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1. Introduction

Cerebral ischaemia (stroke) describes a condition wherein blood flow to the brain is reduced
such that neurological function is disrupted, and neural cell death becomes possible. For
several decades, stroke has remained a leading international cause of death and disability,
which is the reason considerable effort has been applied to improve understanding of its
pathogenesis; however, only a modest comprehension of the complex cellular processes
underlying ischaemia-mediated cell death can currently be claimed. Our limited knowledge
regarding how the brain is changed by an ischaemic event is part of the explanation for the
absence of a successful clinical intervention, despite the examination of more than a
thousand potential pharmacotherapies during the past fifty years [61, 69, 169].

Phosphorylation is the most broadly examined post-translational modification within the
central nervous system [125, 222, 244]. Physiological shifts in neuronal activity, such as those
that occur during memory formation, can lead to changes in protein phosphorylation; in a
similar fashion, pathological changes in brain activity, such as those that occur during
cerebral ischaemia, can also affect phosphorylation status. One principal means whereby the
pattern of phosphorylation, especially at tyrosine residues [45, 80], can affect brain function
is by regulating the activity of ionotropic receptors, which mediate the vast majority of rapid
signal transmission. While the phosphoregulation of many ionotropic receptors has been
examined, the NMDA sub-type of receptors that respond to the excitatory neurotransmitter
glutamate has been the subject of a disproportionate level of attention due to its key role in
neuronal communication.

To contribute to ongoing efforts directed at developing improved pharmacotherapies for
stroke, the present review will provide a reflection on the manner in which ischaemic injury
may alter neuronal physiology through changes in the tyrosine phosphorylation of the
NMDA receptor; in particular, three goals will aim to be accomplished: (a) providing a
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general review of the primary upstream changes initiated by cerebral ischaemia, and, in so
doing, highlighting the importance of the NMDA receptor (b) offering a summary of the
structure and function of the NMDA receptor, and the evidence that establishes how the
receptor’s function and cellular distribution are altered by tyrosine phosphorylation (c)
outlining what is known about how ischaemia may set in motion cellular changes leading to
the aberrant, potentially harmful, and possibly self-amplifying over-activation of the NMDA
receptor.

2. Cerebral ischaemia
2.1. Definition, prevalence, and risk factors

Insufficient cerebral blood supply may result from either the collapse of systemic circulation
(leading to global ischaemia), or from the occlusion of a vessel that supplies a discrete region
of the brain (leading to focal ischaemia). Although there are several possible causes of focal
occlusions, they are predominantly the result of a foreign substance travelling within the
cerebral circulation until the lumen becomes too narrow to permit further movement
(embolism) [240]; the principal source of emboli is believed to be atherosclerotic plaques [187].
While uncontrolled bleeding from a vessel (haemorrhage) can also cause ischaemia of a focal
nature, occlusion is thought to account for approximately 80% of focal events [198, 230].

For several decades, stroke has consistently been recognised as one of the leading causes of
death worldwide, and one of the major causes of severe disability. Globally, over 15 million
people per year are diagnosed with stroke, and a third of those afflicted die from
complications relating to the injury [255]. In addition to significant medical consequences for
affected individuals, cerebral ischaemia also presents enormous socioeconomic costs; for
example, recent estimates place the direct and indirect annual costs associated with stroke in
the United States at approximately 65 billion USD [47], while similarly constructed
European estimates place the annual costs at approximately 77 billion USD [172]. Given that
those who survive an ischaemic attack must cope with a variety of significant cognitive
deficits (including aphasia, hemiparesis, and memory problems) that often lack treatment,
the social costs of stroke are as enduring as they are significant.

Understanding the underlying causes of cerebral ischaemia requires an appreciation for the
numerous genetic and environmental factors that contribute to its development, and that its
determinants may be divided into non-modifiable and modifiable categories. The primary,
and most significant, non-modifiable risk factor is age. The incidence of stroke rises
exponentially with age, and the majority of strokes are seen within individuals who are
older than 65 years of age [83, 203]. Gender is also an important consideration, for stroke
incidence among men has consistently been shown to be approximately one-third greater
than among women [203]. In addition, numerous American studies have indicated that the
occurrence of stroke among multiple non-white demographic groups is greater than among
white individuals, even when socioeconomic factors are considered [95, 202]. The principal
modifiable risk factor for cerebral ischaemia is hypertension, and a large body of work has
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illustrated that the likelihood of stroke rises proportionately with increasing blood pressure
[210, 256]. As well, cardiac disease, notably atrial fibrillation and coronary artery disease
[203, 257], and metabolic disease, particularly type II diabetes and dyslipidaemia [189, 256],
are also associated with elevated stroke risk. Finally, several lifestyle factors, including
physical activity levels, cigarette smoking, alcohol consumption, and diet, have been shown
to independently affect the potential for stroke development [13, 92, 93, 251].

2.2, Pathogenesis

Despite comprising only about 2% of total body weight, the brain receives 15% of cardiac
output and consumes about 20% of the oxygen utilised by the body [28]. The brain’s
disproportionate circulatory demands are attributable to a high metabolic rate based almost
exclusively upon cellular respiration; in addition, unlike most other organs, glucose stores in
the brain are sufficient to cover energy requirements for only about one minute [83]. In a
relatively quick manner, reduction of blood flow beyond a critical threshold results in the
inability of neurones to fire action potentials, and, if sufficiently extensive, may lead to the
failure of oxidative phosphorylation, which is the principal method of cellular energy
production [5]. To avert the cellular energy crisis that rapidly follows reduced blood supply,
cells in an affected area rely increasingly upon glycolysis; consequently, tissue
concentrations of lactate and hydrogen ions increase dramatically, causing acidosis [214].
However, the comparatively meagre amount of energy provided by anaerobic metabolism
provides limited compensation, and, in a short period of time, the lack of high-energy
phosphate, combined with decreased pH, precipitates a multifactorial increase of membrane
permeability.

A number of ionic gradients exist across the neuronal membrane (high intracellular [K*] and
low intracellular [Na*], [CI'], and [Ca?']), and these are quickly disrupted by the collapse of
various energy-dependent pumps and transporters. Of particular note is Na*/K*-ATPase
pump failure, which allows Na* to move into the cell causing neuronal depolarisation
accompanied by the passive diffusion of Cl- and water [126, 230]. In combination, the
normalisation of ions across the cellular membrane and the concomitant movement of water
lead to intracellular swelling that causes osmolysis (cytotoxic oedema), which significantly
contributes to acute neuronal cell death [60].

Disrupted ionic homeostasis also leads to a dramatic and unregulated increase in the fusion
of neurotransmitter storage vesicles with pre-synaptic membranes, which causes a massive
release of vesicular content. Of the transmitters that flood the synapse following ischaemia,
the most intensely studied has been the amino acid glutamate, which is the principal
mediator of excitatory neurotransmission within the mammalian brain. The harm that might
result from excessive glutamate was first observed in studies that found its systemic
administration caused pronounced retinal degeneration [142, 173], a phenomenon described
as “excitotoxicity”. A substantial body of subsequent work has established that glutamate is
a key element of neurodegeneration in general, and of ischaemic cell death in particular
[119, 133, 199]. For example, glutamate efflux precedes widespread injury to cellular
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membranes and enzyme systems [2], the extracellular concentration of glutamate rises
dramatically during ischaemia [63, 84], glutamate release is correlated with insult severity
[29, 224], and glutamate receptor antagonists provide significant protection against
ischaemic brain damage [119, 155, 215].

The widespread release of glutamate and the excessive stimulation of its high-affinity post-
synaptic receptors are thought to act as critical elements that permit a profound rise of the
intracellular calcium ion concentration. Calcium ions are involved in an array of neuronal
functions, and their intracellular concentration is rigourously maintained at a level
approximately 10* times lower than their extracellular concentration [143] by a combination
of specialised binding proteins [8], sequestration within organelles [77], and extrusion [232].
One of the first studies to recognise the importance of calcium ions in cell death found that
degeneration following axonal amputation occurred only when calcium ions were present
in the bathing medium [208]. Subsequently, the essential role played by Ca? in glutamate-
mediated cell death became established by studies that used mouse neocortical cultures [36,
88], rat hippocampal cultures [115, 190], and rat brain slices [57, 137]. Furthermore, work
with culture [37, 67, 207], slice [276], and in vivo [15] models of ischaemia went on to reveal
that a specific sub-type of glutamate receptor - the ionotropic NMDA receptor (section 3) -
accounts for the majority of Ca?" entry during and immediately after an ischaemic insult.

The dysregulation of intracellular Ca?* has become recognised as a central branch point
within the ischaemic cascade [11, 133, 213, 223], and serves as an important link between
upstream activation of glutamate receptors and downstream stimulation of cell death
mediators; for example, catalytic enzymes and free radicals. Several cytodestructive
enzymes appear to be activated by cerebral ischaemia [119, 133, 185, 192], including
proteases, phospholipases, and endonucleases. One set of enzymes that has received
significant attention is the calpains, which are cytosolic cysteine proteases with variable
Ca?-binding domains [217]. Calpains are ubiquitously expressed in the CNS, and a clear rise
in their levels has been observed in models of both transient focal and global ischaemia [272,
280]. As well, activated calpains have been associated with damage to a variety of proteins
[10, 241, 254], and calpain inhibitors have been found to provide a measure of protection in
both culture [10] and in vivo models of ischaemia [12].

Free radicals have emerged as important players in the development of ischaemia-induced
neuronal damage [3, 111, 133, 139]. The detection of free radical production following
excitotoxicity caused by NMDA receptor stimulation has been clearly demonstrated in a
variety of cultured rodent neurones [50, 76, 117, 194], and various groups have shown
neuroprotection against excitotoxicity using antioxidant compounds [119]. As well, the
mechanism of excitotoxicity-induced free radical production has been linked to Ca* by a
report that demonstrated exposing isolated mitochondria to increasing calcium and sodium
concentrations elevated free radical production [52], and another that showed removing
extracellular calcium attenuated free radical production following NMDA application [50].
In addition to mitochondrial impairment, increased levels of reactive oxygen and nitrogen
species are likely due to a combination of suppressed free radical scavengers and the
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elevation of formative enzymes, such as xanthine oxidase, cyclooxygenase, and nitrogen
oxide synthases. Collectively, the cellular changes caused by increased free radical activity
are extensive, and include lipid peroxidation, protein denaturation, and nucleic acid
modification.

Slight changes in cerebral blood supply can be effectively managed by autoregulatory
mechanisms that govern blood flow and oxygen extraction; however, decreases beyond this
primary threshold initiate numerous cellular changes that become more severe in direct
relation to the extent of the disturbance. The critical stages of stroke pathogenesis (figure 1)
develop following a rapid and sustained drop of neuronal energy supply, and are generally
thought to include a loss of ionic homeostasis, the unregulated release of the excitatory
transmitter glutamate, the profound over-activation of glutamate receptors (particularly, the
NMDA receptor), the dysregulation of intracellular Ca?" levels, and the activation of a
number of calcium-mediated internal changes that broadly affect cellular structure and
function. While the exact manner and time course of ischaemia-mediated changes can be
varied, and is influenced by factors such as insult severity, neuronal maturation, phenotype,
and connectivity, the one thing held in common is the ultimate development of extensive
neuronal cell death.
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Figure 1. Summary of major elements in the early stages of ischaemic pathogenesis.

3. The NMDA receptor

3.1. Historical overview

Glutamate receptors (GluRs) mediate the majority of excitatory transmission in the
vertebrate CNS, and participate in a number of physiological processes, including the
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formation of neuronal networks during development [43, 110], the pattern of ongoing
synaptic communication [236], and the cellular plasticity believed to underlie learning and
memory [21, 146]. In addition to an intimate involvement with the brain’s physiology,
glutamate responsive receptors are also of central importance in several neuropsychiatric
conditions. For example, the GluRs have been implicated in neurodevelopmental disorders
(e.g., schizophrenia) [59], mood disorders (e.g., depression) [149], chronic
neurodegeneration (e.g., Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral
sclerosis) [1, 22, 100], and pain transmission [20], in addition to brain injury (e.g., head
trauma and stroke).

The broad influence of glutamate-mediated signalling upon synaptic function and
dysfunction is attributable to the broad anatomical and cellular distribution of GluRs, and
that they exist in two functionally and pharmacologically distinct varieties: metabotropic
(mGluRs) and ionotropic (iGluRs). The metabotropic receptors are coupled to G-proteins,
and, while structurally related to one another, do vary appreciably in their distribution and
signal transduction mechanisms [175, 193]. The ionotropic receptors are non-specific cation
channels that possess a common general structure, but vary considerably in both
distribution and function [153, 175, 236]. As well, the iGluRs have been divided into three
sub-types based upon relative selectivity to three exogenous agonists: N-methyl-D-aspartate
(NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), and kainate.

Important preliminary evidence for diversity within excitatory neurotransmission was
found in the early 1960s when the synthetic GluR agonist NMDA was shown to potently
excite neurones [44]. Subsequent work in the 1970s, using radioligand binding and specific
antagonists, established the existence of a specific NMDA subtype of iGluR (NMDAR) [154].
Following the advent of molecular cloning technology in the 1980s, a receptor complex
possessing the functional characteristics ascribed to the NMDAR was characterised [158],
which confirmed the existence of this particular iGluR sub-type, and helped to foment
investigation into its physiopathological roles.

3.2. Subunit structure and assembly

The NMDA receptor is thought to be a heteromeric complex formed from a combination of
four subunits: GluN1, GluN2 (with four known sub-types, labelled A-D), and GluN3 (with
two identified sub-types, labelled A and B); notably, the nomenclature for GluR subunits
has recently changed [42]. The GIuN1 subunit has been shown to be essential to the
formation of functional receptors [55], while the GIuN2 and GluN3 subunits are believed to
impart distinct gating and ion conductance properties [236]. Although the stoichiometry of
subunits remains to be definitively resolved, endogenous NMDA receptors are thought to
require the assembly of two GluN1 subunits with either two GluN2 subunits, or a
combination of GluN2 and GluN3 subunits [19, 236]. Regardless of their ultimate
arrangement, similar to other iGluRs, NMDARs are thought to be held within the
endoplasmic reticulum until they assemble in a manner sufficient to permit counteraction of
a retention signal [183].
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One important limitation to improved understanding of NMDAR composition is the
significant degree of developmental and anatomical heterogeneity that exists within subunit
expression. The GluN1 subunit displays a peak degree of expression late in embryonic life
before slightly declining to a relatively stable level of post-natal expression, while the GluN2
subunits vary considerably in their expression across the lifespan [53, 252]. For example, the
GluN2A and GluN2C subunits are found post-natally, the GluN2B is expressed both before
and after birth, although expression levels decline considerably between the early post-natal
period and adulthood, and the GluN2D subunit is overwhelmingly restricted to embryonic
development. As well, the GluN1 subunit is found in all central neurones, but a significant
degree of anatomical heterogeneity exists among GluN2 subunits; in particular, the GluN2A
and GluN2B subunits are found throughout the forebrain, the GluN2C subunit is limited to
the cerebellum, and the GluN2D subunit is found predominantly within the midbrain [53,
156, 252, 253].

A B

ligand-binding
domain

N-terminal
domain

C-terminal
domain —

Figure 2. (A) Diagram of the structure for a typical NMDA receptor subunit. (B) Schematic illustrating
one possible heterotetrameric combination of GluN subunits, along with identification of those GluN2
C-terminal tyrosine residues believed most relevant to phosphorylation-mediated changes in receptor
gating and surface expression.

Despite being variably expressed, each NMDA receptor subunit shares a similar general
architecture: a large extracellular region that consists of the amino-terminal and ligand
binding domains, a pore-forming transmembrane region, and an intracellular region
containing the carboxy-terminal domain [19, 56, 236] (figure 2). The N-terminal domain, at
least in certain GIuN2 subunits, is believed to allow receptor activity to be non-
competitively inhibited by ligands such as zinc [177], although this may be an artifact of
heterologous expression [261]. The adjacent ligand-binding domain is elegantly formed by
two, non-contiguous segments that are separated by a portion of the polypeptide sequence
thought to weave its way through most of the transmembrane region; as a result,
conformational changes within the ligand-binding domain are thought to influence opening
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of the channel pore [56]. Four hydrophobic domains are believed to form the
transmembrane region: the M1, M3, and M4 are predicted to cross the membrane as helices,
while the M2, which lines the lumen of the pore, is expected to be a re-entrant loop that
connects M1 and M3 [14, 19].

Among the NMDAR subunits, the C-terminal domain (CTD) is regarded as the most
divergent region of the protein sequence [201], and can vary between 80-600 amino acids
[56]. In addition to accounting for almost half the length of certain subunits (e.g., GluN2A
and GluN2B), the CTD appears to be particularly important for intracellular signalling,
trafficking, and localisation of the receptors due to the presence of multiple protein motifs
that permit interaction with a variety of enzymes and scaffolding molecules. In particular,
the intracellular region contains multiple locations for post-translational modifications, such
as tyrosine phosphorylation [31, 125, 205, 236].

While the comparatively short CTD of the GluN1 does possess a tyrosine residue (Y837)
[204], the subunit does not appear to experience tyrosine phosphorylation [121]; in contrast,
each CTD of the GluN2 subunit contains 25 tyrosine residues, although not all of these
residues will accept a phosphate group. On the GIuN2A subunit, Y1292, Y1325, and Y1387
are thought to be the primary tyrosine residues subject to phosphoregulation [114]. On the
GluN2B subunit, phosphorylation of Y1252, Y1336, and Y1472 has been reported [163].
Despite comprising a relatively small number of sites within the extensive CTD, tyrosine
residues have become regarded as crucial points of convergence for signalling pathways
that modulate NMDAR activity [170, 204, 205, 237].

3.3. Receptor function and cellular distribution

The basic pattern of excitatory signal transmission between the overwhelming majority of
central neurones in the mammalian brain involves the pre-synaptic release of glutamate, its
passage across the synaptic cleft, and its interaction with post-synaptically positioned
GluRs. While basal synaptic transmission tends to be mediated by the AMPA sub-type of
iGluR, periods of higher frequency synaptic activation (such as those that would tend to be
present during an ischaemic event) recruit the NMDAR; the primary reason for the distinct
activation profiles rests with a unique characteristic of the receptor. During basal
transmission, the NMDAR’s endogenous agonist (i.e.,, glutamate, which binds to an
extracellular segment of GIuN2 or GluN3 subunits) and its co-agonist (i.e., glycine, which
binds to an extracellular segment of the GluN1 subunit) are present, yet the receptor
remains functionally silent (i.e., ion conductance does not occur). The lack of basal NMDAR
activity is attributable to a voltage-dependent blockade of the channel pore. At resting
membrane potentials, external magnesium ions (which experience a significant inward
driving force due to their high external concentration) enter the NMDAR pore, and bind in a
manner that prevents further ion passage; however, membrane depolarisation of a sufficient
magnitude and duration leads to the expulsion of Mg?* from the pore, which permits the
subsequent movement of cations [168].
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Upon activation, glutamate receptors become permeable to both monovalent and, in some
cases, divalent cations; however, the nature and degree of ion flux is not equivalent across
iGluRs, and the NMDA sub-type has become acknowledged as the primary mediator of Ca?
passage [57, 152, 236]. The ability to permit the entry of calcium ions is a primary reason that
NMDARs make substantial contributions to both physiological and pathological
phenomena [223, 236], although their pattern of cellular distribution also plays a role in their
wide functional reach. Similar to many other ion channels, NMDARs are recognised as
being widely dispersed across the cellular surface, however, information regarding the
manner in which membrane bound receptors are distributed has only recently begun to be
gathered. The available evidence indicates that NMDARs are not uniformly distributed at
the plasma membrane, but can be divided into three spatially defined categories: synaptic,
peri-synaptic and extra-synaptic [70].

The post-synaptic population exhibits the greatest density, relative to the other sub-regions,
and responds directly to pre-synaptically released glutamate [70]. Peri-synaptic NMDARSs
have been operationally defined as those located within a 300 nm range of the post-synaptic
terminal [70, 184, 275], and are believed to be activated by glutamate released from the pre-
synaptic terminal following strong stimulation. Approximately half of all surface NMDARSs,
depending upon the developmental stage, are located extra-synaptically; however, relative
to synaptic receptors, this compartment has a low density given the much broader area [72,
233]. Under physiological conditions, extra-synaptic NMDARs are unlikely to be activated
by pre-synaptically released glutamate; however, they could be stimulated by glutamate
released either from other sources [104, 128], or following the spillover of synaptic
glutamate caused by ischaemia.

4. Regulation of NMDA receptors by tyrosine phosphorylation

4.1. Phosphorylation as a key determinant of ligand-gated ion channel function

Proteins exist as part of a complex system of elements that interact with one another to allow
a cell to respond, directly or indirectly, to changes in its environment. Over several decades,
the cellular distribution and molecular interactions of many proteins have been shown to be
fundamentally regulated by post-translational modification in the form of phosphorylation
[178, 238]. In essence, phosphorylation involves the protein kinase-mediated transfer of the
v-phosphate from adenosine triphosphate to a serine, threonine, or tyrosine residue of a
substrate (although other amino acids may also be modified [40]), and is a process
counteracted by protein phosphatases, which catalyse dephosphorylation.

Near the end of the 1980s, phosphorylation began to emerge as an important determinant in
the function of a class of proteins essential for most neuronal communication — ligand-gated
ion channels (LGICs). The first study to illustrate that LGICs could be regulated by
phosphorylation revealed that NMDA currents recorded from cultured hippocampal
neurones gradually declined during dialysis with an intracellular solution, but that the loss
of receptor activity could be prevented by the addition of an ATP regenerating solution to



274 Protein Phosphorylation in Human Health

the dialysate [148]. In the mid-1990s, further work not only confirmed that the NMDA
receptor was indeed regulated by phosphorylation, but also that a critical site for the
modification was at tyrosine residues [249]. Subsequent reports established that a variety of
other LGICs, such as the inhibitory GABA-A receptor [159] and the nicotinic acetylcholine
receptor [246], were also regulated by the activities of tyrosine kinases and phosphatases,
and helped to establish the importance of phosphorylation in the control of synaptic
function.

4.2. Regulation of NMDA receptors by tyrosine phosphorylation

Electrophysiological studies have established that NMDAR function is regulated by a
balance between phosphorylation and dephosphorylation of tyrosine residues [31, 204, 205].
Within mammalian neurones, introducing an exogenous protein tyrosine kinase (PTK), or
inhibiting endogenous protein tyrosine phosphatase (PTP) activity enhances NMDAR
currents [249]; in contrast, inhibiting PTK activity [249, 250], or introducing an exogenous
PTP [250] suppresses NMDAR currents. In addition, exogenous PTKs have been shown to
potentiate currents mediated by recombinant NMDARs [32, 108]. During the past twenty
years, members of the Src family of PTKs have emerged as the predominant tyrosine kinases
responsible for mediating activity of the NMDA receptor.

4.2.1. Src Family Kinases (SFKs) and the brain: An introduction

The Src family of non-receptor, protein tyrosine kinases (SFKs) consists of several lower
molecular weight proteins (52 to 62 kDa) that share a common domain organisation, which
includes a catalytic region (the Src homology 1 or SH1 domain) and two regions that guide
protein-protein interactions (the SH2 and SH3 domains) [170, 204]. Given that Src, the
prototypical SFK, was initially identified as a proto-oncogene [218], SFKs in the brain were
originally believed to influence only those processes related to the regulation of neuronal
proliferation and differentiation [102, 116]. However, SFKs were subsequently shown to be
expressed in differentiated, post-mitotic neurones, which suggested that these kinases might
participate in neural activity past the point of early development [86, 220]. Notably,
significant changes in neuronal plasticity and behaviour have been observed in adult mice
lacking certain SFKs [68, 239], while the expression and activity of Src was shown to increase
during spatial learning [278].

Within the mammalian nervous system, the expression of five members of the SFKs has
been established; of these, Src [101], Fyn [221], and Yes [105] have been found within the
post-synaptic density (PSD), which is a specialised region of the post-synaptic terminal
thought to provide a molecular scaffold that helps regulate proper protein placement. In
addition, Src [270], Fyn [267], and Yes [105] have been shown to be components of a large
complex in the PSD that includes the NMDA receptor. Considered together, the biochemical
analyses reveal that several SFKs have a spatial distribution appropriate to permit
regulation of NMDAR function.
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4.2.2. Evidence to support SFKs as modulators of NMIDAR channel gating

When activated, ion channels, such as the NMDAR, passively conduct charged particles
(i.e., they permit current flow) across the plasma membrane in a direction influenced by
electrostatic forces and the ionic concentration gradient. The transition of a channel between
closed and open states (i.e., from non-conducting to conducting) is referred to as gating, and
requires a dramatic, albeit temporary, change in the channel’s structure. The first evidence
that SFKs might affect NMDAR function through alterations in channel gating was
provided by a study that recorded channel currents from dissociated neurones [270]. A
specific, high-affinity activator of SFKs [134] increased synaptic NMDAR-mediated currents,
while an antibody that inhibited SFKs (anti-cstl; [195]), but not other protein tyrosine
kinases, depressed NMDAR channel gating. A subsequent report, which recorded activity
within neurones from acutely prepared brain slices, confirmed that the phosphopeptide SFK
activator was able to significantly enhance NMDAR gating [141].

Additional support for the ability of SFKs to mediate NMDAR function was provided by a
study that found protein tyrosine phosphatase alpha (PTPa) enhanced NMDAR-mediated
synaptic currents in both cultured neurones and brain slices, while reducing PTPa activity
with an inhibitory peptide reduced NMDAR currents [127]. Although the findings appear
superficially paradoxical, PTPa is thought to activate SFKs by selectively dephosphorylating
a residue in their regulatory domain, and thereby interfering with an intramolecular
interaction that maintains the kinases in an inactive state [176]. In support of the proposed
mechanism of action, PTPa has been shown to activate several different SFK members
within cell lines [17, 87, 279], and SFK activity is substantially reduced in PTPa deficient
mice [186]. As well, in cells lacking SFKs, or in which SFK activity is inhibited, PTPa has no
effect on NMDAR currents [127].

While little doubt can exist that SFKs are involved in regulating NMDAR activity, the
identities of the family members that might contribute to the process are not definitively
known; however, considerable evidence has drawn attention to at least two kinases. The
first candidate to be examined was Src, which was implicated by experiments illustrating
that application of Src-specific inhibitors (the antibody anti-srcl, and the peptide Src(40-58),
which was the immunogen used to create the antibody) significantly decreased synaptic
NMDAR-mediated currents and NMDAR channel gating [270]. As well, the Src-specific
inhibitors were found to prevent the increased channel activity produced by application of a
high-affinity SFK-activating peptide, which suggested that endogenous Src is required for
SFK-mediated upregulation of NMDAR activity. To provide a structural complement to the
functional studies, recent work with GIuN2A subunits expressed in a heterologous
expression system has found that Src directly interacts with segments in the C-terminus [75].

The second SFK member considered to have a role in NMDAR activity is Fyn, which was
initially implicated by experiments wherein exogenous Fyn was shown to modulate
glutamate-evoked currents mediated by recombinant NMDARs expressed in HEK293 cells
[108]. Subsequently, co-expression of a constitutively active form of Fyn with GluN1 and
GluN2B subunits in cerebellar granule cells was found to cause a significant increase in the
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amplitude of NMDA miniature excitatory post-synaptic currents [188]. In addition, several
groups have reported that Fyn is able to phosphorylate both GluN2A and GluN2B within
post-synaptic densities of the rodent forebrain [237].

Along with a direct effect upon NMDARs, SFKs may influence channel activity by
phosphorylating proteins that associate with the receptor. For example, the post-synaptic
density contains several proteins that are both tyrosine phosphorylated and potentially
connected with NMDAR function, such as the scaffold protein PSD-93 [161, 206]. As well,
phosphorylation of GluN2B may recruit signalling proteins, such as phosphatidylinositol 3-
kinase, which has been shown to associate with the subunit [94, 182]. In addition, tyrosine
phosphorylation of GluN2 subunits may prevent the loss of signalling molecules from the
NMDA receptor by limiting degradation caused by calpain [18, 197], one of the principal
proteases activated following ischaemia (section 2.2). Taken together, the variety of evidence
suggests that SFKs may indirectly influence NMDAR function by altering the manner in
which scaffolding and signalling proteins interact with GluN subunits.

4.2.3. Evidence to support SFKs as modulators of NMDAR trafficking

Rapid synaptic communication was traditionally believed to be altered by structural
changes in ligand-gated ion channels that affected gating properties, such as mean open
time and open probability. However, during the past fifteen years, cellular trafficking
events, which modify the surface density of ion channels, have attracted considerable
attention as an additional means whereby synaptic transmission can be regulated [41].
Although the inhibitory GABA-A receptor was the first LGIC found to undergo changes in
cell surface expression in response to extracellular signals [245], the trafficking of other
receptors, notably the NMDAR, has been the subject of growing interest over the past
decade [70, 120, 183]. In particular, a number of studies have revealed that NMDARs are
quite mobile, and undergo regulated trafficking between intracellular organelles and the
plasma membrane [51, 64, 74, 124, 188, 191] and between extra-synaptic and synaptic sites
[65, 71, 234].

The earliest evidence that NMDAR trafficking could be influenced through tyrosine
phosphorylation was provided by a study wherein the repeated application of glutamate to
heterologously expressed GluN1 and GluN2A subunits lead to an increase in receptor
internalisation that could be prevented by application of Src [242]; using site-directed
mutagenesis, the authors found that agonist-mediated dephosphorylation of a single
tyrosine residue in the C-terminus of the GluN2A subunit was responsible for the reduced
surface expression of functional channels. Subsequent studies wherein tyrosine phosphatase
activity was reduced have demonstrated that phosphorylation of the NMDAR is positively
associated with its surface expression. For example, brief treatment of cultured striatal
neurones with a general inhibitor of tyrosine phosphatases increased the level of GluN2
subunit tyrosine phosphorylation and their surface expression [85]. As well, treatment of
cultured cortical cells with a short interfering RNA to reduce the expression of a tyrosine
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phosphatase known to interact with the NMDAR lead to both an increase in its surface
expression and the level of Ca?" influx after agonist stimulation [24].

While enhanced surface expression of a receptor would reasonably be expected to increase
its activity, the possibility that such a change will have a functional outcome is greater if the
insertion occurs at synaptic membranes. In acutely prepared striatal slices from adult
animals, a tyrosine phosphatase inhibitor was observed to increase the phosphorylation
state of GluN2 subunits and increase their association with synaptosomal membranes;
notably, treatment with a tyrosine kinase inhibitor had effects in the opposite direction [51].
An ensuing study that used tissue slices from the adult hippocampus and a separate set of
tyrosine kinase and phosphatase inhibitors found the same general pattern tying together
changes in GluN2 subunit phosphorylation status with synaptosomal membrane density
[64]. Intriguingly, a further report revealed that the surface location to which GluN2
subunits are trafficked may be differentially affected by changes in tyrosine
phosphorylation [65]. In particular, increasing the phosphorylation level of GluN2B
subunits through the application of a tyrosine phosphatase inhibitor tended to increase the
extra-synaptic expression of the NMDAR more greatly than its synaptic expression.

4.2.4. Balancing of SFK activity by tyrosine dephosphorylation

The level of NMDAR tyrosine phosphorylation is currently understood to be regulated by a
balance between the activity of SFKs and protein tyrosine phosphatases [170, 204, 205]
(figure 3). The PTPs are a large, structurally diverse family of enzymes [247] that play a
number of important roles in the CNS, including contributing to the regulation of neural
development [162, 219]. The striatal enriched phosphatase (STEP) is a brain-specific, non-
receptor PTP that was originally found to be highly expressed within the adult rodent
striatum [66, 138], and has subsequently been identified in other regions, such as the
hippocampus [23]. While STEP immunoreactivity can be observed throughout the soma and
processes of neurons [23], its presence at the post-synaptic density [174], a prominent
structure at excitatory synapses, and its direct interaction with NMDARs [181], strongly
suggest that the phosphatase contributes to signal transduction.

The ability of broad PTP inhibition to increase, and broad PTP activation to decrease,
NMDAR gating in spinal cord neurones provided the initial evidence that the receptor was
modulated by a phosphatase [250]. However, the identification of STEP as the putative
candidate was not proposed until a report using the same experimental preparation showed
that recombinant STEP reduced NMDAR activity, while the intracellular application of a
function-blocking STEP antibody increased synaptic NMDAR-mediated currents [181].
Furthermore, within hippocampal slices, inhibition of STEP was shown to increase NMDAR
activity, while recombinant STEP was able to occlude the development of a form of
NMDAR-dependent synaptic plasticity.

The modulation of NMDA receptor function by STEP has become associated with its ability
to affect the level of phosphorylation at a single tyrosine residue (Y1472) located in the distal



278 Protein Phosphorylation in Human Health

portion of the GluN2B C-terminus [123, 196]. When dephosphorylated, the unique residue,
which is part of a short motif (YXX¢, where X is any amino acid and ¢ = a bulky
hydrophobic amino acid), promotes endocytosis by allowing the development of
hydrophobic interactions between cargo molecules and clathrin adaptor proteins, such as
AP-2 [235]. Notably, the phosphorylation of Y1472 and the association of GluN2B with
adaptor proteins are inversely associated [164], and the overexpression of a Y1472 mutant
unable to interact with AP-2 leads to a significant increase in the number of NMDA
receptors at the synapse [188]. As well, STEP co-immunoprecipitates with the GluN1
subunit [181], directly dephosphorylates Y1472 [216], and, when deleted from the mouse
genome, causes hyperphosphorylation of Y1472 in synaptosomal membranes prepared from
the hippocampus [277]. Along with a direct effect upon Y1472, STEP may also act indirectly
by dephosphorylating regulatory residues in the catalytic domains of Fyn, which is the
principal SFK acting at Y1472 [165], and proline-rich tyrosine kinase 2 (Pyk2), which is an
upstream activator of SFKs [262].
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Figure 3. A simplified illustration of the key elements that regulate tyrosine phosphorylation of the
NMDA receptor at the post-synaptic terminal.

5. Ischaemia-related changes in tyrosine phosphorylation of the NMDA
receptor

5.1. Effects of ischaemia upon NMDA receptor subunit expression

Ischaemia causes a dramatic change in gene expression, which is largely attributable to a
broad reduction in gene transcription and/or the inhibition of protein translation [109, 112].
While the general pattern of change suggests the level of most genes (and their protein
products) will be reduced after ischaemia, several genes do show an increased level of
expression; for example, certain ones associated with neuronal survival, such as members of
the heat shock family of proteins. The first study to examine the effect of transient global
ischaemia upon GIuN2 subunits found that mRNA of both the GIuN2A and GluN2B
subunit declined in a progressive manner over 24 h of reperfusion, and that the
transcriptional change was reflected in a pronounced loss of the proteins over the same time
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period [274]; notably, the study employed an antibody that detected an epitope shared
between the subunits, so the relative nature of the protein loss was not apparent. A
subsequent study that used subunit specific antibodies revealed that the pattern of reduced
protein expression may not be equal, for the loss of the GluN2A subunit was greater [228].
In agreement with the possibility that GluN2 subunits may be differentially affected by
ischaemic insult, hypoxia-ischaemia applied to rats at post-natal day seven caused a
reduction of GluN2A protein levels within one hour of reperfusion, while a reduction in the
GluN2B subunit was not observed; in contrast, similar experiments performed with animals
at post-natal day 21 showed a significant reduction of only the GluN2B subunit [82].

While evidence does exist that the expression of GluN2 subunit proteins may be decreased
by ischaemia, a comparatively greater amount of work suggests that the level of the
subunits is not altered. For example, no change in GluN2B immunolabelling was detected in
hippocampal synaptosomes prepared six hours after a period of transient global ischaemia
in gerbils [179]. As well, the level of GluN2A and GIuN2B subunit proteins in either
hippocampal homogenates [227], or forebrain post-synaptic densities [226] prepared six
hours following global ischaemia in rats did not appear to differ from the levels seen in
control samples [227]; in agreement, a large group of studies that employed the same
experimental approach failed to find an effect of the insult upon hippocampal protein
expression of the GluN2A subunit (the GluN2B subunit was not examined) [33, 98, 136, 144,
248]. When the period of reperfusion was extended to 24 h, one study continued to find no
change [97], while another found a slight, albeit significant, decline in GluN2A protein
levels in whole hippocampal homogenates (again, the GluN2B subunit was not assessed)
[135]. Collectively, the data strongly suggest that GluN2 subunit protein expression,
particularly of the GIuN2A variant, is not likely to be altered within the first 24 h after a
brief period of global ischaemia in adult animals.

5.2. Ischaemia and the general cellular pattern of tyrosine phosphorylation

In the early 1990s, a brief stimulation of cultured hippocampal neurones with either
glutamate, or NMDA was shown to cause a significant increase in tyrosine phosphorylation
of mitogen activated protein kinase (MAPK, a class of kinases that respond to extracellular
signals and mediate proliferation, differentiation, and cell survival) in a manner sensitive to
blockade of the NMDA receptor [7]. Given the establishment of a connection between
NMDA receptor activation and downstream tyrosine phosphorylation, subsequent reports
sought to determine whether the excessive stimulation of the receptor that occurs during
ischaemia would cause a similar pattern of change. Indeed, a brief period of bilateral carotid
artery occlusion in gerbils (which would cause global ischaemia) was found to very quickly
evoke a significant and transient increase in hippocampal MAPK phosphorylation that
could be prevented through NMDAR antagonism [30, 107].

Once the association between ischaemia-mediated activation of the NMDA receptor and
MAPK phosphorylation had been confirmed, a search for other proteins that might
experience an induced change in tyrosine phosphorylation began in earnest. Within gerbils,
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global ischaemia was clearly shown to cause a rapid and significant increase in the level of
tyrosine phosphorylation of a number of hippocampal proteins, particularly those with a
higher molecular weight [171, 179, 269]. Within rats, both transient forebrain [99, 209] and
global [34, 225, 228] ischaemia were found to induce a sustained increase in tyrosine
phosphorylation of higher molecular weight proteins in the hippocampus. In addition,
acutely prepared hippocampal slices subjected to in vitro models of ischaemia (i.e., oxygen-
glucose deprivation) also displayed changes in the general level of tyrosine
phosphorylation; however, while the magnitude of the effect was similar to that observed
with the in vivo models, the direction of the effect was the opposite [6, 26].

Intriguingly, the post-ischaemic increase in tyrosine phosphorylation observed with in vivo
injury did not appear uniformly throughout the hippocampus, which is composed of three
major sub-fields: cornu ammonis (or CA) sector 1, CA3, and the dentate gyrus [54, 131].
Immunohistochemical labelling of hippocampal slices prepared at several time points
following global ischaemia indicated that the CA3 and dentate gyrus appear to have the
most intense initial increases in phosphorylation, but that, over several days, the CA1 region
becomes more strongly labelled [269]. Immunoblotting revealed that the CA3 and dentate
gyrus regions displayed greater tyrosine phosphorylation, particularly of higher molecular
weight proteins, during the first two days after insult [228]. A disproportionate increase of
tyrosine phosphorylation in the CA3-dentate gyrus was also observed in synaptosomes
(sub-cellular fractions of pre-synaptic terminals that also include remnants of many post-
synaptic sites) during the first day after ischaemia [99].

The elevated level of tyrosine phosphorylation routinely observed in various models of
ischaemic brain injury would intuitively be attributable to increases in the activity of
tyrosine kinases, decreases in the activity of tyrosine phosphatases, or a combination of the
two. Within whole hippocampal homogenates, the level of Src was not found to change
during a six hour period of reperfusion following either global ischaemia in adult animals
[273], or hypoxia-ischaemia in pre-weanling animals [103]. In contrast, during the same
length of time after global ischaemia the level of both Src and Fyn proteins were observed to
experience about a twofold increase within the post-synaptic density [16, 34, 226].

Autophosphorylation of Y416 in the catalytic domain of SFKs is necessary to permit enzyme
activity [204, 211, 266]. Within several hours of reperfusion following global ischaemia, a
general increase in the level of tyrosine phosphorylation at hippocampal Src was observed
[135, 136]; as well, a specific increase in Y416 phosphorylation was found within the whole
hippocampus [38, 79, 248, 258, 273], and the CA1 [130, 264, 273] and CA3-dentate gyrus [79]
regions. The level of phosphorylated Y416 was also found to be increased in both
synaptosomes [160] and post-synaptic densities [16, 35, 160] prepared from the rodent
forebrain region after the return of blood supply to the insulted area. In agreement with the
immunoblotting data, in vitro enzyme activity assays confirmed that Src function in either
whole hippocampal homogenates [78], or hippocampal synaptosomes [180] was clearly
greater several hours after a brief period of global ischaemia.
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While understanding how ischaemia may alter tyrosine kinase activity has been the
principal focus of many studies, a developing body of work has chosen to examine changes
at the level of tyrosine phosphatases; in particular, attention has been drawn to STEP.
Glutamate-mediated excitotoxicity within cultured cortical neurones lead to the cleavage of
STEP (i.e., STEPs1, a membrane-associated isoform localised to the endoplasmic reticulum
and post-synaptic density) into a lower molecular weight isoform [66, 166, 263]. In
agreement with the cell culture work, transient hypoxia-ischaemia in younger rats [81], brief
focal ischaemia in adult rats [25], and global ischaemia in gerbils [89] caused the loss of
STEPs1, and a concomitant rise of lower molecular weight STEP in the affected brain areas.
Quite likely, STEP degradation is mediated by Ca?"-activated proteases, such as calpain; for
example, the in vitro incubation of isolated PSDs with calpain causes STEPs: breakdown [81,
166], while treatment with a calpain inhibitor (calpeptin) prevents glutamate-activated
STEPe cleavage [263]. Ischaemia also appears to reduce STEP levels at the transcriptional
level by causing a rapid and significant reduction in its mRNA expression [25]. In addition,
the exposure of cultured neurones to oxidative stress, using a free radical that undergoes
increased production after ischaemia [4], results in greater oligomerisation of STEP¢1, which
causes a reduction in its activity level [46]. Considered together, the data indicate that
ischaemia initiates a series of different processes that reduce STEP activity, and thereby
contributes to enhanced levels of tyrosine phosphorylation.

5.3. The NMDAR as a specific substrate of ischaemia-mediated tyrosine
phosphorylation

5.3.1. Evidence to illustrate ischaemic alteration of GIuN2 phosphotyrosine status

The knowledge that ischaemia can bring about changes in the broad pattern of tyrosine
phosphorylation, particularly of a glycoprotein with a molecular weight of 180 kDa, began
to acquire additional significance after the identification of the GluN2B subunit as the major
tyrosine phosphorylated, higher molecular weight glycoprotein associated with the post-
synaptic density [157]. Shortly thereafter, came the first direct demonstration that ischaemia
could specifically alter the tyrosine phosphorylation of NMDA receptor subunits; in
particular, for several hours after a brief period of global ischaemia in adult rats, Takagi et
al. [225] observed a rapid and dramatic rise in tyrosine phosphorylation of hippocampal
GluN2A and GIuN2B subunits. Although the modified phosphorylation pattern of the
subunits was still clear 24 h after the insult, the GluN2A subunit consistently displayed a
degree of change several times greater than that observed for the GluN2B subunit. As well,
the magnitude of the effect was substantially greater in the hippocampus than either the
cerebral cortex, or the striatum. The seminal report showed that ischaemia can cause a sharp
and sustained rise in NMDAR tyrosine phosphorylation that differentially affects the
receptor’s constituent subunits and develops in an anatomically heterogeneous manner; in
addition, the findings helped to influence a number of studies that confirmed ischaemia
initiates cellular changes that ultimately modify the degree of tyrosine phosphorylation at
GIluN2 subunits (Table 1).
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As noted, one of the first details to emerge regarding the pathological modification of
NMDAR phosphorylation was the swift manner in which the change developed.
Subsequent work revealed that within twenty minutes of reperfusion following a brief
period of global ischaemia, a substantial rise in tyrosine phosphorylation of the GluN2A
subunit could be detected [33, 34, 135]. As well, the magnitude of the GluN2A subunit
modification was shown to increase during at least the first six hours of reperfusion, and
was seen to slowly return to basal levels over 2-3 days [135, 228]. Using a similar in vivo
model of ischaemia coupled with immunoprecipitation-based experiments, several groups
confirmed a significant rise in the tyrosine phosphorylation of GluN2A subunits in either
whole hippocampal homogenates [98, 136, 144, 226, 248], or CAl homogenates [264]
prepared within six hours of reperfusion.

While an increase in tyrosine phosphorylation of the GIuN2B subunit was also detected
after ischaemia, those studies that examined both subunits tended to find that the effect
upon the GluN2A subunit was more pronounced [16, 160, 225, 226, 228]. One exception, was
a study that applied global ischaemia to gerbils; however, the variation may have been, in
part, attributable to a species difference [271]. In contrast to adult animals, ischaemic
injury in weanling rats (post-natal day 21) was found to affect tyrosine levels of the
GluN2A and GluN2B subunits in a similar fashion, and was shown to have a significantly
greater effect upon the GluN2B subunit in pre-weanling rats (post-natal day 7); as well,
the change in phosphorylation appeared to be more transient, for the levels had returned
to baseline within a day of reperfusion [82, 103]. While the effect of oxygen-glucose
deprivation (OGD) upon cultured neurones tended to match well with the effect of in vivo
ischaemia upon the GluN2A subunit [248], the application of OGD to acutely prepared
hippocampal slices caused an apparent decrease in the level of tyrosine phosphorylation
at both subunits [6, 26]; notably, Src protein levels have been shown to rise in
hippocampal slices after OGD [9], which suggests that the unexpectedly reduced level of
phosphorylation might be attributable to a comparatively greater elevation in the
expression and/or activity of tyrosine phosphatases.

In addition to an obvious effect upon GluN2 subunit phosphorylation at the cellular level
(i.e.,, within whole homogenates of a brain region), several reports observed that
ischaemia also clearly modified subunits located within synaptic compartments. For
example, the immunoprecipitation of GluN2A and GluN2B subunits from post-synaptic
densities after global ischaemia in the rat revealed a clear rise in tyrosine phosphorylation
during the first six hours of reperfusion [34], while immunoblotting with antibodies
directed against phosphotyrosine residues in the GluN2A (Y1387) and GluN2B (Y1472)
subunits displayed a similar effect [16]. In agreement, several hours after transient
restriction in blood supply to the rat cerebral cortex, tyrosine phosphorylation of both the
GluN2A and GIluN2B subunits was found to be increased in both post-synaptic densities
and synaptosomes [160]. As well, the phosphotyrosine level of the GluN2B subunit in
synaptosomes enriched from gerbil hippocampus was markedly increased within six
hours of reperfusion after global ischaemia [179].
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Table 1. Studies examining GluN2 tyrosine phosphorylation following experimental ischaemia. 4VO,

four vessel occlusion; BCAOQ, bilateral carotid artery occlusion; CCAO, common carotid artery

occlusion; DIV, days in vitro; OGD, oxygen-glucose deprivation; PND, post-natal day; pY,

phosphotyrosine; REP, reperfusion
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5.3.2. Interaction of GIuN2 with synaptic elements may influence its phosphorylation

Along with changes in the synaptic concentration and/or activity of those tyrosine kinases
and phosphatases that act upon the NMDA receptor, the increased degree of tyrosine
phosphorylation observed at GluN2 subunits after an ischaemic insult may also be
attributable to changes in how the receptor directly interacts with SFKs. In particular, there
may be greater association between phosphotyrosine sequences within GluN2 subunits and
the segment of SFKs containing SH2 domains, which are relatively short amino acid
modules believed to be necessary to permit the interactions that underlie many tyrosine
based signalling cascades [150, 243]. Notably, ischaemia-mediated tyrosine phosphorylation
was found to increase, by approximately twofold, the association of Src and Fyn with both
GluN2A and GIuN2B during reperfusion [226]. In agreement, a number of subsequent
studies also observed greater association of SFKs with GluN2A during the first six hours
following global ischaemia in adult rats [97, 98, 135, 248, 273]. As well, hypoxia-ischaemia
applied to neonatal rats [103] and OGD of cultured neurones prepared from late-stage
embryonic animals [268] also lead to greater co-immunoprecipitation of SFKs and the
GluN2A subunit. Despite being examined to a lesser degree, the interaction between
GluN2B and SFKs has also been clearly demonstrated after neonatal hypoxia-ischaemia
[103], following global ischaemia in adult rats [179], and in response to global ischaemia
within adult gerbils [271].

An additional component that may facilitate ischaemia-mediated changes in GluN2
phosphorylation is its enhanced interaction with a prominent post-synaptic scaffolding
protein. The post-synaptic density 95 kDa (PSD-95) protein is a member of the membrane-
associated guanylate kinase (MAGUK) family, and functions as an integral scaffolding
protein in excitatory post-synaptic terminals [106, 265]. Like other MAGUK relatives, PSD-
95 displays a modular structure that consists of three N-terminal PDZ domains (PDZ 1-3),
an SH3 domain, and C-terminal guanylate-kinase domain. Through the PDZ1/2 domains, in
particular, PSD-95 has been shown to bind with a conserved ES(E/D)V amino acid sequence
located in the distal portion of GluN2 C-termini [113, 167], which permits PSD-95 to
influence gating and surface expression of the receptor [39, 132]. A series of studies that
employed multiple co-immunoprecipitation experiments helped to establish that an
enhanced association of PSD-95 with the GluN2A subunit develops during the first few
hours of post-insult reperfusion [33, 97, 144, 248, 273]. As well, an increased degree of
binding with PSD-95 has been displayed by GIuN2A subunits after OGD with cultured
neurones [268] and by hippocampal GluN2B subunits within a few hours after global
ischaemia in the gerbil [271].

Ischaemia clearly enhanced the interaction of GluN2 subunits with both SFKs and PSD-95,
and increased the level of interaction between SFKs and PSD-95 [33, 49, 97, 144], presumably
at its SH3 domain. As well, SFK-mediated tyrosine phosphorylation of GluN2 fusion
proteins augmented their binding to PSD-95 [197], and co-expressing PSD-95 with the
GluN2A subunit improved its ability to be phosphorylated by SFKs [231]. Considered
together, these data suggest that the post-ischaemic increase of GIluN2 tyrosine
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phosphorylation (section 5.3.1) is attributable to a pathologically heightened and,
potentially, self-amplifying degree of interaction among GluN2 subunits, PSD-95, and SFKs.
Our understanding of how the tripartite complex operates following ischaemia has been
greatly aided by a set of elegant studies that used molecular level approaches to alter its
assembly. Reducing by approximately one-third the hippocampal expression of PSD-95
protein, through the repeated intracerebroventricular injection of antisense oligonucleotides,
sharply attenuated both the post-ischaemic rise in GIuN2A tyrosine phosphorylation and
the elevated binding of SFKs with the GluN2A subunit [98]. In addition, adenoviral-
mediated overexpression of the PSD-95 PDZ1 domain was able to nearly eliminate
ischaemia-mediated changes in GluN2A phosphorylation, and prevented the expected
increased interactions between the GluN2A subunit, PSD-95, and Src [248].

5.4. Ischaemic changes that may contribute to increased SFK activation

The elevation of tyrosine phosphorylation within neurones, in general, and at GluN2
subunits, in particular, would seem to be a consistent feature in the array of changes that
follows cerebral ischaemia. Proximally, the ischaemia-mediated interactions of a complex
formed between GluN2 subunits, synaptic scaffolding proteins, and members of the SFKs
provide at least one working explanation for the increased pattern of phosphorylation;
however, the fashion in which these components begin to assemble is still unclear. A
starting point in understanding, from a slightly more distal perspective, the reason for
heightened GluN2 phosphotyrosine levels may be to focus on SFKs; specifically, to ask why
might SFK activity rise after ischaemia? Fortunately, the answer to the question is beginning
to take shape, and appears to involve the activity of two other, putatively interconnected,
kinases. The first one is protein kinase C (PKC), which acts upon serine-threonine residues
and exists in at least ten different isoforms, most of which are heterogeneously distributed
within the brain [229]. While the various members of the PKC family have different
mechanisms underlying their activation, many of them are stimulated by changes in Ca?"
dynamics and the generation of free radicals [27], which are key consequences following
from the over-activation of NMDARs that characterises ischaemic injury (section 1). Also,

the translocation of PKC to the post-synaptic density after ischaemia has been well
established [35, 151].

The signalling cascade initiated by the stimulation of PKC is quite diverse, however, the
ability of the activated enzyme to enhance NMDA receptor function [147, 260] and surface
expression [118], is, to a large extent, attributable to its engagement of SFK activity. For
example, the ability of PKC activators to potentiate NMDA-evoked currents in dissociated
neurones was blocked by both tyrosine kinase inhibitors and Src-specific blocking peptides;
as well, the PKC-dependent upregulation of the receptor was absent in neurones isolated
from mice with a targeted deletion of the Src gene [140]. In addition, the stimulation of PKC
activity in hippocampal slices was able to dramatically increase the level of phosphotyrosine
detected within immunoprecipitated GluN2A and GluN2B subunits [73]. Direct support for
the possibility that a PKC-dependent tyrosine kinase signalling cascade contributes to
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ischaemic changes in GluN2 tyrosine phosphorylation was provided by a study wherein a
PKC inhibitor administered immediately after an ischaemic challenge was able to reduce, by
approximately half, Src Y416 phosphorylation, general GIuN2A tyrosine phosphorylation,
and GluN2B Y1472 phosphorylation [35].

The second kinase that may serve to regulate post-ischaemic SFK activity is the proline-rich
tyrosine kinase 2, which is a member of the focal adhesion kinase family and highly
expressed within the brain [62, 259]. Through mechanisms that are still being uncovered,
Pyk2 stimulation (permitted by phosphorylation of its Y402 residue) can be initiated
through either depolarisation-induced Ca?* influx, or PKC activation [101, 129, 212]; notably,
the level of total and phosphorylated Pyk2 in the post-synaptic density increases sharply
less than an hour after post-ischaemic reperfusion has begun [34, 35]. Upon
phosphorylation, Pyk2 has been observed to interact with the Src SH2 domain to form a
complex that enhances Src function [48, 101, 122]. In addition, the degree of interaction
between Pyk2 and GIuN2A is quickly amplified in the hippocampus during reperfusion
after global ischaemia in either rat [135, 145], or gerbil [271]. Together, the data strongly
suggest that ischaemia actuates Pyk2 and enhances its interaction with GluN2 subunits,
which, in turn, likely allows Pyk2 to bind and activate the SFKs that would also have been
drawn into a complex with NMDA receptors (figure 4).
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Figure 4. Model summarising the proximal steps leading to the ischemia-mediated increase in tyrosine
phosphorylation of the NMDA receptor, and the possible association of its post-translational
modification with upstream processes leading to cell death.

Direct support for Pyk2 as a critical component in the pathologic increase of GluN2
phosphorylation has been provided by a set of elegant studies that used either
pharmacologic, or genetic approaches to downregulate the kinase’s activity. The first study
used lithium chloride (LiCl), which has been shown to protect neurones from ischaemic
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injury [200]. The application of LiCl for several days to cultured cortical neurones was able
to dramatically reduce the basal level of both activated Src and phosphorylation at Y1472 of
GluN2B [90, 91]; more importantly, administration of LiCl to animals for several days prior
to global ischaemia was able to reduce insult-mediated increases in tyrosine
phosphorylation of GIluN2A [144]. As well, pre-ischaemic LiCl was observed to reduce both
the phosphorylation of Y402 of Pyk2 and Y416 of Src, and to diminish the association of both
Pyk2 and Src with GluN2A that generally accompanies ischaemic reperfusion [145]. The
second study involved the intracerebroventricular injection of Pyk2 antisense
oligonucleotides, which lead to a reduction of nearly one-quarter in the enzyme’s protein
expression within the hippocampus [136]. Animals in which Pyk2 levels had been
downregulated displayed not only very little post-ischaemic change in the level of GluN2A
tyrosine phosphorylation, but also very little change in the activity of Pyk2 and Src and their
ability to be co-immunoprecipitated with GIluN2A.

6. Conclusions

A short period of time after the circulation of blood to a region of the brain is substantially
reduced, a series of escalating changes is initiated that can very quickly place neurones on a
path leading to cell death. One of the principal elements in the pathologic cascade is the
excessive stimulation of the excitatory NMDA receptor, which initiates a broad array of
potentially cytodestructive changes; most germanely, a disruption in the usually strict
regulation of the intracellular calcium ion concentration. One consequence of the elevated
level of internal Ca?* is the initiation of an enzyme cascade that involves either the direct, or
indirect (through the serine-threonine PKC) stimulation of the tyrosine kinase Pyk2,
followed by the subsequent activation of SFK members that go on to increase the tyrosine
phosphorylation of GluN2 subunits. Notably, the post-translational modification of the
GluN2 subunits is likely both a consequence, and, potentially, a cause of the post-ischaemic
enhancement of the degree of interaction between the subunits and Pyk2, SFKs, and PSD-95.
One important outcome of the ischaemia-mediated increase of GIluN2 tyrosine
phosphorylation that is quite likely concerns the enhancement of NMDA receptor gating
properties and surface expression, which would serve as a form of signal amplification with
the undesirable effect of contributing to increased cell death.

Preliminary support for the possibility that elevated NMDA receptor phosphorylation may
contribute to post-ischaemic neuronal loss is found in a collection of studies that have
sought to manipulate the cellular level of tyrosine phosphorylation for a neuroprotective
effect. The first report in the area revealed that the intracerebral injection of specific
inhibitors of protein tyrosine kinases minutes prior to a brief period of global ischaemia was
able to prevent the significant degree of neuronal loss that would normally have been seen
within the CA1 sub-field of the gerbil hippocampus a week after the insult [107].
Subsequently, the intraperitoneal injection of a selective inhibitor of Src shortly after
forebrain ischaemia was found to significantly reduce not only the usual increases in Src
activity and general tyrosine phosphorylation, but also the level of cell death observed in the
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hippocampus four days after the insult [171]. A group of successive studies observed that
pretreatment of rats with PP2 (4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-
d]pyrimidine), a selective SFK inhibitor, 0.5 h prior to global ischaemia was able to reduce
by greater than half the usual increase in phosphorylated Src [130, 273] and GluN2A
tyrosine phosphorylation [96, 273] seen after six hours of reperfusion; as well, cell density of
the hippocampal CA1 sub-field five days after the insult was approximately 7-8 fold greater
in the treated animals [96, 130, 273]. In addition, the injection of PP2 into neonatal mice
shortly after hypoxia-ischaemia was able to reduce by about a third the degree of
hippocampal cell loss observed several days after the insult [103].

By using tyrosine kinase inhibitors to control the level of GluN2 tyrosine phosphorylation
after an ischaemic challenge, the excessive NMDA receptor activation that plays a critical
upstream role in the resulting cell death may be, at least partially, addressed. As a result, a
foundation may begin to be constructed that will serve as inspiration for the careful
development of new approaches to address the discouraging absence of treatments for brain
injury. Regardless of the outcome displayed by future studies that explore how
understanding the causes and consequences of NMDA receptor tyrosine phosphorylation
may be applied therapeutically, the activity will undoubtedly continue to add important
details to our understanding of how the phosphorylation of brain proteins influences
neuronal communication and synaptic dysfunction

Author details

Dmytro Pavlov and John G. Mielke®
School of Public Health and Health Systems, University of Waterloo, Waterloo, Canada

Acknowledgement

The preparation of this chapter was supported by a Discovery Grant from the Natural
Sciences and Engineering Council of Canada (NSERC) awarded to J.G. Mielke.

7. References

[1] Ahmed I, Bose SK, Pavese N, Ramlackhansingh A, Turkheimer F, Hotton G, Hammers
A, Brooks DJ. (2011) Glutamate NMDA receptor dysregulation in Parkinson's disease
with dyskinesias. Brain 134(4):979-986.

[2] Ahmed SH, Hu CJ, Paczynski R, Hsu CY. (2001) Pathophysiology of ischemic injury. In
Stroke Therapy, 2nd Edition, Butterworth-Heinemann, Boston, pp. 25-57.

[3] Allen CL, Bayraktutan U. (2009) Oxidative stress and its role in the pathogenesis of
ischaemic stroke. Int J Stroke 4(6):461-470.

" Corresponding Author



Tyrosine Phosphorylation of the NMDA Receptor Following Cerebral Ischaemia 289

Armogida M, Nistico R, Mercuri NB. (2012) Therapeutic potential of targeting hydrogen
peroxide metabolism in the treatment of brain ischaemia. Br ] Pharmacol 166(4):1211-
1224.

Astrup ], Skovsted P, Gjerris F, Serensen HR. (1981) Increase in extracellular potassium
in the brain during circulatory arrest: effects of hypothermia, lidocaine, and
thiopental. Anesthesiology (3):256-262.

Au KN, Gurd JW. (1995) Tyrosine phosphorylation in a model of ischemia using the rat
hippocampal slice: specific, long-term decrease in the tyrosine phosphorylation of the
postsynaptic glycoprotein PSD-GP180. ] Neurochem 65(4):1834-1841.

Bading H, Greenberg ME. (1991) Stimulation of protein tyrosine phosphorylation by
NMDA receptor activation. Science 253(5022):912-914.

Baimbridge KG, Celio MR, Rogers JH. (1992) Calcium-binding proteins in the nervous
system. Trends Neurosci 15:303-308.

Barr CS, Dokas LA. (2001) Regulation of pp60(c-src) synthesis in rat hippocampal slices
by in vitro ischemia and glucocorticoid administration. ] Neurosci Res 65(4):340-345.

[10] Bano D, Young KW, Guerin CJ, Lefeuvre R, Rothwell NJ, Naldini L, Rizzuto R, Carafoli

E, Nicotera P. (2005) Cleavage of the plasma membrane Nat+/Ca2+ exchanger in
excitotoxicity. Cell 120(2):275-285.

[11] Bano D, Nicotera P. (2007) Ca?" signals and neuronal death in brain ischemia. Stroke

38(Suppl 2):674-676.

[12] Bartus RT, Baker KL, Heiser AD. (1994) Postischemic administration of AK275, a

calpain inhibitor, provides substantial protection against focal ischemic brain damage. J
Cereb Blood Flow Metab 14:537-544.

[13] Batty GD, Lee IM. (2002) Physical activity for preventing strokes. BMJ 325:350-351.
[14] Bennett JA, Dingledine R. (1995) Topology profile for a glutamate receptor: three

transmembrane domains and a channel-lining reentrant membrane loop. Neuron
14(2):373-384.

[15] Benveniste H, Jorgensen MB, Diemer NH, Hansen AJ. (1988) Calcium accumulation by

glutamate receptor activation is involved in hippocampal cell damage after ischemia.
Acta Neurol Scand 78(6):529-536.

[16] Besshoh S, Bawa D, Teves L, Wallace MC, Gurd JW. (2005) Increased phosphorylation

and redistribution of NMDA receptors between synaptic lipid rafts and post-synaptic
densities following transient global ischemia in the rat brain. ] Neurochem 93(1):186-
194.

[17] Bhandari V, Lim KL, Pallen CJ. (1998) Physical and functional interactions between

receptor-like protein-tyrosine phosphatase alpha and p59fyn. J Biol Chem 273(15):8691-
8698.

[18] Bi R, Rong Y, Bernard A, Khrestchatisky M, Baudry M. (2000) Src-mediated tyrosine

phosphorylation of NR2 subunits of N-methyl-D-aspartate receptors protects from
calpain-mediated truncation of their C-terminal domains. ] Biol Chem 275(34):26477-
26483.

[19] Blanke ML, VanDongen A. (2009) Activation mechanisms of the NMDA receptor. In

Biology of the NMDA Receptor, CRC Press, New York, pp. 283-312.



290 Protein Phosphorylation in Human Health

[20] Bleakman D, Alt A, Nisenbaum ES. (2006) Glutamate receptors and pain. Semin Cell
Dev Biol 17(5):592-604.

[21] Bliss TV, Collingridge GL. (1993) A synaptic model of memory: long-term potentiation
in the hippocampus. Nature 361(6407):31-39.

[22] Bogaert E, d'Ydewalle C, Van Den Bosch L. (2010) Amyotrophic lateral sclerosis and
excitotoxicity: from pathological mechanism to therapeutic target. CNS Neurol Disord
Drug Targets 9(3):297-304.

[23] Boulanger LM, Lombroso PJ, Raghunathan A, During MJ, Wahle P, Naegele JR. (1995)
Cellular and molecular characterization of a brain-enriched protein tyrosine
phosphatase. ] Neurosci 15(2):1532-1544.

[24] Braithwaite SP, Adkisson M, Leung ], Nava A, Masterson B, Urfer R, Oksenberg D,
Nikolich K. (2006) Regulation of NMDA receptor trafficking and function by striatal-
enriched tyrosine phosphatase (STEP). Eur ] Neurosci 23(11):2847-2856.

[25] Braithwaite SP, Xu J, Leung ], Urfer R, Nikolich K, Oksenberg D, Lombroso PJ, Shamloo
M. (2008) Expression and function of striatal enriched protein tyrosine phosphatase is
profoundly altered in cerebral ischemia. Eur ] Neurosci 27(9):2444-2452.

[26] Braunton JL, Wong V, Wang W, Salter MW, Roder ], Liu M, Wang YT. (1998) Reduction
of tyrosine kinase activity and protein tyrosine dephosphorylation by anoxic
stimulation in vitro. Neuroscience 82(1):161-170.

[27] Bright R, Mochly-Rosen D. (2005) The role of protein kinase C in cerebral ischemic and
reperfusion injury. Stroke 36(12):2781-2790.

[28] Brust JC. (2000) Circulation of the brain. In Principles of Neural Science, 4" Edition,
McGraw-Hill, New York, pp. 1302-1316.

[29] Butcher SP, Bullock R, Graham DI, McCulloch J. (1990) Correlation between amino acid
release and neuropathologic outcome in rat brain following middle cerebral artery
occlusion. Stroke 21:1727-1733.

[30] Campos-Gonzéalez R, Kindy MS. (1992) Tyrosine phosphorylation of microtubule-
associated protein kinase after transient ischemia in the gerbil brain. ] Neurochem
59(5):1955-1958.

[31] Chen BS, Roche KW. (2007) Regulation of NMDA receptors by phosphorylation.
Neuropharmacology 53(3):362-368.

[32] Chen C, Leonard J. (1996) Protein tyrosine kinase-mediated potentiation of currents
from cloned NMDA receptors. ] Neurochem 67:194-200.

[33] Chen M, Hou X, Zhang G. (2003) Tyrosine kinase and tyrosine phosphatase participate
in regulation of interactions of NMDA receptor subunit 2A with Src and Fyn mediated
by PSD-95 after transient brain ischemia. Neurosci Lett 339(1):29-32.

[34] Cheung HH, Takagi N, Teves L, Logan R, Wallace MC, Gurd JW. (2000) Altered
association of protein tyrosine kinases with postsynaptic densities after transient
cerebral ischemia in the rat brain. ] Cereb Blood Flow Metab 20(3):505-512.

[35] Cheung HH, Teves L, Wallace MC, Gurd JW. (2003) Inhibition of protein kinase C
reduces ischemia-induced tyrosine phosphorylation of the N-methyl-d-aspartate
receptor. ] Neurochem 86(6):1441-1449.



Tyrosine Phosphorylation of the NMDA Receptor Following Cerebral Ischaemia 291

[36] Choi DW. (1985) Glutamate neurotoxicity in cortical cell culture is calcium dependent.
Neurosci Lett 58(3):293-297.

[37] Choi DW. (1987) Ionic dependence of glutamate neurotoxicity. ] Neurosci 7:369-379.

[38] Choi JS, Kim HY, Chung JW, Chun MH, Kim SY, Yoon SH, Lee MY. (2005) Activation of
Src tyrosine kinase in microglia in the rat hippocampus following transient forebrain
ischemia. Neurosci Lett 380(1-2):1-5.

[39] Chung HJ, Huang YH, Lau LF, Huganir RL. (2004) Regulation of the NMDA receptor
complex and trafficking by activity-dependent phosphorylation of the NR2B subunit
PDZ ligand. ] Neurosci 24(45):10248-10259.

[40] Ciesla ], Fraczyk T, Rode W. (2011) Phosphorylation of basic amino acid residues in
proteins: important but easily missed. Acta Biochim Pol 58(2):137-147.

[41] Collingridge G, Isaac ], Wang YT. (2004) Receptor trafficking and synaptic plasticity.
Nat Rev Neurosci 5(12):952-962.

[42] Collingridge GL, Olsen RW, Peters ], Spedding M. (2009) A nomenclature for ligand-
gated ion channels. Neuropharmacology 56(1):2-5.

[43] Constantine-Paton M. (1990) NMDA receptor as a mediator of activity-dependent
synaptogenesis in the developing brain. Cold Spring Harbour Symp Quant Biol 55:431-
443.

[44] Curtis D, Watkins J. (1961) Analogues of glutamic and gamma-amino-n-butyric acids
having potent actions on mammalian neurones. Nature 191:1010-1011.

[45] Dabrowski A, Umemori H. (2011) Orchestrating the synaptic network by tyrosine
phosphorylation signalling. ] Biochem 149(6):641-653.

[46] Deb I, Poddar R, Paul S. (2011) Oxidative stress-induced oligomerization inhibits the
activity of the non-receptor tyrosine phosphatase STEP61. ] Neurochem 116(6):1097-
1111.

[47] Demaerschalk BM, Hwang HM, Leung G. (2010) US cost burden of ischemic stroke: a
systematic literature review. Am ] Manag Care 16(7):525-533.

[48] Dikic I, Tokiwa G, Lev S, Courtneidge SA, Schlessinger J. (1996) A role for Pyk2 and Src
in linking G-protein-coupled receptors with MAP kinase activation. Nature
383(6600):547-550.

[49] Du CP, Gao ], Tai JM, Liu Y, Qi J, Wang W, Hou XY. (2009) Increased tyrosine
phosphorylation of PSD-95 by Src family kinases after brain ischaemia. Biochem ]
417(1):277-285.

[50] Dugan LL, Sensi SL, Canzoniero LM, Handran SD, Rothman SM, Lin TS, Goldberg MP,
Choi DW. (1995) Mitochondrial production of reactive oxygen species in cortical
neurons following exposure to N-methyl-D-aspartate. ] Neurosci 15(10):6377-6388.

[561] Dunah AW, Standaert DG. (2001) Dopamine D1 receptor-dependent trafficking of
striatal NMDA glutamate receptors to the postsynaptic membrane. ] Neurosci
21(15):5546-5558.

[52] Dykens JA. (1994) Isolated cerebral and cerebellar mitochondria produce free radicals
when exposed to elevated CA? and Na": implications for neurodegeneration. ]
Neurochem 63:584-591.



292 Protein Phosphorylation in Human Health

[53] Ewald RC, Cline HT. (2009) NMDA receptors and brain development. In Biology of the
NMDA Receptor, CRC Press, New York, pp. 1-15.

[54] Fanselow MS, Dong HW. (2010) Are the dorsal and ventral hippocampus functionally
distinct structures? Neuron 65(1):7-19.

[55] Forrest D, Yuzaki M, Soares HD, Ng L, Luk DC, Sheng M, Stewart CL, Morgan ]I,
Connor JA, Curran T. (1994) Targeted disruption of NMDA receptor 1 gene abolishes
NMDA response and results in neonatal death. Neuron 13(2):325-338.

[56] Frank R. (2011) Endogenous ion channel complexes: the NMDA receptor. Biochem Soc
Trans 39:707-718.

[57] Garaschuk O, Schneggenburger R, Schirra C, Tempia F, Konnerth A. (1996) Fractional
Ca2+ currents through somatic and dendritic glutamate receptor channels of rat
hippocampal CA1 pyramidal neurones. ] Physiol 491(3):757-772.

[58] Garthwaite G, Hojos F, Garthwaite J. (1986) Ionic requirements for neurotoxic effects of
excitatory amino acid analogues in rat cerebellar slices. Neuroscience 18:437-447.

[59] Gilmour G, Dix S, Fellini L, Gastambide F, Plath N, Steckler T, Talpos ], Tricklebank M.
(2012) NMDA receptors, cognition and schizophrenia - testing the validity of the
NMDA receptor hypofunction hypothesis. Neuropharmacology 62(3):1401-1412.

[60] Ginsberg MD. (1996) Pathophysiology and mechanisms of ischemic brain injury. In
New Approaches to the Treatment of Ischemic Stroke: Part I. Ischemic Stroke: A Disease
Update. Excerpta Medica, New Jersey, pp. 11-17.

[61] Ginsberg MD. (2009) Current status of neuroprotection for cerebral ischemia: synoptic
overview. Stroke 40(3 Suppl):S111-5114.

[62] Girault JA, Costa A, Derkinderen P, Studler JM, Toutant M. (1999) FAK and
PYK2/CAKbeta in the nervous system: a link between neuronal activity, plasticity and
survival? Trends Neurosci 22(6):257-263.

[63] Globus MY, Busto R, Martinez E, Valdes I, Dietrich WD, Ginsberg MD. (1991)
Comparative effect of transient global ischemia on extracellular levels of glutamate,
glycine, and gamma-aminobutyric acid in vulnerable and nonvulnerable brain regions
in the rat. ] Neurochem 57(2):470-478.

[64] Goebel SM, Alvestad RM, Coultrap SJ, Browning MD. (2005) Tyrosine phosphorylation
of the N-methyl-D-aspartate receptor is enhanced in synaptic membrane fractions of the
adult rat hippocampus. Brain Res Mol Brain Res 142(1):65-79.

[65] Goebel-Goody SM, Davies KD, Alvestad Linger RM, Freund RK, Browning MD. (2009)
Phospho-regulation of synaptic and extrasynaptic N-methyl-d-aspartate receptors in
adult hippocampal slices. Neuroscience 158(4):1446-1459.

[66] Goebel-Goody SM, Baum M, Paspalas CD, Fernandez SM, Carty NC, Kurup P,
Lombroso PJ. (2012) Therapeutic implications for striatal-enriched protein tyrosine
phosphatase (STEP) in neuropsychiatric disorders. Pharmacol Rev 64(1):65-87.

[67] Goldberg MP, Choi DW. (1993) Combined oxygen and glucose deprivation in cortical
cell culture: calcium-dependent and calcium-independent mechanisms of neuronal
injury. ] Neurosci 13(8):3510-3524.



Tyrosine Phosphorylation of the NMDA Receptor Following Cerebral Ischaemia 293

[68] Grant SG, O'Dell TJ, Karl KA, Stein PL, Soriano P, Kandel ER. (1992) Impaired long-
term potentiation, spatial learning, and hippocampal development in fyn mutant mice.
Science 258(5090):1903-1910.

[69] Green AR, Odergren T, Ashwood T. (2003) Animal models of stroke: do they have
value for discovering neuroprotective agents? Trends Pharmacol Sci 24(8):402-408.

[70] Groc L, Bard L, Choquet D. (2009) Surface trafficking of N-Methyl-D-Aspartate
receptors: physiological and pathological perspectives. Neuroscience 158:4-18.

[71] Groc L, Heine M, Cognet L, Brickley K, Stephenson FA, Lounis B, Choquet D. (2004)
Differential activity-dependent regulation of the lateral mobilities of AMPA and
NMDA receptors. Nat Neurosci 7(7):695-696.

[72] Groc L, Heine M, Cousins SL, Stephenson FA, Lounis B, Cognet L, Choquet D. (2006)
NMDA receptor surface mobility depends on NR2A-2B subunits. Proc Natl Acad Sci
USA 103:18769-18774.

[73] Grosshans DR, Browning MD. (2001) Protein kinase C activation induces tyrosine
phosphorylation of the NR2A and NR2B subunits of the NMDA receptor. ] Neurochem
76(3):737-744.

[74] Grosshans D, Clayton D, Coultrap S, Browning M. (2002) LTP leads to rapid surface
expression of NMDA, but not AMPA, receptors. Nature Neurosci 5:27-33.

[75] Groveman BR, Xue S, Marin V, Xu ], Ali MK, Bienkiewicz EA, Yu XM. (2011) Roles of
the SH2 and SH3 domains in the regulation of neuronal Src kinase functions. FEBS |
278:643-653.

[76] Gunasekar PG, Kanthasamy AG, Borowitz JL, Isom GE. (1995) NMDA receptor
activation produces concurrent generation of nitric oxide and reactive oxygen species:
implication for cell death. ] Neurochem 65(5):2016-2021.

[77] Gunter TE, Pfeiffer D. (1990) Mechanisms by which mitochondria transport calcium.
Am ] Physiol 258:C755-C786.

[78] Guo J, Meng F, Zhang G, Zhang Q. (2003) Free radicals are involved in continuous
activation of nonreceptor tyrosine protein kinase c-Src after ischemia/reperfusion in rat
hippocampus. Neurosci Lett 345(2):101-104.

[79] Guo J, Wu HW, Hu G, Han X, De W, Sun Y]. (2006) Sustained activation of Src-family
tyrosine kinases by ischemia: a potential mechanism mediating extracellular signal-
regulated kinase cascades in hippocampal dentate gyrus. Neuroscience 143(3):827-836.

[80] Gurd JW. (1997) Protein tyrosine phosphorylation: implications for synaptic function.
Neurochem Int 31(5):635-649.

[81] Gurd JW, Bissoon N, Nguyen TH, Lombroso PJ, Rider CC, Beesley PW, Vannucci §J.
(1999) Hypoxia-ischemia in perinatal rat brain induces the formation of a low molecular
weight isoform of striatal enriched tyrosine phosphatase (STEP). ] Neurochem
73(5):1990-1994.

[82] Gurd JW, Bissoon N, Beesley PW, Nakazawa T, Yamamoto T, Vannucci SJ. (2002)
Differential effects of hypoxia-ischemia on subunit expression and tyrosine
phosphorylation of the NMDA receptor in 7- and 21-day-old rats. ] Neurochem
82(4):848-856.



294  Protein Phosphorylation in Human Health

[83] Hacke W, Hennerici M, Gelmers HJ, Kramer G. (1991) Epidemiology and classification
of strokes. In Cerebral Ischaemia, Springer-Verlag, New York, pp. 31-52.

[84] Hagberg H, Lehmann A, Sandberg M, Nystrom B, Jacobson I, Hamberger A. (1985)
Ischemia-induced shift of inhibitory and excitatory amino acids from intra to
extracellular compartments. ] Cereb Blood Flow Metab 5:925-929.

[85] Hallett PJ, Spoelgen R, Hyman BT, Standaert DG, Dunah AW. (2006) Dopamine D1
activation potentiates striatal NMDA receptors by tyrosine phosphorylation-dependent
subunit trafficking. ] Neurosci 26(17):4690-4700.

[86] Hanley MR. (1988) Proto-oncogenes in the nervous system. Neuron 1(3):175-182.

[87] Harder KW, Moller NP, Peacock JW, Jirik FR. (1998) Protein-tyrosine phosphatase alpha
regulates Src family kinases and alters cell-substratum adhesion. ] Biol Chem
273(48):31890-31900.

[88] Hartley DM, Kurth MC, Bjerkness L, Weiss JH, Choi DW. (1993) Glutamate receptor-
induced Ca?* accumulation in cortical cell culture correlates with subsequent neuronal
degeneration. ] Neurosci 13(5):1993-2000.

[89] Hasegawa S, Morioka M, Goto S, Korematsu K, Okamura A, Yano S, Kai Y, Hamada JI,
Ushio Y. (2000) Expression of neuron specific phosphatase, striatal enriched
phosphatase (STEP) in reactive astrocytes after transient forebrain ischemia. Glia
29(4):316-329.

[90] Hashimoto R, Fujimaki K, Jeong MR, Christ L, Chuang DM. (2003) Lithium-induced
inhibition of Src tyrosine kinase in rat cerebral cortical neurons: a role in
neuroprotection against N-methyl-D-aspartate receptor-mediated excitotoxicity. FEBS
Lett 538(1-3):145-148.

[91] Hashimoto R, Hough C, Nakazawa T, Yamamoto T, Chuang DM. (2002) Lithium
protection against glutamate excitotoxicity in rat cerebral cortical neurons: involvement
of NMDA receptor inhibition possibly by decreasing NR2B tyrosine phosphorylation. ]
Neurochem 80(4):589-597.

[92] He ], Ogden LG, Vupputuri S, Bazzano LA, Loria C, Whelton PK. (1999) Dietary
sodium intake and subsequent risk of cardiovascular disease in overweight adults.
JAMA 282(21):2027-2034.

[93] He K, Rimm EB, Merchant A, Rosner BA, Stampfer MJ, Willett WC, Ascherio A. (2002)
Fish consumption and risk of stroke in men. JAMA 288(24):3130-3136.

[94] Hisatsune C, Umemori H, Mishina M, Yamamoto T. (1999) Phosphorylation-dependent
interaction of the N-methyl-D-aspartate receptor epsilon 2 subunit with
phosphatidylinositol 3-kinase. Genes Cells 4(11):657-666.

[95] Horner RD, Matchar DB, Divine GW, Feussner JR. (1991) Racial variations in ischemic
stroke-related physical and functional impairments. Stroke 22:1497-1501.

[96] Hou XY, Liu Y, Zhang GY. (2007) PP2, a potent inhibitor of Src family kinases, protects
against hippocampal CA1 pyramidal cell death after transient global brain ischemia.
Neurosci Lett 420(3):235-239.

[97] Hou XY, Zhang GY, Yan JZ, Chen M, Liu Y. (2002) Activation of NMDA receptors and
L-type voltage-gated calcium channels mediates enhanced formation of Fyn-PSD95-
NR2A complex after transient brain ischemia. Brain Res 955(1-2):123-132.



Tyrosine Phosphorylation of the NMDA Receptor Following Cerebral Ischaemia 295

[98] Hou XY, Zhang GY, Zong YY. (2003) Suppression of postsynaptic density protein 95
expression attenuates increased tyrosine phosphorylation of NR2A subunits of N-
methyl-D-aspartate receptors and interactions of Src and Fyn with NR2A after transient
brain ischemia in rat hippocampus. Neurosci Lett 343(2):125-128.

[99] Hu BR, Wieloch T. (1994) Tyrosine phosphorylation and activation of mitogen-activated
protein kinase in the rat brain following transient cerebral ischemia. ] Neurochem
62(4):1357-1367.

[100] Hu NW, Ondrejcak T, Rowan MJ. (2012) Glutamate receptors in preclinical research on
Alzheimer's disease: update on recent advances. Pharmacol Biochem Behav 100(4):855-
862.

[101] Huang Y, Lu W, Ali DW, Pelkey KA, Pitcher GM, Lu YM, Aoto H, Roder JC, Sasaki T,
Salter MW, MacDonald JF. (2001) CAKbeta/Pyk?2 kinase is a signaling link for induction
of long-term potentiation in CA1 hippocampus. Neuron 29(2):485-96.

[102] Ingraham CA, Cox ME, Ward DC, Fults DW, Maness PF. (1989) c-src and other proto-
oncogenes implicated in neuronal differentiation. Mol Chem Neuropathol 10(1):1-14.

[103] Jiang X, Mu D, Biran V, Faustino J, Chang S, Rincén CM, Sheldon RA, Ferriero DM.
(2008) Activated Src kinases interact with the N-methyl-D-aspartate receptor after
neonatal brain ischemia. Ann Neurol 63(5):632-641.

[104] Jourdain P, Bergersen LH, Bhaukaurally K, Bezzi P, Santello M, Domercq M, Matute
C, Tonello F, Gundersen V, Volterra A. (2007) Glutamate exocytosis from astrocytes
controls synaptic strength. Nat Neurosci. 10(3):331-9.

[105] Kalia LV, Salter MW. (2003) Interactions between Src family protein tyrosine kinases
and PSD-95. Neuropharmacology. 45(6):720-728.

[106] Kennedy MB. (1997) The postsynaptic density at glutamatergic synapses. Trends
Neurosci 20(6):264-268.

[107] Kindy MS. (1993) Inhibition of tyrosine phosphorylation prevents delayed neuronal
death following cerebral ischemia. ] Cereb Blood Flow Metab 13(3):372-377.

[108] Kohr G, Seeburg P. (1996) Subtype-specific regulation of recombinant NMDA receptor
channels by protein tyrosine kinases of the src family. ] Physiol 492:445-452.

[109] Koistinaho J, Hokfelt T. (1997) Altered gene expression in brain ischemia. Neuroreport
8(2):i-viii.

[110] Komuro H, Rakic P. (1993) Modulation of neuronal migration by NMDA receptors.
Science 260(5104):95-97.

[111] Kontos HA. (2001) Oxygen radicals in cerebral ischemia. The 2001 Willis Lecture.
Stroke 32(11):2712-2715.

[112] Koritzinsky M, Wouters BG. (2007) Hypoxia and regulation of messenger RNA
translation. Methods Enzymol 435:247-273.

[113] Kornau HC, Schenker LT, Kennedy MB, Seeburg PH. (1995) Domain interaction
between NMDA receptor subunits and the postsynaptic density protein PSD-95.
Science 269(5231):1737-1740.

[114] Krupp JJ, Vissel B, Thomas CG, Heinemann SF, Westbrook GL. (2002) Calcineurin acts
via the C-terminus of NR2A to modulate desensitization of NMDARs.
Neuropharmacology 42:593-602.



296 Protein Phosphorylation in Human Health

[115] Kudo Y, Ogura A. (1986) Glutamate-induced increase in intracellular Ca?*
concentration in isolated hippocampal neurones. Br ] Pharmacol 89(1):191-198.

[116] Kuo WL, Chung KC, Rosner MR. (1997) Differentiation of central nervous system
neuronal cells by fibroblast-derived growth factor requires at least two signaling
pathways: roles for Ras and Src. Mol Cell Biol 17(8):4633-4643.

[117] Lafon-Cazal M, Pietri S, Culcasi M, Bockaert J. (1993) NMDA-dependent superoxide
production and neurotoxicity. Nature 364(6437):535-537.

[118] Lan JY, Skeberdis VA, Jover T, Grooms SY, Lin Y, Araneda RC, Zheng X, Bennett MV,
Zukin RS. (2001) Protein kinase C modulates NMDA receptor trafficking and gating.
Nat Neurosci. 4(4):382-390.

[119] Lau A, Tymianski M. (2010) Glutamate receptors, neurotoxicity and
neurodegeneration. Pflugers Arch 460(2):525-542.

[120] Lau C, Zukin R. (2007) NMDA receptor trafficking in synaptic plasticity and
neuropsychiatric disorders. Nat Rev Neurosci 8(6):413-426.

[121] Lau L, Huganir R. (1995) Differential tyrosine phosphorylation of N-methyl-D-
aspartate receptor subunits. ] Biol Chem 270(34):20036-20041.

[122] Lauri SE, Taira T, Rauvala H. (2000) High-frequency synaptic stimulation induces
association of fyn and c- src to distinct phosphorylated components. NeuroReport
11:997-1000.

[123] Lavezzari G, McCallum ], Lee R, Roche KW. (2003) Differential binding of the AP-2
adaptor complex and PSD-95 to the C-terminus of the NMDA receptor subunit NR2B
regulates surface expression. Neuropharmacology 45(6):729-737.

[124] Lavezzari G, McCallum ], Dewey CM, Roche KW. (2004) Subunit-specific regulation of
NMDA receptor endocytosis. ] Neurosci 24(28):6383-6391.

[125] Lee HK. (2006) Synaptic plasticity and phosphorylation. Pharmacol Therapeutics
112:810-832.

[126] Lees GJ. (1991) Inhibition of sodium-potassium-ATPase: a potentially ubiquitous
mechanism contributing to central nervous system pathology. Brain Res Rev 16(3):283-
300.

[127] Lei G, Xue S, Chéry N, Liu Q, Xu J, Kwan CL, Fu YP, Lu YM, Liu M, Harder KW, Yu
XM. (2002) Gain control of N-methyl-D-aspartate receptor activity by receptor-like
protein tyrosine phosphatase alpha. EMBO ] 21(12):2977-2989.

[128] Le Meur K, Galante M, Angulo MC, Audinat E. (2007) Tonic activation of NMDA
receptors by ambient glutamate of non-synaptic origin in the rat hippocampus. ]
Physiol. 580(Pt. 2):373-83.

[129] Lev S, Moreno H, Martinez R, Canoll P, Peles E, Musacchio JM, Plowman GD, Rudy B,
Schlessinger J. (1995) Protein tyrosine kinase PYK2 involved in Ca(2+)-induced
regulation of ion channel and MAP kinase functions. Nature 376(6543):737-745.

[130] Li T, Yu X]J, Zhang GY. (2008) Tyrosine phosphorylation of HPK1 by activated Src
promotes ischemic brain injury in rat hippocampal CA1 region. FEBS Lett 582(13):1894-
1900.

[131] LiY, Mu Y, Gage FH. (2009) Development of neural circuits in the adult hippocampus.
Curr Top Dev Biol 87:149-174.



Tyrosine Phosphorylation of the NMDA Receptor Following Cerebral Ischaemia

[132] Lin Y, Skeberdis VA, Francesconi A, Bennett MV, Zukin RS. (2004) Postsynaptic
density protein-95 regulates NMDA channel gating and surface expression. ] Neurosci
24(45):10138-10148.

[133] Lipton P (1999) Ischemic cell death in brain neurons. Physiol Rev 79(4):1431-1568.

[134] Liu X, Brodeur SR, Gish G, Songyang Z, Cantley LC, Laudano AP, Pawson T. (1993)
Regulation of c-Src tyrosine kinase activity by the Src SH2 domain. Oncogene 8(5):1119-
1126.

[135] Liu Y, Zhang G, Gao C, Hou X. (2001) NMDA receptor activation results in tyrosine
phosphorylation of NMDA receptor subunit 2A(NR2A) and interaction of Pyk2 and Src
with NR2A after transient cerebral ischemia and reperfusion. Brain Res 909(1-2):51-58.

[136] Liu Y, Zhang GY, Yan ]JZ, Xu TL. (2005) Suppression of Pyk2 attenuated the increased
tyrosine phosphorylation of NMDA receptor subunit 2A after brain ischemia in rat
hippocampus. Neurosci Lett 379(1):55-58.

[137] Lobner D, Lipton P. (1993) Intracellular calcium levels and calcium fluxes in the CA1
region of the rat hippocampal slice during in vitro ischemia: relationship to
electrophysiological cell damage. ] Neurosci 13:4861-4871.

[138] Lombroso PJ, Murdoch G, Lerner M. (1991) Molecular characterization of a protein-
tyrosine-phosphatase enriched in striatum. Proc Natl Acad Sci USA 88(16):7242-7246.

[139] Love S. (1999) Oxidative stress in brain ischemia. Brain Pathol 9(1):119-131.

[140] Lu WY, Xiong ZG, Lei S, Orser BA, Dudek E, Browning MD, MacDonald JF. (1999) G-
protein-coupled receptors act via protein kinase C and Src to regulate NMDA receptors.
Nat Neurosci 2(4):331-338.

[141] Lu YM, Roder JC, Davidow J, Salter MW. (1998) Src activation in the induction of long-
term potentiation in CA1 hippocampal neurons. Science 279(5355):1363-1367.

[142] Lucas DR, Newhouse JP. (1957) The toxic effects of sodium L-glutamate on the inner
layer of the retina. Arch Ophthalm 58:193-201.

[143] Luiten PG, Stuiver B, de Jong GI, Nyakas C, De Keyser JH. (1997) Calcium
homeostasis, nimodipine, and stroke. In Clinical Pharmacology of Cerebral Ischemia,
Humana Press, New Jersey, pp. 67-99.

[144] Ma ], Zhang GY. (2003) Lithium reduced N-methyl-D-aspartate receptor subunit 2A
tyrosine phosphorylation and its interactions with Src and Fyn mediated by PSD-95 in
rat hippocampus following cerebral ischemia. Neurosci Lett 348(3):185-189.

[145] Ma ], Zhang GY, Liu Y, Yan JZ, Hao ZB. (2004) Lithium suppressed Tyr-402
phosphorylation of proline-rich tyrosine kinase (Pyk2) and interactions of Pyk2 and
PSD-95 with NR2A in rat hippocampus following cerebral ischemia. Neurosci Res
49(4):357-362.

[146] MacDonald JF, Jackson MF, Beazely MA. (2006) Hippocampal long-term synaptic
plasticity and signal amplification of NMDA receptors. Crit Rev Neurobiol 18(1-2):71-
84.

[147] MacDonald JF, Kotecha SA, Lu WY, Jackson MEF. (2001) Convergence of PKC-
dependent kinase signal cascades on NMDA receptors. Curr Drug Targets 2(3):299-312.

297



298 Protein Phosphorylation in Human Health

[148] MacDonald JF, Mody I, Salter MW. (1989) Regulation of N-methyl-D-aspartate
receptors revealed by intracellular dialysis of murine neurones in culture. ] Physiol
414:17-34.

[149] Machado-Vieira R, Manji HK, Zarate CA. (2009) The role of the tripartite
glutamatergic synapse in the pathophysiology and therapeutics of mood disorders.
Neuroscientist 15(5):525-39.

[150] Machida K, Mayer BJ. (2005) The SH2 domain: versatile signaling module and
pharmaceutical target. Biochim Biophys Acta 1747(1):1-25.

[151] Martone ME, Hu BR, Ellisman MH. (2000) Alterations of hippocampal postsynaptic
densities following transient ischemia. Hippocampus 10(5):610-616.

[152] Mayer ML, Westbrook GL. (1987) Permeation and block of N-methyl-D-aspartic acid
receptor channels by divalent cations in mouse cultured central neurones. J Physiol
394:501-527.

[153] Mayer M, Armstrong N. (2004) Structure and function of glutamate receptor ion
channels. Annu Rev Physiol 66:161-181.

[154] McLennan H. (1983) Receptors for the excitatory amino acids in the mammalian
central nervous system. Prog Neurobiol 20(3-4):251-271.

[155] Meldrum BS. (1990) Protection against ischemic neuronal damage by drugs acting on
excitatory neurotransmission. Cerebrovasc Brain Metab Rev 2:27-57.

[156] Monyer H, Burnashev N, Laurie D], Sakmann B, Seeburg PH. (1994) Developmental
and regional expression in the rat brain and functional properties of four NMDA
receptors. Neuron 12:529-540.

[157] Moon IS, Apperson ML, Kennedy MB. (1994) The major tyrosine-phosphorylated
protein in the postsynaptic density fraction is N-methyl-D-aspartate receptor subunit
2B. Proc Natl Acad Sci USA 91(9):3954-3958.

[158] Moriyoshi K, Masu M, Ishii T, Shigemotto R, Mizuno N, Nakanishi S. (1991) Molecular
cloning and characterization of the rat NMDA receptor. Nature 354:31-37.

[159] Moss SJ, Gorrie GH, Amato A, Smart TG. (1995) Modulation of GABAA receptors by
tyrosine phosphorylation. Nature 377(6547):344-348.

[160] Murotomi K, Takagi N, Takayanagi G, Ono M, Takeo S, Tanonaka K. (2008) mGluR1
antagonist decreases tyrosine phosphorylation of NMDA receptor and attenuates
infarct size after transient focal cerebral ischemia. ] Neurochem 105(5):1625-1634.

[161] Nada S, Shima T, Yanai H, Husi H, Grant SG, Okada M, Akiyama T. (2003)
Identification of PSD-93 as a substrate for the Src family tyrosine kinase Fyn. J Biol
Chem 278(48):47610-47621.

[162] Naegele JR, Lombroso PJ. (1994) Protein tyrosine phosphatases in the nervous system.
Crit Rev Neurobiol 9(1):105-114.

[163] Nakazawa, T, Komai S, Tezuka T, Hisatsune C, Umemori H, Semba K, Mishina M,
Manabe T, Yamamoto T. (2001) Characterization of Fyn-mediated tyrosine
phosphorylation sites on GluR 2 (NR2B) subunit of the N-methyl-D-aspartate receptor.
J Biol Chem 276: 693-699.

[164] Nakazawa T, Komai S, Watabe AM, Kiyama Y, Fukaya M, Arima-Yoshida F, Horai R,
Sudo K, Ebine K, Delawary M, Goto ], Umemori H, Tezuka T, Iwakura Y, Watanabe M,



Tyrosine Phosphorylation of the NMDA Receptor Following Cerebral Ischaemia 299

Yamamoto T, Manabe T. (2006) NR2B tyrosine phosphorylation modulates fear learning
as well as amygdaloid synaptic plasticity. EMBO ] 25(12):2867-2877.

[165] Nguyen TH, Liu J, Lombroso PJ. (2002) Striatal enriched phosphatase 61
dephosphorylates Fyn at phosphotyrosine 420. ] Biol Chem 277(27):24274-24279.

[166] Nguyen TH, Paul S, Xu Y, Gurd JW, Lombroso PJ. (1999) Calcium-dependent cleavage
of striatal enriched tyrosine phosphatase (STEP). ] Neurochem 73(5):1995-2001.

[167] Niethammer M, Kim E, Sheng M. (1996) Interaction between the C terminus of NMDA
receptor subunits and multiple members of the PSD-95 family of membrane-associated
guanylate kinases. ] Neurosci 16(7):2157-2163.

[168] Nowak L, Bregestovski P, Ascher P, Herbet A, Prochiantz A. (1984) Magnesium gates
glutamate-activated channels in mouse central neurones. Nature 307(5950):462-465.
[169] O'Collins VE, Macleod MR, Donnan GA, Horky LL, van der Worp BH, Howells DW.

(2006) 1,026 experimental treatments in acute stroke. Ann Neurol 59(3):467-477.

[170] Ohnishi H, Murata Y, Okazawa H, Matozaki T. (2011) Src family kinases: modulators
of neurotransmitter function and behaviour. Trends Neurosci 34(12):629-637.

[171] Ohtsuki T, Matsumoto M, Kitagawa K, Mabuchi T, Mandai K, Matsushita K,
Kuwabara K, Tagaya M, Ogawa S, Ueda H, Kamada T, Yanagihara T. (1996) Delayed
neuronal death in ischemic hippocampus involves stimulation of protein tyrosine
phosphorylation. Am J Physiol 271(4 Pt 1):C1085-1097.

[172] Olesen ], Gustavsson A, Svensson M, Wittchen HU, Jonsson B. (2012) The economic
cost of brain disorders in Europe. Eur ] Neurol 19(1):155-162.

[173] Olney JW. (1969) Glutamate-induced retinal degeneration in neonatal mice. Electron
microscopy of the acutely evolving lesion. ] Neuropathol Exp Neurol 28(3):455-474.
[174] Oyama T, Goto S, Nishi T, Sato K, Yamada K, Yoshikawa M, Ushio Y. (1995)
Immunocytochemical localization of the striatal enriched protein tyrosine phosphatase
in the rat striatum: a light and electron microscopic study with a complementary DNA-

generated polyclonal antibody. Neuroscience 69(3):869-880.

[175] Ozawa S, Kamiya H, Tsuzuki K. (1998) Glutamate receptors in the mammalian central
nervous system. Prog Neurobiol 54:581-618.

[176] Pallen CJ. (2003) Protein tyrosine phosphatase alpha (PTPalpha): a Src family kinase
activator and mediator of multiple biological effects. Curr Top Med Chem 3(7):821-835.

[177] Paoletti P, Ascher P, Neyton J. (1997) High-affinity zinc inhibition of NMDA NR1-
NR2A receptors. ] Neurosci 17(15):5711-25.

[178] Pawson T, Scott JD. (2005) Protein phosphorylation in signaling - 50 years and
counting. Trends Biochem Sci (6):286-290.

[179] Pei L, Li Y, Zhang GY, Cui ZC, Zhu ZM. (2000) Mechanisms of regulation of tyrosine
phosphorylation of NMDA receptor subunit 2B after cerebral ischemia/reperfusion.
Acta Pharmacol Sin 21(8):695-700.

[180] Pei L, Li Y, Yan ]JZ, Zhang GY, Cui ZC, Zhu ZM. (2000) Changes and mechanisms of
protein-tyrosine kinase and protein-tyrosine phosphatase activities after brain
ischemia/reperfusion. Acta Pharmacol Sin 21(8):715-720.



300 Protein Phosphorylation in Human Health

[181] Pelkey K, Askalan R, Paul S, Kalia L, Nguyen T, Pitcher G, Salter M, Lombroso P.
(2002) Tyrosine phosphatase STEP is a tonic brake on induction of long-term
potentiation. Neuron 34: 127-138.

[182] Perkinton MS, Ip JK, Wood GL, Crossthwaite AJ, Williams R]J. (2002)
Phosphatidylinositol 3-kinase is a central mediator of NMDA receptor signalling to
MAP kinase (Erk1/2), Akt/PKB and CREB in striatal neurones. ] Neurochem 80(2):239-
254.

[183] Petralia RS, Al-Hallag R, Wenthold R]J. (2009) Trafficking and Targeting of NMDA
receptors. In Biology of the NMDA Receptor, CRC Press, New York, pp. 149-200.

[184] Petralia RS, Sans N, Wang YX, Wenthold RJ. (2005) Ontogeny of postsynaptic density
proteins at glutamatergic synapses. Mol Cell Neurosci 29:436-452.

[185] Phillis JW, O'Regan MH. (2004) A potentially critical role of phospholipases in central
nervous system ischemic, traumatic, and neurodegenerative disorders. Brain Res Brain
Res Rev 44(1):13-47.

[186] Ponniah S, Wang DZ, Lim KL, Pallen CJ. (1999) Targeted disruption of the tyrosine
phosphatase PTPalpha leads to constitutive downregulation of the kinases Src and Fyn.
Curr Biol 9(10):535-538.

[187] Powers WJ. (1990) Stroke. In Neurobiology of Disease, Oxford University Press,
Toronto, pp. 339-355.

[188] Prybylowski K, Chang K, Sans N, Kan L, Vicini S, Wenthold R]J. (2005) The synaptic
localization of NR2B-containing NMDA receptors is controlled by interactions with
PDZ proteins and AP-2. Neuron 47(6):845-857.

[189] Qizilbash N, Duffy SW, Warlow C, Mann, J. (1992) Lipids are risk factors for ischemic
stroke — review and overview. Cerebrovascular Disease 2:127-136.

[190] Randall RD, Thayer SA. (1992) Glutamate-induced calcium transient triggers delayed
calcium overload and neurotoxicity in rat hippocampal neurons. ] Neurosci 12:1882-
1895.

[191] Rao A, Craig AM. (1997) Activity regulates the synaptic localization of the NMDA
receptor in hippocampal neurons. Neuron 19(4):801-812.

[192] Ray SK. (2006) Currently evaluated calpain and caspase inhibitors for neuroprotection
in experimental brain ischemia. Curr Med Chem 13(28):3425-3440.

[193] Récasens M, Guiramand J, Aimar R, Abdulkarim A, Barbanel G. (2007) Metabotropic
glutamate receptors as drug targets. Curr Drug Targets 8(5):651-681.

[194] Reynolds IJ, Hastings TG. (1995) Glutamate induces the production of reactive oxygen
species in cultured forebrain neurons following NMDA receptor activation. ] Neurosci
15:3318-3327.

[195] Roche S, Koegl M, Barone MV, Roussel MF, Courtneidge SA. (1995) DNA synthesis
induced by some but not all growth factors requires Src family protein tyrosine kinases.
Mol Cell Biol 15(2):1102-1109.

[196] Roche KW, Standley S, McCallum ], Dune Ly C, Ehlers MD, Wenthold R]J. (2001)
Molecular determinants of NMDA receptor internalization. Nat Neurosci 4(8):794-802.

[197] Rong Y, Lu X, Bernard A, Khrestchatisky M, Baudry M. (2001) Tyrosine
phosphorylation of ionotropic glutamate receptors by Fyn or Src differentially



Tyrosine Phosphorylation of the NMDA Receptor Following Cerebral Ischaemia 301

modulates their susceptibility to calpain and enhances their binding to spectrin and
PSD-95. ] Neurochem 79(2):382-390.

[198] Rosamond W, Flegal K, Friday G, et al. (2007) Heart disease and stroke statistics — 2007
update: a report from the American heart association statistics committee and stroke
statistics subcommittee. Circulation 115, e69—-e110.

[199] Rothman SM Olney JW. (1986) Glutamate and the pathophysiology of hypoxic-
ischemic brain damage. Ann Neurol 19:105-111.

[200] Rowe MK, Chuang DM. (2004) Lithium neuroprotection: molecular mechanisms and
clinical implications. Expert Rev Mol Med 6(21):1-18.

[201] Ryan TJ, Emes RD, Grant SG, Komiyama NH. (2008) Evolution of NMDA receptor
cytoplasmic interaction domains: implications for organisation of synaptic signalling
complexes. BMC Neurosci 9:6.

[202] Sacco RL, Boden-Albala B, Gan R, Chen X, Kargman DE, Shea S, Paik MC, Hauser
WA. (1998) Stroke incidence among white, black, and Hispanic residents of an urban
community. The Northern Manhattan Stroke Study. Am ] Epidemiology 147:259-268.

[203] Sacco RL, Boden-Albala B. (2001) Stroke risk factors: identifiction and modification. In
Stroke Therapy, 2" Edition, Butterworth-Heinemann, U.S.A., pp. 1-24.

[204] Salter M, Kalia L. (2004) Src kinases: a hub for NMDA receptor regulation. Nat Rev
Neurosci 5:317-328.

[205] Salter MW, Dong Y, Kalia LV, Liu X], Pitcher G. (2009) Regulation of NMDA receptors
by kinases and phosphatases. In Biology of the NMDA Receptor, CRC Press, New York,
pp. 123-148.

[206] Sato Y, Tao YX, Su Q, Johns RA. (2008) Post-synaptic density-93 mediates tyrosine
phosphorylation of the N-methyl-D-aspartate receptors. Neuroscience 153(3):700-708.

[207] Sattler R, Charlton MP, Hafner M, Tymianski M. (1998) Distinct influx pathways, not
calcium load, determine neuronal vulnerability to calcium neurotoxicity. ] Neurochem
71(6):2349-2364.

[208] Schlaepfer WW, Bunge RP. (1973) Effects of calcium ion concentration on the
degeneration of amputated axons in tissue culture. ] Cell Biol 59:456-470.

[209] Shamloo M, Wieloch T. (1999) Changes in protein tyrosine phosphorylation in the rat
brain after cerebral ischemia in a model of ischemic tolerance. ] Cereb Blood Flow
Metab 19(2):173-183.

[210] Shaper AG, Phillips AN, Pocock SJ, Walker M, Macfarlane PW. (1991) Risk factors for
stroke in middle aged British men. BM]J 302(6785):1111-5.

[211] Sicheri F, Kuriyan J. (1997) Structures of Src-family tyrosine kinases. Curr Opin Struct
Biol 7(6):777-785.

[212] Siciliano JC, Toutant M, Derkinderen P, Sasaki T, Girault JA. (1996) Differential
regulation of proline-rich tyrosine kinase 2/cell adhesion kinase beta (PYK2/CAKbeta)
and ppl125(FAK) by glutamate and depolarization in rat hippocampus. J Biol Chem
271(46):28942-28946.

[213] Siesjo BK. (1986) Calcium and ischemic brain damage. Exp Neurol 25(Suppl 1):45-56.

[214] Siesjo BK, Katsura K, Mellergard P, Ekholm A, Lundgren ], Smith ML. (1993) Acidosis-
related brain damage. Prog Brain Res 96:23-48.



302 Protein Phosphorylation in Human Health

[215] Simon RP, Swan JH, Griffiths T, Meldrum BS. (1984) Blockade of NMDA receptors
may protect against ischemic damage in the brain. Science 226:850-852.

[216] Snyder EM, Nong Y, Almeida CG, Paul S, Moran T, Choi EY, Nairn AC, Salter MW,
Lombroso PJ, Gouras GK, Greengard P. (2005) Regulation of NMDA receptor
trafficking by amyloid-beta. Nat Neurosci 8(8):1051-1058.

[217] Sorimachi H, Ishiura S, Suzuki K. (1997) Structure and physiological function of
calpains. Biochem ] 328:721-732.

[218] Stehelin D, Varmus HE, Bishop JM, Vogt PK. (1976) DNA related to the transforming
gene(s) of avian sarcoma viruses is present in normal avian DNA. Nature 260(5547):170-
173.

[219] Stoker A, Dutta R. (1998) Protein tyrosine phosphatases and neural development.
Bioessays 20(6):463-472.

[220] Sudol M, Grant SG, Maisonpierre PC. (1993) Proto-oncogenes and signaling processes
in neural tissues. Neurochem Int 4:369-384.

[221] Suzuki T, Okumura-Noji K. (1995) NMDA receptor subunits epsilon 1 (NR2A) and
epsilon 2 (NR2B) are substrates for Fyn in the postsynaptic density fraction isolated
from the rat brain. Biochem Biophys Res Commun 216(2):582-588.

[222] Swope SL, Moss SJ, Raymond LA, Huganir RL. (1999) Regulation of ligand-gated ion
channels by protein phosphorylation. Adv Second Messenger Phosphoprotein Res
33:49-78.

[223] Szydlowska K, Tymianski M. (2010) Calcium, ischemia and excitotoxicity. Cell
Calcium 47(2):122-129.

[224] Takagi K, Ginsberg MD, Globus MY, Dietrich WD, Martinez E, Kraydieh S, Busto R.
(1993) Changes in amino acid neurotransmitters and cerebral blood flow in the ischemic
penumbral region following middle cerebral artery occlusion in the rat: correlation with
histopathology. ] Cereb Blood Flow Metab 13(4):575-585.

[225] Takagi N, Shinno K, Teves L, Bissoon N, Wallace MC, Gurd JW. (1997) Transient
ischemia differentially increases tyrosine phosphorylation of NMDA receptor subunits
2A and 2B. ] Neurochem 69(3):1060-1065.

[226] Takagi N, Cheung HH, Bissoon N, Teves L, Wallace MC, Gurd JW. (1999) The effect of
transient global ischemia on the interaction of Src and Fyn with the N-methyl-D-
aspartate receptor and postsynaptic densities: possible involvement of Src homology 2
domains. ] Cereb Blood Flow Metab 19(8):880-888.

[227] Takagi N, Logan R, Teves L, Wallace MC, Gurd JW. (2000) Altered interaction between
PSD-95 and the NMDA receptor following transient global ischemia. ] Neurochem
74(1):169-178.

[228] Takagi N, Sasakawa K, Besshoh S, Miyake-Takagi K, Takeo S. (2003) Transient
ischemia enhances tyrosine phosphorylation and binding of the NMDA receptor to the
Src homology 2 domain of phosphatidylinositol 3-kinase in the rat hippocampus. ]
Neurochem 84(1):67-76.

[229] Tanaka C, Nishizuka Y. (1994) The protein kinase C family for neuronal signaling.
Annu Rev Neurosci 17:551-567.



Tyrosine Phosphorylation of the NMDA Receptor Following Cerebral Ischaemia 303

[230] Ter Horst G, Postigo A. (1997) Stroke: prevalence and mechanisms of cell death. In
Clinical Pharmacology of Cerebral Ischaemia, Humana, New Jersey, pp. 1-30.

[231] Tezuka T, Umemori H, Akiyama T, Nakanishi S, Yamamoto T. (1999) PSD-95
promotes Fyn-mediated tyrosine phosphorylation of the N-methyl-D-aspartate receptor
subunit NR2A. Proc Natl Acad Sci USA 96(2):435-440.

[232] Thayer SA, Usachev YM, Pottorf WJ. (2002) Modulating Ca?* clearance from neurons.
Frontiers Biosci 7:d1255-1279.

[233] Tovar KR, Westbrook GL (1999) The incorporation of NMDA receptors with a distinct
subunit composition at nascent hippocampal synapses in vitro. ] Neurosci 19:4180-4188.

[234] Tovar KR, Westbrook GL. (2002) Mobile NMDA receptors at hippocampal synapses.
Neuron 34(2):255-264.

[235] Traub LM. (2009) Tickets to ride: selecting cargo for clathrin-regulated internalization.
Nat Rev Mol Cell Biol 10(9):583-596.

[236] Traynelis SF, Wollmuth LP, McBain CJ, Menniti FS, Vance KM, Ogden KK, Hansen
KB, Yuan H, Myers SJ, Dingledine R. (2010) Glutamate receptor ion channels: structure,
regulation, and function. Pharmacol Rev 62(3):405-496.

[237] Trepanier CH, Jackson MF, MacDonald JF. (2012) Regulation of NMDA receptors by
the tyrosine kinase Fyn. FEBS Journal 279:12-19.

[238] Ubersax JA, Ferrell JE Jr. (2007) Mechanisms of specificity in protein phosphorylation.
Nat Rev Mol Cell Biol 8(7):530-541.

[239] Umemori H, Ogura H, Tozawa N, Mikoshiba K, Nishizumi H, Yamamoto T. (2003)
Impairment of N-methyl-D-aspartate receptor-controlled motor activity in LYN-
deficient mice. Neuroscience 118(3):709-713.

[240] Vaughan ] & Bullock R. (1999) Cellular and vascular pathophysiology of stroke. In
Stroke Therapy: Basic, Preclinical, and Clinical Directions, Wiley-Liss, Toronto, pp. 3-38.

[241] Vinade L, Petersen JD, Do K, Dosemeci A, Reese TS. (2001) Activation of calpain may
alter the postsynaptic density structure and modulate anchoring of NMDA receptors.
Synapse 40(4):302-309.

[242] Vissel B, Krupp ]JJ, Heinemann SF, Westbrook GL. (2001) A use-dependent tyrosine
dephosphorylation of NMDA receptors is independent of ion flux. Nat Neurosci
4(6):587-596.

[243] Waksman G, Kumaran S, Lubman O. (2004) SH2 domains: role, structure and
implications for molecular medicine. Expert Rev Mol Med 6(3):1-18.

[244] Walaas SI, Greengard P. (1991) Protein phosphorylation and neuronal function.
Pharmacol Rev 43(3):299-349.

[245] Wan Q, Xiong ZG, Man HY, Ackerley CA, Braunton J, Lu WY, Becker LE, MacDonald
JE, Wang YT. (1997) Recruitment of functional GABA(A) receptors to postsynaptic
domains by insulin. Nature 388(6643):686-690.

[246] Wang K, Hackett JT, Cox ME, Van Hoek M, Lindstrom ]JM, Parsons SJ. (2004)
Regulation of the neuronal nicotinic acetylcholine receptor by SRC family tyrosine
kinases. ] Biol Chem. 279(10):8779-8786.

[247] Wang WQ, Sun JP, Zhang ZY. (2003) An overview of the protein tyrosine phosphatase
superfamily. Curr Top Med Chem 3(7):739-748.



304 Protein Phosphorylation in Human Health

[248] Wang WW, Hu SQ, Li C, Zhou C, Qi SH, Zhang GY. (2010) Transduced PDZ1 domain
of PSD-95 decreases Src phosphorylation and increases nNOS (Ser847) phosphorylation
contributing to neuroprotection after cerebral ischemia. Brain Res 1328:162-170.

[249] Wang Y, Salter M. (1994) Regulation of NMDA receptors by tyrosine kinases and
phosphatases. Nature 369:233-235.

[250] Wang Y, Yu X, Salter M. (1996) Ca?-independent reduction of N-methyl-D-aspartate
channel activity by protein tyrosine phosphatase. Proc Natl Acad Sci USA 93:1721-1725.

[251] Wannamethee G, Shaper AG. (1992) Physical activity and stroke in British middle
aged men. BM]J 304:597-601.

[252] Watanabe M, Inoue Y, Sakimura K, Mishina M. (1992) Developmental changes in
distribution of NMDA receptor channel subunit mRNAs. NeuroReport 3:1138-1140.
[253] Watanabe M, Inoue Y, Sakimura K, Mishina M. (1993) Distinct distributions of five N-
methyl-D-aspartate receptor channel subunit mRNAs in the forebrain. ] Comp Neurol

338(3):377-390.

[254] Wei G, Yin Y, Li W, Bito H, She H, Mao Z. (2012) Calpain-mediated degradation of
myocyte enhancer factor 2D contributes to excitotoxicity by activation of extrasynaptic
N-methyl-D-aspartate receptors. ] Biol Chem 287(8):5797-5805.

[255] World Health Organization. Global Burden of Stroke. (2004) The atlas of heart disease
and stroke.
http://www.who.int/cardiovascular_diseases/en/cvd_atlas_15_burden_stroke.pdf.

[256] Wolf PA, D’Agostino RB, Belanger AJ, Kannel WB. (1991a) Probability of stroke: a risk
profile from the Framingham study. Stroke 22:312-318.

[257] Wolf PA, Abbott RD, Kannel WB. (1991b) Atrial fibrillation as an independent risk
factor for stroke: the Framingham study. Stroke 22:983-988.

[258] Wu HW, Li HF, Guo J. (2007) N-methyl-D-aspartate receptors mediate
diphosphorylation of extracellular signal-regulated kinases through Src family tyrosine
kinases and Ca2+/calmodulin-dependent protein kinase II in rat hippocampus after
cerebral ischemia. Neurosci Bull 23(2):107-112.

[259] Xiong WC, Mei L. (2003) Roles of FAK family kinases in nervous system. Front Biosci
8:5676-s682.

[260] Xiong Z, Raouf R, Lu WY, Wang LY, Orser BA, Dudek EM, Browning MD,
MacDonald JF. (1998) Regulation of N-methyl-D-aspartate receptor function by
constitutively active protein kinase C. Mol Pharmacol 54(6):1055-1063.

[261] Xiong Z, Pelkey K, Lu W, Lu Y, Roder ], MacDonald ], Salter M. (1999) Src potentiation
of NMDA receptors in hippocampal and spinal neurons is not mediated by reducing
zinc inhibition. ] Neurosci 19:RC37(1-6).

[262] Xu ], Kurup P, Bartos JA, Patriarchi T, Hell JW, Lombroso PJ. (2012) Striatal-enriched
Protein-tyrosine Phosphatase (STEP) Regulates Pyk2 Kinase Activity. J Biol Chem
287(25):20942-20956.

[263] Xu ], Kurup P, Zhang Y, Goebel-Goody SM, Wu PH, Hawasli AH, Baum ML, Bibb JA,
Lombroso PJ. (2009) Extrasynaptic NMDA receptors couple preferentially to
excitotoxicity via calpain-mediated cleavage of STEP. ] Neurosci 29(29):9330-9343.



Tyrosine Phosphorylation of the NMDA Receptor Following Cerebral Ischaemia 305

[264] Xu ], Liu Y, Zhang GY. (2008) Neuroprotection of GluR5-containing kainate receptor
activation against ischemic brain injury through decreasing tyrosine phosphorylation of
N-methyl-D aspartate receptors mediated by Src kinase. ] Biol Chem 283(43):29355-
29366.

[265] Xu W. (2011) PSD-95-like membrane associated guanylate kinases (PSD-MAGUKSs)
and synaptic plasticity. Curr Opin Neurobiol 21(2):306-312.

[266] Xu W, Doshi A, Lei M, Eck MJ, Harrison SC. (1999) Crystal structures of c-Src reveal
features of its autoinhibitory mechanism. Mol Cell 3(5):629-638.

[267] Yaka R, Thornton C, Vagts AJ, Phamluong K, Bonci A, Ron D. (2002) NMDA receptor
function is regulated by the inhibitory scaffolding protein, RACK1. Proc Natl Acad Sci
USA 99(8):5710-57155.

[268] Yan JZ, Liu Y, Zong YY, Zhang GY. (2012) Knock-down of postsynaptic density
protein 95 expression by antisense oligonucleotides protects against apoptosis-like cell
death induced by oxygen-glucose deprivation in vitro. Neurosci Bull 28(1):69-76.

[269] Yokota M, Saido TC, Miyaji K, Tani E, Kawashima S, Suzuki K. (1994) Stimulation of
protein-tyrosine phosphorylation in gerbil hippocampus after global forebrain
ischemia. Neurosci Lett 168(1-2):69-72.

[270] Yu XM, Askalan R, Keil GJ, Salter MW. (1997) NMDA channel regulation by channel
associated protein tyrosine kinase Src. Science 275(5300):674-678.

[271] Zalewska T, Ziemka-Natecz M, Domanska-Janik K. (2005) Transient forebrain
ischemia effects interaction of Src, FAK, and PYK2 with the NR2B subunit of N-methyl-
D-aspartate receptor in gerbil hippocampus. Brain Res 1042(2):214-223.

[272] Zhang C, Siman R, Xu YA, Mills AM, Frederick JR, Neumar RW. (2002) Comparison of
calpain and caspase activities in the adult rat brain after transient forebrain ischemia.
Neurobiol Dis 10(3):289-305.

[273] Zhang F, Li C, Wang R, Han D, Zhang QG, Zhou C, Yu HM, Zhang GY. (2007)
Activation of GABA receptors attenuates neuronal apoptosis through inhibiting the
tyrosine phosphorylation of NR2A by Src after cerebral ischemia and reperfusion.
Neuroscience 150(4):938-949.

[274] Zhang L, Hsu JC, Takagi N, Gurd JW, Wallace MC, Eubanks JH. (1997) Transient
global ischemia alters NMDA receptor expression in rat hippocampus: correlation with
decreased immunoreactive protein levels of the NR2A/2B subunits, and an altered
NMDA receptor functionality. ] Neurochem 69(5):1983-1994.

[275] Zhang ], Diamond JS. (2006) Distinct perisynaptic and synaptic localization of NMDA
and AMPA receptors on ganglion cells in rat retina. ] Comp Neurol 498:810-820.

[276] Zhang Y, Lipton P. (1999) Cytosolic Ca?* changes during in vitro ischemia in rat
hippocampal slices: major roles for glutamate and Na* dependent Ca?" release from
mitochondria. ] Neurosci 19(9):3307-3315.

[277] Zhang Y, Kurup P, Xu ], Carty N, Fernandez SM, Nygaard HB, Pittenger C, Greengard
P, Strittmatter SM, Nairn AC, Lombroso PJ. (2010) Genetic reduction of striatal-enriched
tyrosine phosphatase (STEP) reverses cognitive and cellular deficits in an Alzheimer's
disease mouse model. Proc Natl Acad Sci USA 107(44):19014-19019.



306 Protein Phosphorylation in Human Health

[278] Zhao W, Cavallaro S, Gusev P, Alkon DL. (2000) Nonreceptor tyrosine protein kinase
pp60c-src in spatial learning: synapse-specific changes in its gene expression, tyrosine
phosphorylation, and protein-protein interactions. Proc Natl Acad Sci USA 97(14):8098-
8103.

[279] Zheng XM, Wang Y, Pallen CJ. (1992) Cell transformation and activation of pp60c-src
by overexpression of a protein tyrosine phosphatase. Nature 359(6393):336-339.

[280] Ziemka-Nalecz M, Zalewska T, Zajac H, Domansk-Janik K. (2003) Decrease of PKC
precedes other cellular signs of calpain activation in area CA1 of the hippocampus after
transient cerebral ischemia. Neurochem Int 42(3):205-214.



