Yamakura and Shimoji, 1999).
Results are largely consistent with what others have discovered. The
Scott group found evidence for the NR1 in bEnd.3 cells using western blot
(Scott et al., 2007). Our results go beyond NR1 in these cells for the first time to
demonstrate the existence of NR2C. Additional western immunoblots with
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lysates from cultured human endothelial cells provided evidence supporting
the existence of the NR1 subunit (Sharp et al., 2003). Betzen et al. (2009) also
confirm our results regarding amplification of mRNA transcripts for NR1, NR2B,
NR2C and NR2D. We are however the first group to show amplification of the
NR3B subunit transcript.
We also found functional evidence supporting the presence of
endothelial NMDARs using calcium imaging and protein nitrosylation studies. A
small but significant increase in intracellular calcium levels was detected
following treatment of the bEnd.3 cell line with both NMDA receptor agonists
glutamate and D‐serine. This is consistent with the function of NMDARs, which
require glutamate and a co‐agonist to function. Protein nitrosylation was also
reduced significantly in the presence of the specific NMDAR antagonists AP5
and DCKA but not in the presence of the mGluR antagonist CNQX.
Based on structural and functional evidence, we believe that endothelial
NMDARs expressed in bEnd.3 cells consist of two NR1 subunits and at least one
NR2C subunit. We have strong evidence to support the presence of NR2C in
endothelial NMDARs, which includes immunoblotting using an NR2C antibody,
PCR amplification of NR2C mRNA, the low permeability to Ca2+ observed in the
calcium imaging experiments and supporting data found in primary endothelial
cells and brain slices collected by other members of our laboratory. In primary
endothelial cells (cells cultured directly from mice) we have demonstrated
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protein‐protein interactions between NR1 and NR2C using NR2C antibodies.
We have also seen immunoreactivity between NR2C antibodies and blood
vessels in brain slices. Either an NR2 or NR3 subunit completes the tetramer,
but it is unclear which. Coexposure of bEnd.3 cells to glutamate/D‐serine with
selective NR2 inhibitors as described in Table 1 would be useful in exposing the
identity of a second NR2 subunit that make the channel. For studies examining
the expression profile of NMDARs in native mouse brain tissue, western
blotting of capillary enriched brain homogenates using the capillary depletion
method first described by Triguero et al. (Triguero et al., 1990) could be
employed. In the future, experiments in primary brain endothelial cells will
allow us to collect data under more physiological relevant conditions.

Activation of bEnd.3 NMDARs Causes an eNOS-Independent
Increase in Protein Nitrosylation

To test whether activation of NMDARs in the bEnd.3 cells line would
activate eNOS, we used two methods: the Griess method, which is an assay
that measures nitrite concentration in solution: nitrite is a chemical product
produced when NO reacts with soluble oxygen. We also used slot blotting for
protein nitrosylation. The Griess assay showed that glutamate and D‐serine
were not capable of increasing levels of nitrite over a 48‐hour period. This
indicates that either little or no eNOS activation results from NMDAR activation
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in these cells or that NO is quickly scavenged. A large increase in protein
nitrosylation was observed when we combined glutamate and D‐serine. We
originally hypothesized that activation of endothelial NMDARs would result in
eNOS mediated production of NO. Two lines of evidence argue for rejection of
this hypothesis. First, Failure to detect NMDAR‐induced NO production using
the Griess reaction indicated that eNOS is not activated significantly by
glutamate and

D‐serine.

Second, we were unable to reduce protein

nitrosylation using the eNOS inhibitor L‐NIO. An alternative explanation for our
results is that exposure to glutamate and D‐serine led to superoxide production
that, in turn, resulted in increased production of peroxynitrite and nitrosylative
stress. This is supported by previous observations that NMDA receptors
increase oxidative stress (Bossy‐Wetzel et al., 2004; Nelson et al., 2003; Uehara
et al., 2006). The response seen in our bEnd.3 cells is under conditions
representative of pathophysiological states. In our model, bEnd.3 cells are
continuous exposure to elevated levels of glutamate/D‐serine over a 24 hours
period before any effect is observed. Continuous exposure to glutamate levels
of similar magnitude in brain occur only during excitotoxic events.
Another explanation for the observed increase in nitrosylation in the
presence of an eNOS‐selective inhibitor is the activation of another NOS
isoform. iNOS expression may be induced in endothelial cells following
exposure to substances such as tumour necrosis factor‐α (Beasley et al., 1991;
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Nathan, 1992). Furthermore, the expression profiles of eNOS and iNOS have
been shown to change with passage number in the human umbilical vein
endothelial cell (HUVEC) line (Yoon et al., 2010). It is possible that bEnd.3 cells
behave in a similar fashion. With increasing passage numbers bEnd.3 cells
increase expression of iNOS while levels of eNOS within the cell diminish.
Exposure of bEnd.3 cells to glutamate and D‐serine could then explain the
observed inability of L‐NIO to prevent the rise in protein nitrosylation. The
NMDAR‐dependent activation of iNOS has been shown to occur in glial cells
(Buskila and Amitai, 2010). Activation of mitochondrial NOS (Elfering et al.,
2002; Leite et al., 2010) is yet another alternative explanation that does not
require eNOS. In this model, activation of endothelial NMDARs initiates
peroxynitrite formation from superoxide and NO, both produced in the
mitochondria. Even though non eNOS sources of NO are possibilities, we
reiterate that Griess assays produced no evidence of glutamate/D‐serine‐
mediated NO accumulation.
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CONCLUSION
Overall, our experiments showed that the bEnd.3 cell line does express
functional NMDARs. Notably they express the essential NR1 subunit as well as
NR2C. Exposure of the bEnd.3 cell line to NMDAR agonists caused a modest
increase in intracellular calcium levels. This increase in calcium did not
stimulate the production of NO through eNOS, as indicated by the Griess
reaction. However, we did observe a glutamate and D‐serine induced increase
in protein nitrosylation. The increase in nitrosylated tyrosine residues was
demonstrated to be NMDAR‐dependent as the effect was reduced significantly
by NMDAR blockade using the glutamate site antagonist AP5 and glycine site
antagonist DCKA.
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