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	NMDA receptors and enhanced cognitive function
	Abstract | Most molecular and cellular studies of cognitive function have focused on either normal or pathological states, but recent research with transgenic mice has started to address the mechanisms of enhanced cognition. These results point to key synaptic and nuclear signalling events that can be manipulated to facilitate the induction or increase the stability of synaptic plasticity, and therefore enhance the acquisition or retention of information. Here, we review these surprising findings and explore their implications to both mechanisms of learning and memory and to ongoing efforts to develop treatments for cognitive disorders. These findings represent the beginning of a fundamental new approach in the study of enhanced cognition.
	Table 1 | Mouse models showing enhancement of learning and memory
	Box 1 | Behavioural tests for learning and memory
	Tipping Ca2+ homeostasis
	Balance between kinases and phosphatases
	Figure 1 | NMDAR-dependent signalling and downstream kinases and phosphatases implicated in learning and memory enhancement. N-methyl-d-aspartate receptor (NMDAR) function can be positively regulated by α calcium calmodulin kinase (αCaMKII) phosphorylation and by the transient activation of cyclin-dependent kinase 5 (Cdk5) through the positive regulator p25. Transport of the NR2B subunit to synaptic sites can be increased by overexpressing the motor protein KIF17. Calpain, possibly modulated by Cdk5, downregulates NR2B by proteolysis. The β3 subunit of voltage-gated calcium channel (VGCC) and the nociceptin receptor ORL1 also negatively regulate NMDAR expression or function by unknown mechanisms. Calcium influx through NMDARs activates αCaMKII, which in turn positively regulates NMDAR and α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor (AMPAR) function, contributing to the induction and expression of long-term potentiation (LTP), respectively. In addition, neuronal calcium concentration can be regulated by Na+/Ca2+ exchangers (NCXs), which extrude Ca2+ from neurons. Calcium/calmodulin (CaM) activates downstream kinases and phosphatases: it activates adenylyl cyclase (AC) to produce cAMP, which activates protein kinase A (PKA) and eventually regulates cyclic-AMP response-element-binding protein (CREB) activity in the nucleus. By phosphorylating inhibitor‑1 (I‑1), PKA can antagonize the action of protein phosphatase 1 (PP1), which is activated by the calcium/CaM-activated phosphatase calcineurin (CN). CaM also activates calcium CaM kinase kinase (CaMKK), which in turn activates calcium/CaM kinase IV (CaMKIV), another positive regulator of transcription. Activation of TrkB by brain-derived neurotrophic factor (BDNF) triggers the mitogen-activated protein kinase (MAPK) signalling pathway and ultimately regulates transcription. Sharp and blunted arrows represent positive and negative regulation, respectively. tPA/PS, tissue-type plasminogen activator/plasmin; PDE, phosphodiesterase.
	Box 2 | Evolution of transgenic technology
	Relieving transcriptional repression
	Figure 2 | Regulation of CREB-dependent gene expression involved in memory formation. The activity of cyclic-AMP response-element-binding protein (CREB) is regulated by phosphorylation or by molecular interactions. Protein kinase A (PKA), calcium calmodulin kinase IV (CaMKIV) and ribosomal S6 kinase (RSK) (activated by mitogen-activated protein (MAPK)) phosphorylate CREB at serine 133, whereas protein phosphatase‑1 (PP1) dephosphorylates CREB. Another phosphatase, calcineurin (CN, also called PP2B) indirectly inhibits CREB function. Phosphorylated CREB recruits the CREB-binding protein (CBP) and activates the transcription of immediate early genes (IEGs) such as c‑fos, Zif268 and C/EBPs (CCAAT/enhancer-binding protein). C/EBPs themselves function as transcription factors activating or inhibiting the expression of another group of genes (late-response genes). Transcriptional activity of CREB can be repressed by activating transcription factor 4 (ATF4), which is translationally regulated by the α subunit of elongation factor 2 (eIF2α). Inhibition of eIF2α phosphorylation by GCN2 (general control non-depressible 2) reduces the translation of ATF4 mRNA and subsequently enhances CREB-dependent gene expression and learning and memory. ATF4 is thought to compete with CREB to bind to CRE and other transcriptional components including CBP. Sharp and blunted arrows represent positive and negative regulation, respectively. CaMKK, CaMK kinase. 

