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The activity of the NMDA receptor (NMDAR), which is a glutamate-gated ion channel, is a key factor influencing the neuronal damage following cerebral ischemia. NMDAR is composed of two essential GluN1 subunits and two regionally localized GluN2 or GluN3 subunits. GluN1, GluN2A, and GluN2B are the primary NMDAR subunits in the adult forebrain. Thus, the three major NMDAR subtypes in the adult forebrain are the GluN1/2A receptor, the GluN1/2B receptor, and the GluN1/2A/2B receptor. The functional properties of these NMDARs depend mainly on the GluN2 subunits, and many studies primarily classify NMDARs as GluN2A- and GluN2B-containing NMDARs. However, given the influence of the triheteromeric GluN1/2A/2B receptor, this misclassification might lead to a misunderstanding of the physiological and pathological roles of GluN2, especially the GluN2A subunit. Understanding the role of the GluN1/2A/2B receptor in cerebral ischemia may be critical for identifying the specific role of the GluN2A subunit, which may mediate pro-survival effects following cerebral ischemia.

EXPRESSION OF THE GLUN1/2A/2B RECEPTOR IN THE RAT ADULT FOREBRAIN

The results of a sequential immunoprecipitation study revealed that 60–70% of GluN2A and 70–85% of GluN2B subunits in the CA1/CA2 of rat hippocampus are diheteromeric (Al-Hallaq et al., 2007). However, other studies suggest that the majority of NMDARs in the adult forebrain are triheteromeric GluN1/2A/2B receptors. Using quantitative immunoprecipitation analysis, Luo et al. found that the dominant NMDAR complex in the adult rat cortex contains three subunits, i.e., GluN1, GluN2A, and GluN2B (Luo et al., 1997). Subsequently, in a comparison of the NMDAR-mediated excitatory postsynaptic current decay time of wild-type mice with those of Grin2A−/− and Grin2BΔFb mice, Rauner et al. demonstrated that the triheteromeric GluN1/2A/2B receptor is prominently expressed in the CA1 synapses of adult wild-type mice (Rauner and Köhr, 2011). Tovar et al. reported that at least two-thirds of NMDARs in hippocampal synapses are triheteromeric receptors, based on an analysis of the NMDAR deactivation kinetics in response to the competitive GluN2A antagonist NVP-AAM077 (Tovar et al., 2013). Delaney et al. found that the triheteromeric GluN1/2A/2B receptor is the primary synaptic NMDAR in principal neurons of the basolateral amygdala (Delaney et al., 2013). Through examining the relationship between spatial cognition and protein–protein interactions of GluN2B-containing NMDARs, Zamzow et al. speculated that there were more GluN1/2A/2B receptors in older mice than in young adults (Zamzow et al., 2013). Together, these data indicate that the triheteromeric GluN1/2A/2B receptor is the most common NMDAR in the adult forebrain.

PHARMACOLOGICAL PROPERTIES OF THE GLUN1/2A/2B RECEPTOR

Recently, two independent research groups specifically expressed the triheteromeric GluN1/2A/2B receptor on the cell surface using the trafficking control system of GABAB receptors, while the cell surface expression of diheteromeric NMDARs (GluN1/2A and GluN1/2B receptors) was inhibited (Hansen et al., 2014; Stroebel et al., 2014). Several lines of evidence show that compared to the selective GluN2B antagonists, selective GluN2A antagonists profoundly inhibit the GluN1/2A/2B receptors. The IC50 of TCN-201, a selective GluN2A antagonist, increased from 370 ± 30 nM for the wild-type GluN1/2A receptor to 1350 ± 130 nM for the GluN1/2A/2B receptors, and maximal inhibition was reduced from 91 ± 1 to 72 ± 4% (Hansen et al., 2014). Compared to that of the wild-type GluN1/2B receptor, the IC50 of ifenprodil, a selective GluN2B antagonist, increased 6.3-fold for the triheteromeric GluN1/2A/2B receptor, and maximal inhibition was reduced to 32 ± 1% (Hansen et al., 2014). Consistent with these results, Cheriyan et al. found that the GluN2A-selective inhibitors TCN-201 and NVP showed a similar inhibitory effect on diheteromeric and triheteromeric GluN2A-containing receptors, while the GluN2B-selective inhibitors ifenprodil, con-G, and con-RlB only inhibited triheteromeric GluN1/2A/2B receptor currents by 19.14, 5.5, and 14.3%, respectively (Cheriyan et al., 2016). Interestingly, Stroebel et al. observed a biphasic curve when evaluating the ifenprodil-induced inhibition of the GluN1/2A/2B receptor, and the majority of this inhibition, which increased 77%, was due to the low-affinity component (Stroebel et al., 2014). Thus, the GluN1/2A/2B receptor is sensitive to selective GluN2A antagonists. As a result, the effects of GluN2A antagonists may be due to the blockage of both GluN1/2A and GluN1/2A/2B receptors, which may confound investigations on the role of the GluN2A subunit.

THE ROLE OF THE GLUN1/2A/2B RECEPTOR IN CEREBRAL ISCHEMIA

GluN2B promotes cell death following cerebral ischemia, activating many pro-death signaling molecules, such as neuronal nitric oxide synthase (nNOS) and death-associated protein kinase 1 (DAPK1) (Lai et al., 2014). However, the role of GluN2A in cerebral ischemia remains controversial (Sun et al., 2016). Notably, previous studies of cerebral ischemia have ignored the influence of the triheteromeric GluN1/2A/2B receptor despite the fact that this receptor accounts for a large proportion of the NMDARs in the adult forebrain. Considering the strong inhibitory effect of GluN2A-specific antagonists on the triheteromeric GluN1/2A/2B receptor, the role of the GluN2A subunit in cerebral ischemia may be worth further consideration. For example, although the GluN1/2A receptor might mediate pro-survival signaling during cerebral ischemia, the GluN1/2A/2B receptor could either promote cell survival or promote cell death. If the GluN1/2A/2B receptor promotes cell death and plays a more dominant role than the GluN1/2A receptor, the total effect of GluN2A antagonists on a cell expressing both the GluN1/2A/2B receptor and the GluN1/2A receptor might be pro-survival (Figure 1). In this circumstance, the pro-survival effect of GluN2A antagonists would incorrectly suggest that the GluN2A subunit promotes cell death during cerebral ischemia, leading to a misunderstanding of the role of GluN2A in cerebral ischemia. Given this possibility, further studies should investigate the effect of the triheteromeric GluN1/2A/2B receptor on cerebral ischemia. Papouin et al. found that the preferential GluN2A antagonist zinc, but not the selective GluN2B antagonist Ro25-6981, had a significant neuroprotective effect on the neuronal death induced by NMDA exposure in acute hippocampal slices (Papouin et al., 2012). Given the high expression level of the GluN1/2A/2B receptor in the hippocampal neurons (Rauner and Köhr, 2011) and the significant inhibitory effect of zinc on the GluN1/2A/2B receptor (Hansen et al., 2014), the triheteromeric NMDARs, but not the GluN1/2A receptor, located at synaptic sites may mediate the neurotoxic effect of NMDA on CA1 pyramidal neurons. Such a mechanism is consistent with our hypothesis.
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FIGURE 1. Putative mechanism of selective GluN2A antagonism after cerebral ischemia. The conditions of this putative mechanism include the GluN2A subunit mainly mediating a pro-survival effect after cerebral ischemia and the GluN1/2A/2B receptor acting as a pro-death factor with a more dominant role than the GluN1/2A receptor.



PERSPECTIVES

Investigating the GluN1/2A/2B receptor may lead to a re-evaluation of the treatment strategies for several neurological diseases related to excitotoxicity, such as stroke, Alzheimer's disease (AD), and Huntington's disease (HD). Previous studies suggest that for AD or HD, similar to stroke, overactivation of the NMDAR results in neuronal damage (Dau et al., 2014; Guivernau et al., 2016). However, it is still unclear whether the GluN1/2A or GluN1/2A/2B receptor mediates amyloid-beta- or mutant huntingtin-induced neurotoxicity. The GluN1/2A receptor and the GluN1/2A/2B receptor may play different roles in these diseases. Further studies should investigate whether blockage of the GluN1/2A/2B receptor protects against stroke, AD, or HD. If so, the GluN1/2B and GluN1/2A/2B receptor antagonists might have a better application prospect than existing GluN2B antagonists. Research in this area may also contribute to investigating whether the failure of GluN2B antagonists in clinical trials was due to the poor selectivity of GluN2B antagonists on the GluN1/2A/2B receptor.

NMDAR hypofunction may play a critical role in the pathophysiological process of schizophrenia, and NMDAR agonist treatment may improve patient symptoms (Kantrowitz et al., 2016). In an effort to avoid excitotoxicity, we should clarify whether a selective GluN1/2A receptor agonist is more effective than a non-selective GluN1/2A and GluN1/2A/2B receptor agonist.

Some evidence suggests that overactivation of synaptic NMDARs is responsible for neurodegeneration (Papouin et al., 2012; Zhou et al., 2015). However, this idea is inconsistent with the current prevailing theory that describes extrasynaptic NMDARs as a major pro-death factor (Hardingham and Bading, 2010). Notably, previous studies have not taken into account the effect of the GluN1/2A/2B receptor. Understanding the role of the GluN1/2A/2B receptor may be the key to explaining these conflicting results.

Future studies should clarify the subcellular distribution, signaling, and physiological and pathological functions of the GluN1/2A/2B receptor. Such research will lead to insight on the physiological and pathological functions of the three NMDAR subtypes found in the adult forebrain, and the specific roles of the GluN2A and GluN2B subunits. Current NMDAR antagonists show varying degrees of specificity; thus, selective antagonists of the GluN1/2A, GluN1/2B, and GluN1/2A/2B receptor are urgently needed. GluN2A or GluN2B antisense oligonucleotides and peptide mimetics may also be useful in this regard.

AUTHOR CONTRIBUTIONS

YS wrote the manuscript and drew the figure. LW wrote part of the manuscript. ZG wrote the manuscript and approved the final version.

FUNDING

This work was supported by the Natural Science Foundation of China (NSFC 81200886, NSFC 81402886), the Natural Science Foundation of Hebei Province (H2014208004).

ACKNOWLEDGMENTS

The authors acknowledge support from the State Key Laboratory Breeding Base—Hebei Key Laboratory of Molecular Chemistry for Drug and Hebei Research Center of Pharmaceutical and Chemical Engineering.

REFERENCES

 Al-Hallaq, R. A., Conrads, T. P., Veenstra, T. D., and Wenthold, R. J. (2007). NMDA di-heteromeric receptor populations and associated proteins in rat hippocampus. J. Neurosci. 27, 8334–8343. doi: 10.1523/JNEUROSCI.2155-07.2007

 Cheriyan, J., Balsara, R. D., Hansen, K. B., and Castellino, F. J. (2016). Pharmacology of triheteromeric N-Methyl-D-Aspartate Receptors. Neurosci. Lett. 617, 240–246. doi: 10.1016/j.neulet.2016.02.032

 Dau, A., Gladding, C. M., Sepers, M. D., and Raymond, L. A. (2014). Chronic blockade of extrasynaptic NMDA receptors ameliorates synaptic dysfunction and pro-death signaling in Huntington disease transgenic mice. Neurobiol. Dis. 62, 533–542. doi: 10.1016/j.nbd.2013.11.013

 Delaney, A. J., Sedlak, P. L., Autuori, E., Power, J. M., and Sah, P. (2013). Synaptic NMDA receptors in basolateral amygdala principal neurons are triheteromeric proteins: physiological role of GluN2B subunits. J. Neurophysiol. 109, 1391–1402. doi: 10.1152/jn.00176.2012

 Guivernau, B., Bonet, J., Valls-Comamala, V., Bosch-Morató, M., Godoy, J. A., Inestrosa, N. C., et al. (2016). Amyloid-beta Peptide Nitrotyrosination Stabilizes Oligomers and Enhances NMDAR-Mediated Toxicity. J. Neurosci. 36, 11693–11703. doi: 10.1523/JNEUROSCI.1081-16.2016

 Hansen, K. B., Ogden, K. K., Yuan, H., and Traynelis, S. F. (2014). Distinct functional and pharmacological properties of Triheteromeric GluN1/GluN2A/GluN2B NMDA receptors. Neuron 81, 1084–1096. doi: 10.1016/j.neuron.2014.01.035

 Hardingham, G. E., and Bading, H. (2010). Synaptic versus extrasynaptic NMDA receptor signalling: implications for neurodegenerative disorders. Nat. Rev. Neurosci. 11, 682–696. doi: 10.1038/nrn2911

 Kantrowitz, J. T., Epstein, M. L., Beggel, O., Rohrig, S., Lehrfeld, J. M., and Revheim, N., et al. (2016). Neurophysiological mechanisms of cortical plasticity impairments in schizophrenia and modulation by the NMDA receptor agonist D-serine. Brain 139, 3281–3295. doi: 10.1093/brain/aww262

 Lai, T. W., Zhang, S., and Wang, Y. T. (2014). Excitotoxicity and stroke: identifying novel targets for neuroprotection. Prog. Neurobiol. 115, 157–188. doi: 10.1016/j.pneurobio.2013.11.006

 Luo, J., Wang, Y., Yasuda, R. P., Dunah, A. W., and Wolfe, B. B. (1997). The majority of N-methyl-D-aspartate receptor complexes in adult rat cerebral cortex contain at least three different subunits (NR1/NR2A/NR2B). Mol. Pharmacol. 51, 79–86.

 Papouin, T., Ladépêche, L., Ruel, J., Sacchi, S., Labasque, M., Hanini, M., et al. (2012). Synaptic and extrasynaptic NMDA receptors are gated by different endogenous coagonists. Cell 150, 633–646. doi: 10.1016/j.cell.2012.06.029

 Rauner, C., and Köhr, G. (2011). Triheteromeric NR1/NR2A/NR2B receptors constitute the major N-methyl-D-aspartate receptor population in adult hippocampal synapses. J. Biol. Chem. 286, 7558–7566. doi: 10.1074/jbc.M110.182600

 Stroebel, D., Carvalho, S., Grand, T., Zhu, S., and Paoletti, P. (2014). Controlling NMDA receptor subunit composition using ectopic retention signals. J. Neurosci. 34, 16630–16636. doi: 10.1523/JNEUROSCI.2736-14.2014

 Sun, Y., Cheng, X., Zhang, L., Hu, J., Chen, Y., Zhan, L., et al. (2016). The Functional and Molecular Properties, Physiological Functions, and Pathophysiological Roles of GluN2A in the Central Nervous System. Mol. Neurobiol. doi: 10.1007/s12035-016-9715-7. [Epub ahead of print].

 Tovar, K. R., McGinley, M. J., and Westbrook, G. L. (2013). Triheteromeric NMDA receptors at hippocampal synapses. J. Neurosci. 33, 9150–9160. doi: 10.1523/JNEUROSCI.0829-13.2013

 Zamzow, D. R., Elias, V., Shumaker, M., Larson, C., and Magnusson, K. R. (2013). An increase in the association of GluN2B containing NMDA receptors with membrane scaffolding proteins was related to memory declines during aging. J. Neurosci. 33, 12300–12305. doi: 10.1523/JNEUROSCI.0312-13.2013

 Zhou, X., Chen, Z., Yun, W., Ren, J., Li, C., and Wang, H. (2015). Extrasynaptic NMDA Receptor in Excitotoxicity: function Revisited. Neuroscientist 21, 337–344. doi: 10.1177/1073858414548724

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Sun, Wang and Gao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
, frontiers )
in Molecular Neuroscience

Identifying the Role of GIUN2A in
Cerebral Ischemia









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers )
in Molecular Neuroscience





OPS/images/fnmol-10-00012-g001.gif
— OGlN2A  GlaN2A

Daimos  ERCEK HE P
Do St

owes Gz

svsons ! Do St 2

[——

Possible efoct of GRIN2A antagoaists: survival





