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Abstract 
Excitotoxicity is a major mechanism of neuronal damage 

in cerebral ischemia and is mediated largely by neuronal 

N-methyl-D-aspartate receptors (NMDAR). This review 

presents the structural and functional alterations in 

NMDAR after an ischemic insult, including the 

antagonistic roles different NMDAR sub-types play in the 

post-ischemic period. By elucidating these molecular 

changes and the effects they have on downstream cellular 

signaling, rational therapy can be devised in an attempt 

to mitigate the effects of cerebral ischemia. 

[N A J Med Sci. 2009;2(1):9-14.] 

 

Introduction 
In 2005, 2.7% of men and 2.5% of women above 18 years 

old in the U.S. had at least one episode of stroke.1 This 

corresponds to an incidence of 158 per 100,000 people,2 a 

figure that translates to one stroke occurring every 40 

seconds.1 Furthermore, stroke is the 3rd most common cause 

of death after heart disease and cancer,1 and it is the 6th most 

common cause of reduced disability-adjusted life years 

(DALY).3 As the population in developed countries ages and 

the number of stroke cases increases, this burden of 

morbidity will increase. Myocardial infarction, with an 

incidence of 200-250 per 100,000 and a fatality rate of 9-

16%,4 is also a major cause of global cerebral ischemia.   

 

Several novel research studies have been done to elucidate 

the pathophysiology of stroke and global ischemia. 

Glutamate-mediated excitotoxicity has been implicated as 

one of the main processes in the evolution of stroke injury.5,6 

During neuronal excitotoxicity, massive amount of 

glutamate, the principal excitatory neurotransmitter of the 

central nervous system (CNS), is released by ischemic nerve 

endings and glial cells into the extra-cellular space. 

Glutamate then binds to N-methyl-D-aspartate receptors 

(NMDAR) on surrounding neuronal and glial cells, activating 

the receptor and opening its channel pore. As a cationic 

channel, NMDAR allows Na+, and more importantly, Ca2+, 

into the post-synaptic neuron. Accumulation of Ca2+ in the 

cytosol is particularly detrimental to neuronal survival, as it 

can lead to the generation of reactive oxygen species, 

mitochondrial dysfunction, proteolytic cleavage of cellular 

proteins and eventually cell death.7 This review will begin by 

providing a background of the structure and function of 

NMDAR, followed by an introduction to the sub-

membranous microenvironment of NMDAR known as the 

post-synaptic density (PSD). We will detail factors mediating 

the localization and trafficking of NMDAR, and we will 

review molecular and functional changes in NMDAR under 

ischemic conditions. Finally, we will present the opposing 

roles played by different NMDAR receptor sub-types in 

ischemia. 

 

Structure and Function of NMDAR 
The NMDAR is a hetero-tetrameric receptor made up of a 

combination of sub-units denoted as NR1 and NR2. There 

are eight variants of the NR1 sub-unit as a result of 

alternative mRNA splicing,8 and NR1 is an obligate 

component of the NMDAR.9 The NR2 sub-unit is comprised 

of four different isoforms: NR2A, NR2B, NR2C, and NR2D. 

These isoforms are expressed by different alleles in the 

genome.9 Depending on the availability of NR2 sub-units and 

the brain region involved, different sub-types of NMDAR 

can be found. While dihetero-tetrameric (e.g. NR1/NR2A) 

receptor sub-types are most commonly found in the brain, 

trihetero-tetrameric (e.g. NR1/NR2A/NR2B) receptor sub-

types have also been found endogenously.10 Of the dihetero-

tetrameric receptors, NR1/NR2A and NR1/NR2B are the 

predominant sub-types found within the forebrain (see below 

for discussion of the distribution of these two receptor sub-

types). Current research is starting to unveil the different, and 

mostly opposing, functional differences between NR2A and 

NR2B sub-units. Consequently, this will allow researchers to 

more accurately target disease processes found in stroke, 

Parkinson’s, and dementia. In addition to NR1 and NR2, 

there also exists a less common NR3 sub-unit, which has two 

isoforms denoted NR3A and NR3B. With regards to NR3, 

trihetero-tetrameric NR1/NR2/NR3 have been found 

endogenously,11 although their relative contribution to 

NMDAR signaling is unresolved. 

 

The quaternary structure of NMDAR creates an ionic channel 

that is physiologically blocked by Mg2+. This is relieved upon 

membrane depolarization, effectively producing a voltage-

dependent block. In addition to Mg2+, chemicals such as MK-

801 (dizocilpine), phencyclidine, and ketamine can bind in a 

location within the channel of the NMDAR. These channel-

blockers produce a voltage-dependent blockade that is most 

profound when the receptor is activated - i.e., a use-

dependent blockade.12 The NMDAR has multiple sites for 
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agonists and antagonist binding. The NR1 sub-unit binds the 

co-agonist glycine, without which the NMDAR receptor will 

not be activated.  Acute, transient exposure to glycine in the 

presence of glutamate is known to potentiate the NMDAR-

derived whole-cell neuronal current.13 Further, conditioning 

or sustained exposure (2-3 minutes) of glycine in the 

presence of glutamate permanently reduces the whole-cell 

current via clathrin-dependent endocytosis of the NMDAR.13 

Presumably, this serves as a protective response to attenuate 

NMDAR overactivation in periods of pathological 

neurotransmitter release, as occurs in cerebral ischemia. 

Physiologically, Zn2+ serves as an endogenous modulator of 

NMDAR function, binding to an allosteric site found on 

NR2A and NR2B sub-units. This serves to elicit a glycine-

independent down-regulation of NMDAR activity. 

Pharmacologists have exploited this finding by synthesizing 

molecules that are selective for either NR2A or NR2B, thus 

allowing the different functions of these sub-units to be 

explored under both physiological and pathological 

conditions.14-16  

 

During excitatory synaptic transmission, whole-cell voltage 

recordings show two typical stages: a fast excitatory post-

synaptic current (EPSC) and a slow EPSC. The fast EPSC is 

mediated by the -amino-3-hydoxy-5-methyl-4-isoxazole 

propionate (AMPA) receptor, a separate class of glutamate 

receptor with fast activation and deactivation kinetics. The 

AMPA receptor (AMPAR) has also been shown to be 

involved in cerebral excitotoxicity, and its role in cerebral 

ischemia will have to be considered along with the 

contribution of the NMDAR. The slow EPSC is mediated by 

the NMDAR, with activation and deactivation time constants 

comparably longer than that of the AMPAR. Different 

NMDAR sub-types display different deactivation kinetics 

that will affect the total amount of Ca2+ diffusing from the 

synaptic cleft into post-synaptic terminals. NR2A-containing 

NMDAR deactivates twice as fast as NR2B and NR2C-

containing receptors, whereas NR2D-containing receptors 

have the longest deactivation times.17 As expected, mixed 

NR1/NRA/NR2B receptors display kinetics that are 

intermediate between NR2A- and NR2B-containing 

receptors. 

 

Developmental Profile, Sub-unit Expression, 

and Localization of NMDAR 
Embryologically, neurons express only one kind of NR2 sub-

unit in addition to the obligate NR1 sub-unit. This NR2 sub-

unit is either NR2B or NR2D, with NR2B found in 

widespread regions of the embryonic brain, whereas NR2D is 

confined to the brainstem and the diencephalon (thalamus 

and hypothalamus).18 During the perinatal period, neurons 

start to express a second NR2 allele, resulting in the 

expression of NR2A or NR2C sub-units in specific regions of 

the brain. By adulthood, expression of NR2A is ubiquitous in 

the brain, whereas NR2C is mainly confined to the 

cerebellum.19 As mentioned above, NR2A-containing 

NMDAR exhibits fast deactivation kinetics, thus shortening 

the EPSC of many excitatory neurons during brain 

development. This phenomenon has been implicated in the 

synaptic pruning that occurs in experience-dependent 

synaptic plasticity during brain development.20  Furthermore, 

there is a simultaneous decrease in NR2B as the expression 

of NR2A increases in the brain perinatally; by adulthood, 

NR2B is found only in the forebrain.21  

 

On a cellular level, different types of neurons express a 

distinct complement of NR2 sub-units, often a combination 

of NR2A and NR2B together with NR2D sub-units. This 

results in the possibility of different NMDAR sub-types 

occurring in different parts of the same neuron (e.g., 

NR1/NR2A, NR1/NR2A/NR2B, NR1/NR2A/NR2D). 

However, NR2D-containing receptors have thus far only 

been found in extra-synaptic locations as dihetero-tetrameric 

NR1/NR2D NMDAR, and are not believed to partake in 

synaptic neurotransmission. Current consensus is of the view 

that synaptic NMDAR is composed mainly of a mixture of 

NR1/NR2A and NR1/NR2B receptors together with a 

relatively smaller population of NR1/NR2A/NR2B receptors. 

Extra-synaptic NMDAR, which is activated by synaptic 

transmissions only when there is a spillover effect of 

glutamate from the synapse (as occurs in excitotoxicity), is 

composed mainly of NR1/NR2B receptors18,19,22 

complemented by a smaller NR1/NR2A receptor population. 

 

Whereas NMDAR populations in neuronal membranes are 

known to be relatively stable and exhibit low-turnover rates 

and little variations in receptor numbers,23-25 it has been 

shown that internalization and changes in sub-unit 

composition of NMDAR does occur at synaptic and extra-

synaptic locations. In vivo, NR1 sub-units are found in both 

the membrane surface (as functional receptors) and as 

unassembled free NR1 sub-units within the neuronal cell. 

NR2 sub-units, on the other hand, are mostly found on the 

neuronal membrane incorporated as functional receptors or 

sequestered within the endoplasmic reticulum (ER) awaiting 

final modification prior to incorporation into a functional 

receptor. In studies where expression of NR2A and NR2B 

was increased in neurons by transfection, there was an 

increase in the number of cell-surface NMDAR,26 suggesting 

that NR2 sub-unit synthesis and ER processing is a rate-

limiting step in the expression of functional NMDAR on the 

post-synaptic membrane. Further, it has also been found that 

increased NR2A sub-unit expression and spontaneous 

excitatory synaptic transmission can increase the expression 

of NR2A-containing receptors at the cell surface. This 

phenomenon is not observed for NR2B sub-units.5 As 

mentioned above,13 glycine binding tags the NMDAR for 

internalization by a clathrin-dependent mechanism. This 

effect is mediated by a site at the C terminus of NR2B (Tyr-

1472), which is believed to interact with AP-2 to cause 

endocytosis.27 A similar site and effect exist in NR2A sub-

units.  

 

Another factor that affects the localization and function of 

NMDAR is the intra-cellular microenvironment in which the 

receptor is located, or the PSD. The PSD contains multiple 

PDZ proteins, including the abundant PSD-95, Synapse-
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associated protein (SAP) 107 and PSD-93. Each PDZ protein 

is made up of three PDZ domains, one SH domain, and one 

guanylate kinase-like (GK) domain.28 PDZ proteins, like 

PSD-95, serves two main functions. Firstly, it is believed to 

stabilize receptors on the neuronal membrane. A PDZ-

binding domain exists on the C terminus of NR2 sub-units, 

and this allows direct interaction of the NMDAR to the PSD-

95.29,30 It has been found that mutation of this PDZ-binding 

domain in NR2B sub-units effectively excludes NR2B-

containing NMDAR to be expressed on the neuronal cell 

surface, affirming the role that PSD-95 plays in anchoring 

NR2B-containing NMDAR. However, the same effect was 

not observed for NR2A sub-units. This suggests different 

mechanisms regulating the anchoring of NR2A and NR2B-

containing NMDAR at the cell surface, possibly via binding 

at a different site or via an intermediary protein found in the 

PSD. Secondly, PSD-95 serves to bring together, both 

physically and functionally, NMDAR to the intra-cellular 

signaling machinery.31-33 For example, neuronal nitric oxide 

synthase (nNOS) contains a PDZ-binding domain, and it has 

been found in the PSD associated with PSD-95. This physical 

association forms a NMDAR-PSD95-nNOS signaling 

complex that effectively couples NMDAR activation to the 

production of nitric oxide.28 

 

Ischemia-induced Alterations in NMDAR 

Structure and Function 
Changes in sub-unit expression 

As a key player in glutamate-mediated excitotoxicity, much 

attention has been given to changes in the sub-unit expression 

of NMDAR under experimental ischemic conditions. In 

hippocampal slices where neurons were transiently (5 

minutes) deprived of oxygen and glucose there was a 

significant increase in NR1 sub-units found in the neuronal 

membranes 1 hour after the insult.34 This acute response to 

ischemia is postulated to be one of the mechanisms by which 

NMDAR exhibits a hyperactive response to stimulation in 

the acute phase of excitotoxicity. However, this increase in 

NR1 sub-unit concentration is short-lived, and disappears 

within 6–24 hours.35 When the duration of ischemia is 

prolonged and severe, as occurs in stroke and global cerebral 

ischemia due to cardiac arrest, the NR1 sub-unit has been 

shown to undergo a time-dependent decrease in surface-

receptor expression, with severely decreased levels occurring 

after an hour-long ischemic period. This is believed to occur 

via a decrease in NR1 sub-unit mRNA expression, and is 

dependent upon a NR2B-mediated transcriptional inhibition 

mechanism.36 Because NR1 is the obligatory sub-unit of all 

NMDAR, any decrease in NR1 transcription (and translation) 

will eventually result in a decrease in the number of NMDAR 

present on the neuronal post-synaptic membrane.  

 

There is also evidence suggesting that NR2A and NR2B sub-

units are transcriptionally down-regulated during a transient, 

severe ischemic insult. Here the down-regulation is non-

uniform in different brain regions experiencing the same 

ischemic severity, as shown by the different temporal 

decreases in NR2A and NR2B sub-unit mRNA expression in 

hippocampal CA1 and CA3 sub-fields. The CA1 region is 

known to be selectively vulnerable to ischemia, whilst the 

CA3 subfield is selectively resistant. After a transient 

ischemic insult, NR2 mRNA decreases in the CA3 region 

more quickly than in the CA1 region.35 It is possible that the 

down-regulation of NMDAR activity via decreased NR2 

transcription serves to limit the excitotoxic damage caused by 

ischemia and contributes to preferential CA3 neuronal 

survival during ischemia. 

 

Whereas a high concentration of NMDAR agonist will cause 

excitotoxicity and irreversible neuronal damage, a sub-lethal 

exposure of NMDAR agonist or Potassium Cyanide (KCN, 

which causes an anoxic-type cell injury) results in enhanced 

neuroprotection against future ischemic insults, a 

phenomenon known as ischemic pre-conditioning.37 Note 

that whereas NR2 sub-unit mRNA is decreased following 

transient ischemia, as mentioned above, a sub-lethal pre-

conditioning stimulus causes no change in NR2 sub-unit 

levels.38 

 

Changes in NMDAR kinetics 

After a transient ischemic insult, NMDAR show a biphasic 

response. Early in the post-ischemic phase, the NMDAR-

mediated EPSC component shows a sustained increase.34 

This corresponds to an increased amount of Ca2+ entering the 

intra-cellular compartment, and probably contributes to the 

delayed neuronal damage experienced by cells after transient 

cerebral ischemia. Later in the post-ischemic phase (around 

18-24 hours), there is a progressive negative modulation of 

receptor kinetics, eventually resulting in drastically reduced 

receptor currents mediated by NMDAR.35 This change in 

receptor kinetics parallels the decrease in NR1 and NR2 sub-

unit mRNA expression. It should, however, be noted that 

while these receptor kinetics may be true in conditions of 

transient ischemia, they may not reflect the kinetics of 

NMDAR in focal cerebral ischemia, where glutamate levels 

are sustained at high levels throughout a longer period of 

time.39,40 Transient ischemic insults also result in the 

appearance of a different subset of NMDAR with small 

amplitude channel conductances.35 This is probably due to 

the insertion of NR2C-containing NMDAR into the post-

synaptic membrane41. NR2C-containing receptors have an 

intrinsically lower conductance than NR2A and NR2B-

containing receptors, and thus allow a smaller amount of Ca2+ 

into the cell.42 This may yet represent another mechanism 

whereby neurons limit excitotoxic damage. 

 

Phosphorylation and cleavage of NMDAR signaling 

complex 

Ischemia induces significant changes to the chemical 

structure and configuration of the NMDAR and its associated 

proteins. These changes are characteristically quick to occur, 

as they employ substrates and enzymes already available 

within the PSD and cytosol. They thus represent an expedient 

response to the ischemic stimulus. The NR1 sub-unit of the 

NMDAR is phosphorylated by both protein kinase A (PKA) 

and protein kinase C (PKC) early after transient global 

ischemia.43 This is partially mediated by an increased 

translocation of both Ca2+-dependent and Ca2+-independent 
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PKC isoforms to the PSD.44 Similarly, NR2A and NR2B sub-

units are phosphorylated by PKC in the same time window as 

NR1. NR2A and NR2B phosphorylation by PKC in transient 

global ischemia is dependent upon the activation and 

increased translocation of the Src-family kinase (SFK) Src 

and Fyn, and also the tyrosine kinase Pyk2 (Proline-rich 

kinase 2).45,46 As phosphorylation of NMDAR potentiates the 

activity of the receptor,47 such an effect during cerebral 

ischemia will increase deleterious downstream signaling 

mediated by NMDAR, at least during the earlier phases of 

transient global ischemia when receptor activity is enhanced 

via receptor tyrosine phosphorylation. 

 

Besides phosphorylation, another aspect of ischemia-induced 

NMDAR modification is the structural changes that occur 

with respect to its association with the PSD. Significant 

modifications to the NMDAR signaling complex with 

ischemia have been demonstrated,48 with NR2 sub-unit 

cleavage being the most investigated to date. Transient 

ischemia causes a degradation of both NR2A and NR2B sub-

units,49 and this process is dependent upon the Ca2+-

dependent enzyme calpain.50 This degradation of NR2A and 

NR2B is mediated by activation of NR2B receptors (and not 

NR2A), as it can be blocked by the NR2B-selective 

antagonist ifenprodil if administered before the ischemic 

insult.36 In addition, the processing of the NR2 sub-units is 

extensive, involving residues in both the C-terminus and N-

terminus.36 After processing by calpain, the remaining, 

truncated NR2A or NR2B sub-unit remains localized to the 

post-synaptic membrane as a hetero-oligomer together with 

NR1 sub-units.50 The functional significance, if any, of this 

oligomer is unknown, but downstream signaling mediated by 

this truncated NMDAR will be expected to be defective due 

to a physical uncoupling of the receptor with the underlying 

PSD and signaling complex.36,48 

 

It is evident that ischemia results in a gamut of NMDAR 

modulation at multiple levels from transcriptional repression 

to chemical modifications to the receptor and the PSD. 

Whereas ischemia shows a trend towards a reduction in 

NMDAR function, especially in the 24 hours after transient 

ischemia, care must be taken when interpreting these data 

because the nature, severity, and duration of the ischemic 

insult will play a big role in determining the changes that 

occur to the NMDAR.51  

 

Differential Roles of NR2A and NR2B in 

Cerebral Ischemia 

Excitatory neurotransmission mediated by NMDAR have 

both a physiological and pathological role. The brain’s 

dependency on NMDAR signaling is often described as 

resembling a bell curve: too little NMDAR activation and 

brain cells risk apoptosis, necrosis and increased 

vulnerability to insults,52,53 whereas too much activation 

results in excitotoxicity and neuronal death.54 The optimal 

amount of NMDAR stimulation ensures neuronal survival. 

Upon further investigation of the factors affecting excitotoxic 

signaling, it was found that activation of extra-synaptic 

NMDAR led to neuronal death whereas activation of 

synaptic NMDAR led to enhanced neuronal survival under 

ischemic conditions.51 The pro-survival effect after synaptic 

NMDAR stimulation is mediated by activation of cyclic 

AMP response element binding protein (CREB), which 

switches on the transcription of various pro-survival genes.51 

Stimulation of extra-synaptic NMDAR switches off this 

CREB pathway and leads to eventual cell death. As 

mentioned above, synaptic NMDAR is composed of a 

mixture of NR1/NR2A, NR1/NR2B, and NR1/NR2A/NR2B 

receptors, whereas extra-synaptic NMDAR is primarily 

NR1/NR2B receptors, with a smaller contribution of 

NR1/NR2A NMDAR.18,19,22 In view of these results, some 

researchers have postulated that synaptic and extra-synaptic 

NMDAR, regardless of their sub-unit composition, induce a 

pro-survival and pro-death signaling cascade respectively.55 

However, a string of carefully conducted studies have 

supported the hypothesis that it is the specific NMDAR sub-

unit composition, and not the location of NMDAR (synaptic 

or extra-synaptic) that determines cell survival or death in 

ischemia. 

 

In a comprehensive set of experiments by Liu et al56, 

blockade of NR2B-mediated NMDAR activity consistently 

decreased the severity and extent of excitotoxic-induced 

apoptosis and necrosis in brain slices. Instead of attenuating 

ischemic damage, blockade of NR2A-mediated NMDAR 

activity exacerbated ischemic neuronal cell death. To 

determine if it was the location of the NMDAR or the sub-

unit composition that affected ischemic damage, excitotoxic 

stimulation of NMDAR in cortical neuronal cultures was 

restricted to either synaptic or extra-synaptic locales. At each 

locale, sub-type-specific NMDAR activity was then blocked 

with either the NR2A-selective antagonist NVP-AAM077 or 

the NR2B-selective antagonist Ro 25-6981. It was found that 

at both synaptic and extra-synaptic sites, blockade with the 

NR2A-selective antagonist increased the amount of ischemic 

damage, whereas the opposite was observed when NR2B-

sub-units were blocked. The reduction of damage found in 

NR2B-blockade might be due to a decrease in deleterious 

post-ischemic LTP,57 an occurrence that has been implicated 

in post-ischemic neuronal death. In addition, these results 

were replicated in vivo using a rat model of focal stroke. Of 

clinical significance, it was found that selective activation of 

NR2A-containing NMDAR has a wide window of 

therapeutic efficacy (4.5h). The authors suggested that it 

might be useful to pursue NR2A activation as a treatment for 

stroke because it theoretically has no limiting therapeutic 

window, given that activation of NR2A-containing receptors 

induces a pro-survival signaling cascade. This is in contrast 

to the numerous NMDAR antagonists that suffer from 

narrow treatment windows, all of which have thus far proved 

ineffective in clinical trials.58 In a separate study, these 

results were replicated in an animal model of global cerebral 

ischemia, where it was found that blocking of NR2A-

signaling abolished the phenomenon of ischemic tolerance 

mentioned earlier, whereas NR2B blockade enhanced the 

ischemic pre-conditioning effect.59 Thus, NR2A receptor-

mediated signaling is involved not only in pro-survival 
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signaling after ischemic insult, but also contributes to the 

phenomenon of ischemic pre-conditioning. Whether these 

two neuroprotective processes are part of the biological 

pathway remains to be investigated. 

 

Conclusion 
Excitotoxicity is one of the central processes in cerebral 

ischemia, and is of great importance in the pathophysiology 

of both stroke and global ischemia. In this review, we have 

attempted to tackle the structural and functional changes to 

NMDAR after ischemia and explore the different roles 

NMDAR sub-units play in cerebral ischemia. Other 

associated pathologic processes, such as inflammation, 

apoptosis, and necrosis, will undoubtedly influence and 

overlap with excitotoxic pathways, and may result in further 

alterations to NMDAR structure and mechanisms. As 

research illuminates the pathway to NMDAR-mediated 

excitotoxic damage and neuroprotection, we hope that this 

will be followed by emergence of treatment of important 

conditions like stroke. Already, attempts have been made to 

prevent pro-death cascades by inhibiting NMDAR signaling 

at the level of the PSD, thus sparing any neuroprotective 

action stimulated by receptor activation.60 We hope that these 

and other therapies will prove that the elusive concept of 

neuroprotection is not a myth.61 
 

 

References 
1. Lloyd-Jones D, Adams R, Carnethon M, De Simone G, Ferguson TB, 

Flegal K. Heart Disease and Stroke Statistics 2009 Update. A Report 

from the American Heart Association Statistics Committee and Stroke 
Statistics Sub-committee. Circulation. 2009;119(3):e21-181. 

2. Kleindorfer D, Broderick J, Khoury J, et al. The unchanging incidence 

and case-fatality of stroke in the 1990s - A population-based study. 
Stroke. 2006;37(10):2473-2478. 

3. Murray CJL, Lopez AD. Global mortality, disability, and the 

contribution of risk factors: Global Burden of Disease Study. Lancet. 
1997;349(9063):1436-1442. 

4. Roger VL. Epidemiology of myocardial infarction. Med Clin North 

Am. 2007;91(4):537-552; 
5. Barria A, Malinow R. Sub-unit-specific NMDA receptor trafficking to 

synapses. Neuron. 2002;35(2):345-353. 

6. Dirnagl U, Iadecola C, Moskowitz MA. Pathobiology of ischaemic 
stroke: an integrated view. Trends Neurosci. 1999;22(9):391-397. 

7. Arundine M, Tymianski M. Molecular mechanisms of glutamate-

dependent neurodegeneration in ischemia and traumatic brain injury. 
Cell Mol Life Sci. 2004;61(6):657-668. 

8. Sugihara H, Moriyoshi K, Ishii T, Masu M, Nakanishi S. Structures 
and properties of 7 isoforms of the  NMDA receptor generated by 

alternative splicing. Biochem Biophys Res Commun. 1992;185(3):826-

832. 
9. Moriyoshi K, Masu M, Ishii T, Shigemoto R, Mizuno N, Nakanishi S. 

Molecular-cloning and characterization of the rat NMDA receptor. 

Nature. 1991;354(6348):31-37. 
10. Tovar KR, Westbrook GL. The incorporation of NMDA receptors with 

a distinct sub-unit composition at nascent hippocampal synapses in 

vitro. J Neurosci. 1999;19(10):4180-4188. 

11. Perez-Otano I, Schulteis CT, Contractor A, et al. Assembly with the 

NR1 sub-unit is required for surface expression of NR3A-containing 

NMDA receptors. J Neurosci. 2001;21(4):1228-1237. 
12. Hara MR, Snyder SH. Cell signaling and neuronal death. Annu Rev 

Pharmacol Toxicol. 2007;47:117-141. 

13. Nong Y, Huang Y-Q, Ju W, et al. Glycine binding primes NMDA 
receptor internalization. Nature. 2003;422(6929):302-307. 

14. Fischer G, Mutel V, Trube G, et al. Ro 25-6981, a highly potent and 

selective blocker of N-methyl-D-aspartate receptors containing the 

NR2B sub-unit. Characterization in vitro. J Pharmacol Exp Ther. 
1997; 283(3):1285-1292. 

15. Liu LD, Wong TP, Pozza MF, et al. Role of NMDA receptor sub-types 

in governing the direction of hippocampal synaptic plasticity. Science. 
2004; 304(5673):1021-1024. 

16. Mutel V, Buchy D, Klingelschmidt A, et al. In vitro binding properties 

in rat brain of [H-3]Ro 25-6981, a potent and selective antagonist of 
NMDA receptors containing NR2B sub-units. J Neurochem. 1998; 

70(5):2147-2155. 

17. Vicini S, Wang JF, Li JH, et al. Functional and pharmacological 
differences between recombinant N-methyl-D-aspartate receptors. J 

Neurophysiol. 1998;79(2):555-566. 

18. Monyer H, Burnashev N, Laurie DJ, Sakmann B, Seeburg PH. 
Developmental and regional expression in the rat-brain and functional-

properties of 4 nmda receptors. Neuron. 1994;12(3):529-540. 
19. Li JH, Wang YH, Wolfe BB, et al. Developmental changes in 

localization of NMDA receptor sub-units in primary cultures of 

cortical. Eur J Neurosci. 1998;10(5):1704-1715. 
20. Constantine-Paton M, Cline HT. LTP and activity-dependent 

synaptogenesis: the more alike they are, the more different they 

become. Cur Opin Neurobiol. 1998;8(1):139-148. 
21. Kohr G. NMDA receptor function: sub-unit composition versus spatial 

distribution. Cell Tissue Res. 2006; 326(2):439-446. 

22. Rumbaugh G, Vicini S. Distinct synaptic and extra-synaptic NMDA 
receptors in developing cerebellar granule neurons. J Neurosci. 1999; 

19(24):10603-10610. 

23. Ehlers MD. Reinsertion or degradation of AMPA receptors determined 
by activity-dependent endocytic sorting. Neuron. 2000;28(2):511-525. 

24. Lin JW, Ju W, Foster K, et al. Distinct molecular mechanisms and 

divergent endocytotic pathways of AMPA receptors internalization. 
Nat  Neurosci. 2000;3(12):1282-1290. 

25. Luscher C, Xia HH, Beattie EC, et al. Role of AMPA receptor cycling 

in synaptic transmission and plasticity. Neuron. 1999; 24(3):649-658. 

26. Prybylowski K, Chang K, Sans N, Kan L, Vicini S, Wenthold RJ. The 

synaptic localization of NR2B-containing NMDA receptors is 

controlled by interactions with PDZ proteins and AP-2. Neuron. 2005; 
47(6):845-857. 

27. Roche KW, Standley S, McCallum J, Ly CD, Ehlers MD, Wenthold 

RJ. Molecular determinants of NMDA receptor internalization. Nat 
Neurosci. 2001;4(8):794-802. 

28. Kim E, Sheng M. PDZ domain proteins of synapses. Nat Rev Neurosci. 

2004;5(10):771-781. 
29. Kornau HC, Schenker LT, Kennedy MB, Seeburg PH. Domain 

interaction between NMDA receptor sub-units and the post-synaptic 

density protein PSD-95. Science. 1995;269(5231):1737-1740. 
30. Lau LF, Mammen A, Ehlers MD, et al. Interaction of the N-methyl-D-

aspartate receptor complex with a novel synapse-associated protein, 

SAP102. J Biol Chem. 1996;271(35):21622-21628. 
31. Migaud M, Charlesworth P, Dempster M, et al. Enhanced long-term 

potentiation and impaired learning in mice with mutant post-synaptic 

density-95 protein. Nature. 1998;396(6710):433-439. 
32. Sattler R, Xiang ZG, Lu WY, Hafner M, MacDonald JF, Tymianski M. 

Specific coupling of NMDA receptor activation to nitric oxide 

neurotoxicity by PSD-95 protein. Science. 1999;284(5421):1845-1848. 
33. Yamada Y, Chochi Y, Takamiya K, Sobue K, Inui R. Modulation of 

the channel activity of the epsilon 2/zeta 1-sub-type N-methyl D-

Aspartate receptor by PSD-95. J Biol Chem. 1999;274(10):6647-6652. 
34. Quintana P, Alberi S, Hakkoum D, Muller D. Glutamate receptor 

changes associated with transient anoxia/hypoglycaemia in 

hippocampal slice cultures. Eur J Neurosci. 2006;23(4):975-983. 
35. Zhang L, Hsu JC, Takagi N, Gurd JW, Wallace MC, Eubanks JH. 

Transient global ischemia alters NMDA receptor expression in rat 

hippocampus: Correlation with decreased immunoreactive protein 
levels of the NR2A/2B sub-units, and an altered NMDA receptor 

functionality. J Neurochem. 1997;69(5):1983-1994. 

36. Gascon S, Sobrado M, Roda JM, Rodriguez-Pena A, Diaz-Guerra M. 
Excitotoxicity and focal cerebral ischemia induce truncation of the 

NR2A and NR2B sub-units of the NMDA receptor and cleavage of the 
scaffolding protein PSD-95. Mol Psychiatry. 2008;13(1):99-114. 

37. Grabb MC, Choi DW. Ischemic tolerance in murine cortical cell 

culture: Critical role for NMDA receptors. J Neurosci. 
1999;19(5):1657-1662. 



 
 

 

14                                                                                   Jan 2009 Vol 2 No.1                               North American Journal of Medicine and Science                          

 
38. Aizenman E, Sinor JD, Brimecombe JC, Herin GA. Alterations of N-

methyl-D-aspartate receptor properties after chemical ischemia. J 
Pharmacol Exp Ther. 2000;295(2):572-577. 

39. Benveniste H, Drejer J, Schousboe A, Diemer NH. Elevation of the 

extracellular concentrations of glutamate and aspartate in rat 
hippocampus during transient cerebral ischemia monitored by 

intracerebral microdialysis. J Neurochem. 1984;43(5):1369-1374. 

40. Takagi K, Ginsberg MD, Globus MY, et al. 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. J Cereb Blood Flow Metab. 1993;13(4):575-585. 
41. Small DL, Poulter MO, Buchan AM, Morley P. Alteration in NMDA 

receptor sub-unit mRNA expression in vulnerable and resistant regions 

of in vitro ischemic rat hippocampal slices. Neurosci Lett. 
1997;232(2):87-90. 

42. Cull-Candy S, Brickley S, Farrant M. NMDA receptor sub-units: 

diversity, development and disease. Cur Opin Neurobiol. 

2001;11(3):327-335. 

43. Cheung HH, Teves L, Wallace MC, Gurd JW. Increased 

phosphorylation of the NR1 sub-unit of the NMDA receptor following 
cerebral ischemia. J Neurochem. 2001;78(5):1179-1182. 

44. Zablocka B, Gajkowska B, Czechmanska T, Domanska-Janik K. 

Isoforms of protein kinase C in post-synaptic densities after cerebral 
ischemia. Brain Res. 2001;889(1-2):105-111. 

45. Cheung HH, Teves L, Wallace MC, Gurd JW. Inhibition of protein 

kinase C reduces ischemia-induced tyrosine phosphorylation of the N-
methyl-D-aspartate receptor. J Neurochem. 2003;86(6):1441-1449. 

46. Kohr G, Seeburg PH. Subtype-specific regulation of recombinant 

NMDA receptor-channels by protein tyrosine kinases of the src family. 
J Physiol. 1996;492(2):445-452. 

47. Wang YT, Salter MW. Regulation of nmda receptors by tyrosine 

kinases and phosphatases. Nature. 1994;369(6477):233-235. 
48. Takagi N, Logan R, Teves L, Wallace MC, Gurd JW. Altered 

interaction between PSD-95 and the NMDA receptor following 

transient global ischemia. J Neurochem. 2000;74(1):169-178. 

49. Wu HY, Yuen EY, Lu YF, et al. Regulation of N-methyl-D-aspartate 

receptors by calpain in cortical neurons. J Biol Chem. 
2005;280(22):21588-21593. 

50. Simpkins KL, Guttmann RP, Dong Y, et al. Selective activation 

induced cleavage of the NR2B sub-unit by calpain. J Neurosci. 
2003;23(36):11322-11331. 

51. Papadia S, Hardingham GE. The dichotomy of NMDA receptor 

signaling. Neuroscientist. 2007;13(6):572-579. 
52. Adams SM, Vaccari JCD, Corriveau RA. Pronounced cell death in the 

absence of NMDA receptors in the developing somatosensory 

thalamus. J Neurosci. 2004; 24(42):9441-9450. 
53. Gould E, Cameron HA, McEwen BS. Blockade of NMDA receptors 

increases cell-death and birth in the developing rat dentate gyrus. J 

Comp Neurol. 1994;340(4):551-565. 
54. Lipton SA, Nakanishi N. Shakespeare in love - with NMDA receptors? 

Nat Med. 1999;5(3):270-271. 

55. von Engelhardt J, Coserea I, Pawlak V, et al. Excitotoxicity in vitro by 

NR2A- and NR2B-containing NMDA receptors. Neuropharmacology. 

2007;53(1):10-17. 

56. Liu Y, Wong TP, Aarts M, et al. NMDA receptor sub-units have 
differential roles in mediating excitotoxic neuronal death both in vitro 

and in vivo. J Neurosci. 2007;27(11):2846-2857. 

57. Picconi B, Tortiglione A, Barone I, et al. NR2B sub-unit exerts a 
critical role in post-ischemic synaptic plasticity. Stroke. 

2006;37(7):1895-1901. 

58. Ginsberg MD. Neuroprotection for ischemic stroke: Past, present and 
future. Neuropharmacology. 2008;55(3):363-389. 

59. Chen M, Lu T-J, Chen X-J, et al. Differential roles of NMDA receptor 

sub-types in ischemic neuronal cell death and ischemic tolerance. 
Stroke. 2008;39(11):3042-3048. 

60. Aarts M, Liu YT, Liu LD, et al. Treatment of ischemic brain damage 

by perturbing NMDA receptor-PSD-95 protein interactions. Science. 
2002;298(5594):846-850. 

61. Sacchetti ML. Is it time to definitely abandon neuroprotection in acute 

ischemic stroke? Stroke. 2008;39(6):1659-1660. 
 

 




