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Abstract: Glutamate-induced neurotoxicity is the primary molecular mechanism that induces neuronal death in a 
variety of pathologies in central nervous system (CNS). Toxicity signals are relayed from extracellular space to the 
cytoplasm by N-methyl-D-aspartate receptors (NMDARs) and regulate a variety of survival and death signaling. Dif-
ferential subunit combinations of NMDARs confer neuroprotection or trigger neuronal death pathways depending 
on the subunit arrangements of NMDARs and its localization on the cell membrane. It is well-known that GluN2B-
contaning NMDARs (GluN2BRs) preferentially link to signaling cascades involved in CNS injury promoting neuronal 
death and neurodegeneration. Conversely, less well-known mechanisms of neuronal survival signaling are associ-
ated with GluN2A-comtaining NMDARs (GluN2AR)-dependent signal pathways. This review will discuss the most 
recent signaling cascades associated with GluN2ARs and GluN2BRs. 
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Introduction

The N-methyl-D-aspartate receptors (NMDARs) 
play functionally diverse roles during physio-
logical and pathopysiological conditions in 
mammalian organisms. NMDARs are a subtype 
of ionotropic glutamate receptors permeable to 
Ca2+ that is responsible for the majority of excit-
atory neural transmission in the central ner-
vous system (CNS) [1]. These ligand-gated 
receptors have been shown to play crucial roles 
in regulation of neural development [2, 3], syn-
aptic plasticity [4, 5], and glutamate-induced 
neurotoxicity [6-8]. NMDAR dysfunction has 
been implicated in many CNS pathologies 
including traumatic brain injury, neurodegener-
ative diseases and ischemic stroke [9-11]. The 
theory of glutamate-induced neurotoxicity is 
the mechanism of neuronal death thought to 
underlie many types of CNS injuries. Glutamate-
induced neurotoxicity occurs due to an overac-
tivation of glutamate receptors, mainly the 
NMDARs increase their permeability to Ca2+ 
induced by the overly released extracellular glu-
tamate and trigger neuronal death events [12, 
13]. 

NMDARs are known to be heteromeric tetramers 
in molecular structure, containing an obligate 
GluN1 subunit, with GluN2 (A-D) and GluN3(A-B) 
subunits [1, 14]. The receptor is activated by 
agonist glutamate binding to the GluN2 subunit 
and co-agonist glycine and/or D-Serine binding 
to the GluN1 subunit to regulate channel gating 
and influx of the pertinent cation second-
messenger Ca2+ via the channel pore [15, 16]. 
GluN2A-comtaining NMDARs (GluN2ARs) and 
GluN2B-comtaining NMDARs (GluN2BRs) are 
the most common NMDAR subtypes found in 
mammalian CNS. The differences in NMDAR 
function may be attributed to the specific 
subunit combinations that are present in each 
receptor subtype as they show functionally 
different properties regarding electrophysiology 
and different sensitivities to regulation by 
intracellular signals [17]. 

Pharmacological antagonists targeting NMDARs 
have been unsuccessful in clinical trials in 
treating various CNS disease states [18-20]. 
This could be due simply to the possibility that 
NMDARs potentiate both cell-survival signaling 
and cell-death signaling. Thus, nonspecific inhi-
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bition of NMDARs will not only block the neuro-
nal death pathways but also inhibit pro-survival 
signaling. Among many extracellular and intra-
cellular processes that can modulate NMDARs, 
phosphorylation and dephosphorylation by pro-
tein kinases and phosphatases are especially 
important, because they can critically regulate 
trafficking, surface expression, and the chan-
nel properties of NMDARs [21, 22]. Targeting 
intracellular pathways that NMDARs govern 
may provide a stronger mechanistic basis to 
promote cell survival during CNS injury. This 
review will discuss the roles of GluN2ARs and 
GluN2BRs in neuronal survival and death and 
the associated intracellular signaling cascades 
that are initiated by each receptor subtype and 
how cross-talk among these pathways can reg-
ulate neuronal cell fate in CNS pathologies. 
Furthermore, the dissection of these intracel-
lular pathways will elucidate therapeutic tar-
gets that may play roles in regulating neuron 
cell survival.  

GluN2AR in neuronal survival

GluN2AR receptor activation has been shown 
to link preferentially to intracellular signaling 
cascades during CNS injury that promote cell 
survival [23-25], and GluN2ARs localize pre-
ferentially to the synaptic zone [26, 27]. One 
theory explaining the roles of NMDARs during 
the pathogenesis of CNS injury is built upon the 
notion that location, either synaptic or extra-
synaptic, may determine function. In hippocam-
pal neuron culture, it has been demonstrated 
that synaptic activation of GluN2ARs preferen-
tially activate CREB, enhance BDNF gene 
expression and activate anti-apoptotic signal-
ing pathways, all mechanisms that contribute 
to neuronal cell survival during CNS insult [28]. 
Similarly, GluN2AR activation in mature rat cor-
tical cultures, located both synaptically and ex-
trasynaptically, confer neuroprotection against 
neuronal damage [9]. In an in-vivo model of rat 
focal ischemic stroke, GluN2ARs protect 
against apoptotic signaling, in part due to the 
activation of an Akt-dependent signaling path-
way [9]. In another study that pharmacological-
ly disabled GluN2ARs, it was shown that neuron 
cell death increased after transient global isch-
emia in rats and that GluN2ARs were responsi-
ble for ischemia-induced activation of the neu-
roprotective transcription factor CREB, enhan- 
cing expression of gene targets cpg15 and 
BDNF [24]. In a traumatic brain injury model in 

rat neuron culture, GluN2ARs inhibition were 
shown to potentiate caspase-3 activation, a 
marker of apoptotic signaling [25]. In rat brain 
slices and in vivo rat studies, addition of 
GluN2AR receptor antagonists to disable sig-
naling capacity of GluN2ARs resulted in 
increased cell death, also corresponding to an 
upregulation of caspase-3 activity after phen-
cyclidine (PCP) treatment, providing further evi-
dence that GluN2ARs link to neuroprotective 
signaling during CNS insult [23]. 

GluN2AR-dependent signal pathways in neu-
ronal survival

GluN2AR-PTEN-TDP43 pathway 

A GluN2AR-PTEN-TDP-43 dependent pathway 
is shown to protect against neuronal injury [29]. 
In an extracellular glutamate accumulation 
injury model GluN2AR stimulation, but not 
GluN2BR stimulation, triggered a reduction in 
PTEN (phosphatase and tensin homolog) 
expression [29]. PTEN plays a role in many 
pathological processes surrounding neuronal 
injury, such as those associated with brain 
ischemia and neurological disease [30, 31]. 
Interestingly, PTEN localizes to both the nucleus 
and cytoplasm of neuronal and glial cells [32, 
33] and plays similar roles in both locations in 
promoting apoptosis [34]. Recent studies have 
shown that suppression of PTEN protects 
against neuronal death [35-37]. Thus, down-
regulating PTEN may represent a novel pharma-
cological approach for treatment of CNS injury 
[28, 38]. 

The dysfunction of TAR DNA-binding protein-43 
(TDP-43) is recently implicated in neurodegen-
erative diseases[39]. However, the physiologi-
cal and pathophysiological functional profiles 
of TDP-43 have not yet been fully elucidated. 
Knock-down and deletion of nuclear TDP-43 
has been shown to be detrimental to neuronal 
cells, potentiating neurodegenerative signaling 
while endogenous TDP-43 has been shown to 
be neuroprotective in the nucleus [29, 40, 41]. 
A marked increase in TDP-43 expression in the 
nucleus has been linked to neuron cell viability 
during in vitro neurodegenerative injury situa-
tions [29]. The functional consequence of TDP-
43 remains elusive because this protein shuf-
fles between the nucleus and cytoplasm [42]. 
Although TDP-43 may functionally serve as a 
neuroprotectant in the nucleus, TDP-43 plays a 
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different role in the cytoplasm where its involve-
ment in protein aggregate formation character-
izes the pathogenesis in amyotrophic lateral 
sclerosis (ALS) [43]. It is possible that increased 
TDP-43 expression in the nucleus can trigger 
neuroprotective signaling pathways whereas its 
export to the cytoplasm may have deleterious 
effects. In response to glutamate accumula-
tion, the endogenous TDP-43, behaving as a 
pro-survival signaling protein in the nucleus, is 
only increased in the nucleus and does not 
translocate to cytoplasma [29]. Interestingly, 
PTEN is shown to negatively regulate TDP-43 
expression in the nucleus, and the activation of 
GluN2ARs exerts its neuroprotective effects 
through suppression of PTEN and subsequent 
increase in nuclear TDP-43 whereas GluN2BRs 
have no effect on PTEN expression [29]. This 
finding demonstrates a GluN2A-activation 
dependent signaling pathway, namely, the 
GluN2AR-PTEN-TDP-43, to trigger neuroprotec-
tion through donwregulation of PTEN, causing 
an augmentation in nuclear TDP-43 in a neuro-
degenerative model. However, evidence linking 
TDP-43 as being protective in other CNS pathol-
ogies such as traumatic brain injury and isch-
emic stroke has yet to be shown. Thus, delving 
deeper into the molecular mechanisms that 
regulate TDP-43 localization and how TDP-43 
exerts its differential effects in the cell based 
on its locale may elucidate therapeutic targets 
to combat CNS injury. 

DJ-1-PTEN-PINK1-GluN2AR pathway

In rat cortical cultures, a DJ-1-PTEN-PINK1-
GluN2AR signaling cascade is found to confer 
neuroprotection [44]. Study on DJ-1 gene dele-
tion reveals that DJ-1 is an atypical peroxiredox-
in-like peroxidase [45] and loss-of-function 
mutations in DJ-1 have been identified in 
patients with early-onset autosomal recessive 
Parkinsonism [46], suggesting that dysfunction 
of DJ-1 may contribute to the dopaminergic 
neurodegeneration in Parkinson’s disease (PD). 
More recent studies have demonstrated that 
DJ-1 is involved in stroke-induced brain injury 
[47, 48], indicating that DJ-1 dysfunction may 
play a broad role in the CNS injury situations. 
DJ-1 suppression led to an increase in PTEN 
expression in rat cortical culture, and induced a 
neuroprotective effect by enhancing PINK1-
GluN2AR signaling [44]. 

Although increase in PTEN activity has previ-
ously been linked to apoptotic signaling path-

ways, it also has been shown to induce an 
increase of PINK1 (PTEN-induced kinase 1; 
also called PARK6) expression and GluN2AR-
mediated currents. The newly identified PINK1 
gene encodes a serine⁄threonine kinase [49]. 
Similar to DJ-1, loss-of-function mutations in 
the PINK1 gene have been linked to early onset 
of PD [49, 50]. Inactivation of Drosophila PINK1 
results in the progressive loss of dopaminergic 
neurons [51], and functional defects in mito-
chondria, causing mitochondrial calcium over-
load, increasing sensitivity to oxidative stress, 
reducing dopamine release and impairing syn-
aptic plasticity [52, 53]. PINK1 is neuroprotec-
tive in both in vitro and in vivo experimental 
models [54, 55]. Whole-cell patch-clamp 
recordings to measure GluN2AR- and GluN2BR-
mediated components of NMDAR currents 
were performed, with the use of GluN2AR spe-
cific antagonist NVP-AAM077 and GluN2BR 
specific antagonist Ro 25-6981 [9, 56]. In the 
neurons transfected with PINK1 cDNAs and 
siRNAs, the overexpression and suppression of 
PINK1, respectively, increased and inhibited 
GluN2AR-mediated currents without effect on 
GluN2BR-mediated currents [44]. These data 
indicate that the PINK1 regulation of NMDAR 
function is resulted from altered GluN2AR 
activity. As GluN2AR-dependent signaling is 
believed to be neuroprotective, these results 
suggest a possibility that PINK1 dysfunction 
may promote neuronal death through inhibition 
of GluN2ARs.

In rat cortical cell culture studies, suppressing 
DJ-1 protein expression in neurons transfected 
with DJ-1 siRNAs increased GluN2AR-mediated 
whole-cell currents [44]. Conversely, DJ-1 over-
expression in rat cortical neurons inhibited 
GluN2BR-mediated currents [44]. These results 
suggest that DJ-1 might induce self-protective 
signaling through increasing GluN2AR activity 
and suppressing GluN2BR activity. Suppression 
of DJ-1 together with PINK1 knockdown, com-
pared with suppression of DJ-1 or PINK1 alone, 
significantly increases NMDAR-mediated neu-
ronal death [44]. Taken together, these results 
indicate that NMDAR function is in part regu-
lated by the DJ-1 -PTEN-PINK1-GluN2AR path-
way. As a downstream signal of DJ-1, PINK1 
may respond collaboratively to counteract DJ-1 
dysfunction-induced neuronal damage, which 
may delay neuronal death and possibly contrib-
utes to the slow neurodegenerative process in 
PD. 
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GluN2BR in neuronal death and neurodegen-
eration

As a major player in NMDAR-mediated excito-
toxicity, GluN2BR overactivation during CNS 
injury couples to cellular death pathways via 
suppression of CREB-, ERK-, and PINK1-de-
pendent survival pathways [57-59]. A body of 
evidence provides data suggesting that calci-
um flux through extrasynaptic GluN2BRs play 
critical roles in modulating cell death pathways 
in contrast to GluN2ARs [28, 38]. Dysfunction 
of the regulatory events governing the endocy-
tosis and insertion of NMDARs to and from the 
plasma membrane, in both synaptic and extra-
synatpic locations, may have dele-terious 
effects on cell survival. Inhibition of GluN2BRs 
in rats revealed that cell death was decreased 
after ischemic insult and enhanced precondi-
tioning-induced neuroprotection [24], implicat-
ing their involvement in regulation of apoptosis. 
In cultured mouse cortical neurons, the protein 
phosphatase activity of PTEN acts as a crucial 
upstream signal to regulate Glu-N2BRs [35]. 
The protein phosphatase activity of PTEN, 
through downregulating GluN2BRs, protects 
against ischemic neuronal death [35]. 
GluN2BRs are found more readily in extrasyn-
aptic sites and activation of these receptors 
inhibits nuclear signaling to CREB, reduces 
BDNF activity and plays a role in mitochondrial 
dysfunction ultimately potentiating cellular 
death [26, 27]. How GluN2BR-interacting sig-
naling is involved in neurodegeneration and 
neuronal death remains to be determined. 

GluN2BR-dependent signal pathways in neu-
ronal death and neurodegeneration

DJ-1-PTEN-GluN2BR pathway

Recent study indicates that a DJ-1-PTEN-
GluN2BR-mediated pathway promotes cell 
death [44]. Suppressing DJ-1 protein expres-
sion in neurons transfected with DJ-1 siRNAs 
revealed an increase in not only the GluN2AR-
mediated currents but also the GluN2BR-
currents [44]. These results suggest that DJ-1 
dysfunction, while inducing neuronal death 
through enhancing GluN2BR-dependent cell 
death signaling, might also promote self-pro-
tective signaling through increasing GluN2AR 
function. The regulation of NMDAR function by 
DJ-1 could be attributable to the altered expres-
sion of NMDARs on the cell surface [22]. 
Neurons with reduced DJ-1 expression through 
transfection with DJ-1 siRNAs resulted in an 

increased surface expression of GluN2B but 
not GluN2A subunits [44]. DJ-1 cDNA transfec-
tion led to a decreased surface expression of 
GluN2BRs in cortical neurons [44]. Because 
the total GluN2B subunit levels were not altered 
by DJ-1 knockdown or overexpression, the 
altered surface expression of GluN2B could be 
the result of an altered delivery and/or internal-
ization of NMDARs. Thus, the post-transcrip-
tional mechanisms may mediate the DJ-1 regu-
lation of GluN2BR surface expression [44]. As 
the phosphatase PTEN positively regulates the 
function of GluN2BRs [35, 36] and DJ-1 is a 
negative regulator of PTEN [60], PTEN might 
contribute to DJ-1 knockdown-induced enhan-
cement of GluN2BR function. Indeed, western 
blots confirmed that DJ-1 knockdown resulted 
in an increased protein expression of PTEN in 
the neurons and that PTEN inhibitor resulted in 
a reduction of DJ-1 suppression-induced 
increase in GluN2BR currents [44]. Thus, DJ-1 
knockdown-induced potentiation of GluN2BR 
function is mediated in part by increased PTEN 
expression, which promotes neuronal death 
and neurodegeneration [44].

GluN2BR-PINK1-Akt pathway

GluN2BR can suppress PINK1-Akt pathway to 
enhance neurodegeneration and neuronal 
death. To test whether PINK1, in addition to 
being involved in the pathogenesis of PD [49], 
plays a role in ischemic neuronal death, the 
protein expression of PINK1 in oxygen-glucose 
deprivation (OGD) conditions in vitro was 
observed [57]. The amount of PINK1 protein 
was decreased in neurons exposed to OGD 
compared with that in control neurons without 
OGD treatment and the levels of neuronal injury 
was increased with the extension of OGD treat-
ment time [57]. This result suggests that the 
reduction in protein expression of PINK1 may 
be involved in ischemic neuron injury. Because 
inhibition of NMDARs by its antagonist or chan-
nel blocker MK801 significantly reduced OGD- 
induced reduction of PINK1 expression [57], 
the overactivation of NMDARs may be respon-
sible in part for OGD-induced PINK1 suppres-
sion. As overactivation of GluN2BRs plays the 
major role in NMDAR excitotoxicity-mediated 
neuronal death [28, 35, 36], overactivation of 
GluN2BRs may be involved in OGD-induced 
PINK1 reduction. By treating neuronal cultures 
with a GluN2BR antagonist during OGD/reoxy-
genation, results indicated that OGD-induced 
reduction of PINK1 expression was inhibited by 
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GluN2BR antagonist [57]. However, inhibition 
of GluN2ARs exhibited no significant effect on 
OGD-induced decrease of PINK1 expression 
[57]. Interestingly, the phosphorylation of Akt, a 
known neuroprotectant, was inhibited while 
PINK1 protein level was reduced in neurons 
treated with OGD. The reduction in the levels of 
Akt phosphorylation was partially recovered by 
inhibition of GluN2BRs. These results suggest 
that GluN2BR overactivation triggers a reduc-
tion in PINK1 and mediates cell death signaling 
in part through the suppression of the neuro-
protective AKT pathway. 

Closing remarks 

NMDAR plays a major role in excitotoxicity-
mediated neuronal death and neurodegenera-
tion in various neurological disorders. However, 
clinical trials using NMDAR antagonists show 

disappointing outcome. We now believe that 
while NMDAR antagonists reduce GluN2BR-
induced neuronal death, the GluN2AR-medi-
ated neuroprotective effect is also suppressed. 
Thus, uncovering the cellular and molecular 
mechanisms that specifically link to GluN2AR-
mediated neuroprotection or GluN2BR-depen-
dent cell death-promoting signal pathways 
would provide a molecular basis to develop 
potent therapeutic strategy. This review dis-
cusses the recent progress in understanding 
how GluN2AR and GluN2BR interact with intra-
cellular signaling to exert their opposing effects 
(Figure 1). 
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neuroprotective Akt pathway. 
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