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ABSTRACT 

 

Characterisation of the Redox Sensitive NMDA Receptor  

Ohood Alzahrani 

 

Glucose entry into the brain and its subsequent metabolism to L-lactate, regulated by 

astrocytes, plays a major role in synaptic plasticity and memory formation. A recent 

study has shown that L-lactate produced by the brain upon stimulation of glycolysis, and 

glycogen-derived L-lactate from astrocytes and its transport into neurons, is crucial for 

memory formation.  

A recent study revealed the molecular mechanisms that underlie the role of L-lactate in 

neuronal plasticity and long-term memory formation. L-lactate was shown to induce a 

cascade of molecular events via modulation of redox-sensitive N-Methyl-D-aspartate 

(NMDA) receptor activity that was mimicked by nicotinamide adenine dinucleotide 

hydride (NADH) co-enzyme. This indicated that changes in cellular redox state, 

following L-lactate transport inside the cells and its subsequent metabolism, production 

of NADH, and favouring a reduced state are the key effects of L-lactate. Therefore, we 

are investigating the role of L-lactate in modulating NMDA receptor function via redox 

modulatory sites. Accordingly, crucial redox-sensitive cysteine residues, Cys320 and 

Cys87, of the NR2A NMDA receptor subunit are mutated using site-directed mutation, 

transfected, and expressed in HEK293 cells.   
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This cellular system will then be used to characterise and monitor its activity upon L-

lactate stimulation, compared to the wild type. This will be achieved by calcium imaging, 

using fluorescent microscopy.  

Our data shows that L-lactate potentiated NMDA receptor activity and increased 

intracellular calcium influx in NR1/NR2A wild type compared to the control condition 

(WT NR1/NR2A perfused with (1µM) glutamate and (1µM) glycine agonist only), 

showing faster response initiation and slower decay rate of the calcium signal to the 

baseline. Additionally, stimulating with L-lactate associated with greater numbers of cells 

having high fluorescent intensity (peak amplitude) compared to the control. Furthermore, 

L-lactate rescued the mutated NMDA NR1/NR2A C320A C87A receptor response that 

showed altered activity upon mutation up to the control level. Future experiments need to 

be carried out on different redox-sensitive residues of various NMDA receptor subunits 

to reveal the exact molecular mechanisms of L-lactate. 
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CHAPTER1: INTRODUCTION 

 

1.1 Brain energy demand: 

Although the brain represents only 2 % of the whole body weight, its metabolic demands 

are enormously high. It consumes about 20% of the total body oxygen and 20% of the 

overall glucose intake (Harris, Jolivet, and Attwell 2012). A highly vascular organ such 

as the brain continuously receives metabolic energy at a high rate per gram, typically 

around 5.6mg of glucose per 100g of brain tissue per minute. High glucose metabolism is 

used to generate adenosine triphosphate (ATP), the fuel for physiological brain function, 

as well as to generate neurotransmitters. Therefore, the brain’s energy consumption limits 

its size. The brain’s largest energy cost is dedicated to neuronal communication through 

driving the transmission of electrical signals along axons, and the diffusion of chemical 

messengers across synapses (Angelica and Fong 2008). The remaining energy supports 

neuronal resting potential maintenance through Na+/K+-ATPase (Ames, 2000). Cortical 

grey matter, enriched with axons and synapses uses a higher proportion of total energy 

consumption for signalling compared to the white matter, fundamentally indicating that 

the brain increases its utilisation of glucose upon activation (Falk, 2001). 
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1.2 Glucose uptake and metabolism in the brain: 

The brain consumes glucose as a mandatory energy substrate, it enters neurons and 

astrocytes through specific glucose transporters (GLUTs) where it is phosphorylated by 

the enzyme hexokinase, giving rise to glucose-6-phosphate that is then metabolised 

primarily through glycolysis, producing two molecules each of ATP and NADH. This in 

turn produces two molecules of pyruvate that can enter the mitochondrial tricarboxylic 

acid (TCA) cycle, undergoing oxidative phosphorylation, directly generating (30–34 ATP 

molecules), and CO2 this process consuming oxygen. Under low oxygen levels, or 

anaerobic conditions, glucose is reduced to L-lactate by lactate dehydrogenase (LDH). 

Alternatively, it enters the pentose phosphate pathway (PPP) or is converted to glycogen 

through glycogenesis and is stored exclusively in the astrocytes (Figure 1). In the absence 

of glucose the brain is capable of utilising ketone bodies, or consuming lactate during 

intense physical activity (Bélanger, Allaman, and Magistretti 2011).  

 

 

 

 

 

 

Figure1: Glucose 
metabolism in the 
brain: 

(i) Pathway of 
Glycolysis 

 (ii) Pentose 
phosphate pathway 
(PPP) 

(iii) Glycogenesis 

(iv) Mitochondrial 
tricarboxylic acid 
(TCA) cycle and 
oxidative 
phosphorylation 

 (Bélanger, Allaman, 
and Magistretti 



	 15	

1.3 Aerobic glycolysis and lactate production: 

Under low oxygen conditions, the brain shifts to the considerably less efficient glycolytic 

pathway to meet its basic energy needs, by utilising lactate. Nevertheless, even under 

adequate oxygen availability, brain activity significantly increases local lactate 

concentration. In response to the energy demand from neuronal activity, glucose is 

converted to pyruvate and then reduced to lactate, by lactate dehydrogenase, through a 

metabolic pathway called “aerobic glycolysis” or “Warburg effect”. This occurs in the 

glycolytic astrocytes, and is known as Astrocyte-Neuron Lactate Shuttle (Pellerin and 

Magistretti, 1994) (Vaishnavi et al., 2010). 

	

1.4 Brain energy metabolism: 

 

It has been shown that, during neuronal activity glycolysis is usually favourably up-

regulated compared to oxidative phosphorylation, and the oxygen/glucose consumption 

ratio declines (Angelica and Fong 2008). Alternatively, several intermediate metabolites 

formed from glucose metabolism can be used and oxidised as a source of energy 

production in the brain. For example, lactate, pyruvate, glutamate, and acetate, with 

lactate being a more important substrate, indicating that glycolysis can be separated from 

oxidative metabolism at some sites in the brain, due to variations in neuron and astrocyte 

metabolic preferences. (Ames 2000).  
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Neurons are known to be primarily oxidative, whereas astrocytes are known to be 

glycolytic. In the oxidative neurons, the glucose or its metabolites go into mitochondrial 

oxidation and enter the tricarboxylic acid (TCA) cycle that leads to electron transfer in 

the respiratory chain, oxygen consumption, and the production of CO2 and water as waste 

products (Magistretti and Allaman 2015). 

1.5 Astrocytes-Neurons Lactate Shuttle: 

Astrocytes have a significant role in brain homeostasis, in particular astrocyte coupling to 

neuronal function via lactate. Under normal brain physiological conditions of high energy 

demand, the glucose imported from blood vessels by astrocytes is delivered to neurons in 

the form of L-lactate (Steinman, Gao, and Alberini 2016), which is shuttled between cells 

through specific monocarboxylate transporters (MCTs), with MCT4 being mainly 

expressed in astrocytes, MCT2 in neurons, and MCT1 in oligodendrocytes, astrocytes 

and the endothelial cells of blood vessel’s. This mechanism is known as astrocytes-

neurons shuttle: in response to neuronal signalling, astrocytes produce and release L-

lactate. After neuronal synaptic activity, glutamate neurotransmitter is released into the 

extracellular space, which is then taken up by astrocytes along with sodium ions, 

increasing the intracellular sodium concentration of the astrocytes. Activation of Na+/K+ 

ATPase to maintain homeostasis requires energy, furthermore, glutamate recycling by 

astrocytes to glutamine consumes energy, triggering glucose uptake from blood vessels, 

lactate production, and the breakdown of glycogen storage (Figure 2) (Pellerin and 

Magistretti 1994) (Attwell et al. 2010). 
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1.6 L-lactate mediated mechanism and transport in plasticity and memory: 

Glucose entry into the brain and its subsequent metabolism to lactate, regulated by 

astrocytes, has an essential role in memory formation and synaptic plasticity (Steinman, 

Gao, and Alberini 2016). Many studies have shown that L-lactate produced by the brain 

due to stimulation of glycolysis, has a significant function in memory formation, in 

addition to its role as a secondary messenger stimulating blood flow. Its transport into 

neurons is crucial for memory formation (Newman, Korol, and Gold 2011).  

Figure 2: Astrocytes-neuron lactate shuttle hypothesis. Activated neurons release the neurotransmitter, 
glutamate. Astrocytes take up the released glutamate, which stimulates increased glucose uptake from 
nearby blood vessels via glucose transporters (GLUT1), and increased aerobic glycolysis, and 
breakdown of glycogen storage. Pyruvate is converted to lactate, by lactate dehydrogenase (LDHA), 
exported out of the cell by the monocarboxylate transporter 1 or 4 (MCT1/4) and transported into 
neurons via MCT2. LDHB in neurons converts lactate to pyruvate, which is used to supply oxidative 
phosphorylation within mitochondria (Newington, Harris, and Cumming 2013). 
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The break down of glycogen by astrocytes, glucose metabolism, and coupling to neuronal 

activity has been shown to sustain neuronal cognitive functions. A recent study in vivo 

has shown that the transfer of L-lactate,  produced from aerobic glycolysis and obtained 

from glycogen storage, from astrocytes to neuronal cells is fundamental for long-term 

memory formation. Its importance has been demonstrated in an experiment conducted in 

the rodent hippocampus and showed that blocking lactate transporter MCT2 in neurons 

resulted in amnesia that could not be rescued by either glucose or L-lactate. However, 

blocking astrocytic MCT1 and MCT4 lactate transporters caused an amnesia that can be 

rescued by L-lactate, but not glucose (Suzuki et al. 2011). 

1.7 Investigating molecular mechanism underlying L-lactate effect on NMDA receptor: 

Furthermore, the molecular mechanism of L-lactate participation in neuronal plasticity 

was illustrated in a recent study using primary neurons isolated from the mouse 

neocortex. The study reported the effect of L-lactate (20mM) in inducing expression in a 

set of early immediate genes (EIGs), not exclusively constrained to plasticity but 

important representatives for both long-term memory and neuronal plasticity. The genes 

included, early growth response (Zif268), proto-oncogene (c-Fos), CCAAT/enhancer 

binding protein (C/EBP), and the gene coding for the effector protein, activity-regulated-

cytoskeletal-associated protein (Arc). Expression of these genes was in a time and dose 

dependent manner. EIGs expression was seen after one hour of lactate treatment, and late 

response genes such as brain-derived neutrophilic factor (BDNF) were expressed in  

cultured neurons after four hours of lactate treatment.  
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The expression of these genes was correlated with the level of protein expression. The 

significance of the effect of intracellular L-lactate was demonstrated when the inducing 

effect of L-lactate on EIGs was inhibited, by administering the monocarboxylate 

transporter (MCT’s) blocker, UK5099. Furthermore, NADH mimicked the effect of L-

lactate. In addition, the effect diminished when its nonmetabolised enantiomers, D-

lactate, L-pyruvate, and D-glucose were used, indicating its selectivity. Therefore, the 

transport of L-lactate and its subsequent metabolism is essential in order to observe its 

effect. Following L-lactate entry through (MCTs) and its conversion to pyruvate by LDH, 

cells use nicotinamide adenine dinucleotide (NAD+) cofactor to produce L-lactate and 

NADH, thereby increasing the NADH/NAD+ ratio, which is unique to L-lactate. This 

indicates that changes in the cellular redox state, following L-lactate transport inside the 

cell, and its subsequent metabolism, play a significant role in its effect (Yang et al. 2014). 

 

1.8 Erk1/2 signalling cascade as main the transducer of L-lactate effect through the 

NMDA receptor: 

Opening of the NMDAR, leads to a calcium influx that sequentially increases the 

intracellular calcium concentration, and mediates phosphorylation of the extracellular 

signal-regulated kinase (Erk1/2), the crucial signalling cascade that mediates NMDA-

dependent IEG expression, induced by L-lactate. 
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1.9 The NMDA receptor: activation, subunits and structure:  

N-methyl-D-aspartate (NMDA) receptors are glutamate, ligand-gated ionotropic 

receptors  (iGluRs) (Strong et al. 2014), present in high density within the hippocampus 

and cerebral cortex. Their activity is linked with many critical cellular processes in the 

brain, such as neuronal cell development, synaptic plasticity, and excitotoxic cell death 

(Brimecombe, Potthoff, and Aizenman 1999). NMDA receptors, in addition to other 

ionotropic receptors such as, a-amino-3-hydroxy-5-methylisoxazole-4- 

isoxazopropionicacid (AMPA) and Kainate receptors, are activated by the amino acid 

glutamate, which mediates the majority of excitatory neurotransmission (Dingledine et al. 

1999) (Strong et al. 2014). Three subfamilies of genes encode the seven different 

subunits: GluN1, GluN2A-GluN2D and GluN3A-GluN3B (Cull-Candy, Brickley, and 

Farrant 2001). Functional NMDAR contains two copies of the mandatory GluN1 subunit, 

plus two copies of GluN2 and/or GluN3 subunits (Figure 3) (Paoletti, Bellone, and Zhou 

2013). 

 

 

 

 

 

 

Figure 3: assembly mode of the NMDA receptor: Di-heteromeric and Tri-heteromeric 
NMDARs (Paoletti, Bellone, and Zhou 2013). 
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Standard membrane topology is shared among all NMDA receptor subunits, consisting of 

an extracellular amino (N)-terminal domain, an intracellular cytoplasmic C-terminal 

domain, three transmembrane segments (M1, M3, and M4) and a re-entrant M2 loop lines 

the ion selectivity filter, which facilitates magnesium blockage, and governs calcium ion 

permeability of the channel (Figure 4) (Paoletti, Bellone, and Zhou 2013) (Kumar 2015). 

 

 

 

 

 

Binding of the ligand (glutamate) to the GluN2 subunits, and one of the essential co-

agonists (Glycine or D-serine) to the GluN1, removes Mg2+ via membrane depolarisation, 

whcih is required to activate the NMDA receptor (Figure 5) (Jr 2000) (Luo et al. 2002) 

(Vyklicky et al. 2014).  

 

 

 

 

Figure4: NMDA receptor 
modular subunit localisation: 
the extracellular N-terminal 
and ligand-binding domain, 
the transmembrane domain, 
and the intracellular C-
terminal (Kumar 2015). 

Figure 5: NMDAR activation. 
GluN1 subunits bind co-agonist 
glycine, while GluN2s binds 
glutamate. Mg2+ blocks the Ca2+ 
permeable pore (Kumar 2015). 
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During development and in disease states, arrangement of the NMDA receptor subunits 

varies across CNS regions (Nath et al. 1988), showing different spatiotemporal 

expression profiles. During life, particularly in the hippocampus and cortex, GluN2A and 

GluN2B are the most abundant subunits, indicating that they have vital roles in synaptic 

plasticity and memory formation (Wolfe et al. 1994) (Paoletti, Bellone, and Zhou 2013). 

This thesis will focus primarily on the NR1/NR2A subunits. 

Altering NMDA receptor activity is associated with definite forms of long-term 

potentiation and long-term depression in hippocampal slices. A variety of endogenous 

factors, such as magnesium, zinc, and several redox-active substances of endogenous 

origin, regulate NMDA receptor activity by modifying the redox sensitive modulatory 

sites (Gozlan et al., 1995) (Brimecombe, Potthoff, and Aizenman 1999). 

1.10 NAD+/NADH Redox state metabolic modulation: 

Energy metabolism of the brain and the flux of metabolites is linked to redox reactions, 

thereby affecting the redox state of the cell, with the NAD+/NADH ratio mediating the 

major redox state. The ratio is influenced within a single cell by the flux of metabolites, 

and by the transfer of lactate between cells. As well as signalling events between neurons 

and astrocytes, events such as, astroglial Ca2+ signalling, and neuronal NMDA activity 

have been shown to modulate the NAD+/NADH ratio. 
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Under normal conditions, the oxidised NAD+/NADH ratio is increased when NAD+ 

exceeds the concentration of NADH, providing a cofactor for metabolic oxidative 

reactions, such as lactate conversion to pyruvate by lactated dehydrogenase, producing 

NADH and making the cytosolic state of the cell reduced, thereby modulating the NMDA 

receptor activity (Winkler and Hirrlinger 2015). 

1.11 Redox sensitive NMDA receptor: 

Redox sensitivity of the NMDA receptor occurs due to certain cysteine residues involved 

in redox modulation. Seven crucial cysteine residues located on NMDA receptor subunits 

can participate in modulating protein activity, and signalling events. The cysteine 

residues contain a thiol side chain, which can form a disulfide bond with neighbouring 

cysteines during oxidised conditions or remain as thiols in their reduced state (Burnha 

and Jo 2002). Sulfhydryl reducing agents have the effect of modifying the NMDA 

receptor function. Enhanced NMDA evokes responses that are mediated by dithiothreitol 

(DTT) exogenous reducing agents, in addition to endogenous reducing agents, such as 

glutathione. Using the oxidizing agent, 5–5-dithio-bis-2-nitrobenzoic acid (DTNB), 

decreases NMDA responses (Choi, Chen, and Lipton 2001). 

In our study, we are interested in investigating NR2A, Redox-sensitive residues located 

on NR2A, Cys87, and Cys320 (Burnha and Jo 2002). 
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OBJECTIVE 

 

To establish a cellular system, using HEK293T-17 cells transfected with NMDA receptor 

subunits, to investigate the molecular mechanisms underlying the potentiating effect of L-

lactate on NMDA receptor activity that leads to calcium influx, Erk1/2 phosphorylation 

and IEG expression (Yang et al. 2014). 

This thesis focused on characterising redox-sensitive wild type NR1/NR2A NMDA 

receptor activity. Fluorescence microscopy for intracellular calcium imaging was used to 

monitor the calcium influx into transfected HEK293T-17 cells upon activation with 

glutamate and glycine agonists (Control), compared to the effect potentiated by 

stimulation with 20mM of L-Lactate. Furthermore, we tested the effect of L-lactate on 

NR1/NR2A and C320A/C87A mutated constructs generated by site-directed 

mutagenesis, targeting the redox-sensitive residues, Cys87 and Cys320 located on the 

NR2A subunit (Burnha and Jo 2002).  
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Table 1: Mutagenic primer sequences 

CHAPTER 2: MATERIAL AND METHODS 

 

2.1 Site-directed mutagenesis: 

Mutated constructs were generated using QuickChange II XL Site-Directed Mutagenesis 

Kit (Agilent Technologies), as a template we used the mus musculus glutamate receptor. 

NMDA2A cDNA was cloned into the pcDNA3.1 vector (GenScript). mutagenic primers 

(Sigma) (Table1) were designed using Stratagene’s QuickChange primer design program, 

using the insert NR2A sequence provided by GenScript. The primers designed were 25-

45 bases in length with a melting temperature of ≥ 78℃, with the mutation in the middle 

of the sequence (TGC to GCC). PCR conditions are shown in Table 2. 

 

 

 

 

 

 

 

 

Primers Sequence (5’-3’) 

C87A Forward CCGGACATGAGGTCGGCCACATGCGTGATGAG 

C87A Reverse CTCATCACGCATGTGGCCGACCTCATGTCCGG 

C320A Forward GGCCAAGGCCAGCGCCTACGGGCAGACA 

C320A Reverse GTCTGCCCGTAGGCGCTGGCCTTGGCC 

Segment Cycles Temperature Time 

1 1 95°C One minute 

2 18 95°C 
60°C 
68°C 

50 seconds 
1 minutes/kb (ten 

minutes) 
3 1 68°C Seven minutes 

Table 2: Cycling parameters for QuickChange II PCR 
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Each 50 µl PCR reaction mix was incubated with 150 µl DpI restriction enzyme for one 

hour at 37℃ to digest parental methylated and hemimethylated bacterial DNA. 50 µl of 

XL10-Gold ultracompetent cells were transformed with 1µl of plasmid DNA  (heat 

shocked at 42°C water bath for 30 seconds). The bacterial cells were then recovered in 

SOC medium (Invitrogen) at 37oC, shaking at 250 rpm for one hour. 200µl of bacterial 

broth was spread evenly on LB agar plates (Sigma) and incubated for 24 h at 37°C. The 

folowing day a single colony was picked and propagated in 5ml LB Miller dehydrated 

broth (BD) at 37 °C, shaking at 250 rpm overnight. LB broth and LB agar contained 

100mg/ml ampicillin sodium salt antibiotic (Sigma) to select for the bacteria that were 

transformed with the plasmid containing the  ampicillin resistance sequence. 

2.2 Mutant verification and full plasmid sequencing:  

 

Propagated plasmid DNA was extracted using plasmid mini kit (100) (Qiagen). 100 

𝓃g/kb of plasmid DNA was sent to Sanger Sequencing core lab facility at KAUST to be 

sequenced with primers targeting the sequence of interest to confirm that the colonies 

selected, contained the correct mutation. The DNA sample with the confirmed mutation 

sequence was then propagated for maxi plasmid preparation. Plasmid DNA purification 

NucleoBond Xtra Maxi kit (MN) was used to extract plasmid DNA, which was then fully 

sequenced to rule out any errors or deletions, Sequencing primers were designed every 

400bp to fully sequence the NR2A insert, in addition to the beginning and the end of the 

pcDNA 3.1 plasmid, using 10 pmol/µl of sequencing primers listed in Table 3, and 

obtained from Sigma. 
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Table 3: NR2A in pcDNA 3 sequencing primers. 

Primers Sequence (5’-3’) 

Forward 1 CATCCAGCAGCAAGCCAC 
Forward 2 CTACGGGCAGACAGAGAAGC 
Forward 3 GGAAGCATGGGAAAAAGGTT 

Forward 4 ATCCAGGAGGAGTTTGTGGA 

Forward 5 TGGCAGGAGTTTTCTACATGC 

Forward 6 CTCTCAATGAGTCCAACCCC 

Forward 7 TCACAATGAGAATTTCCGCA 

Forward 8 AGGCTACTGGAGGGCAACTT 

Reverse 1 TCTGTAGCCAGGGAAGATG 

Reverse 2 AAATCCAGCATCTGAGCC 

Plasmid Reverse 3 CCGTAAATACTCCACCCATTG 

 

2.3 Coating coverslips with Poly-D-Lysine: 

For calcium imaging, cells were seeded on 22 mm glass coverslips (Fisher scientific). To 

improve cell adhesion and to prevent cell attachment during perfusion experiments, 

alcohol sterilised glass coverslips (100% ethanol (VWR)), were coated with 0.1mg/ml 

poly-D-Lysine (PDL) (mol wt 70000-150000; Sigma-Aldrich) for one hour at 37°C, 

washed twice with 1XPBS and twice with milli Q filtered water, and then allowed to 

completely dry (at least one hour) before seeding cells. For the western blot, 6-well plates 

were not coated with PDL. 

2.4 Cell culture and maintenance:  

The human embryonic kidney cell line, HEK293T-17  (ATCC CRL-11268) was plated at 

a 1X10!density, and maintained in complete high glucose 25Mm, Dulbecco’s modified 
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Eagle medium (DMEM +GlutaMAX supplement (-) Pyruvate: gibco), supplemented with 

10% heat inactivated fetal bovine serum (FBS; Sigma) and 1% Penicillin-Streptomycin 

(gibco) in humidified 5% Co2, 95% air incubator at 37°C in T-75 flasks (VWR UK; 

Chem W). Cells were split twice a week using 0.05% Trypsin-EDTA (1X) (gibco) after 

reaching 80% confluency. Trypsinised cells were stained with 0.4% Trypan blue (gibco) 

to determine the number of viable cells using an automated cell counter (Life 

technologies), Only cells from passage 5 to 20 were used.  

2.5 HEK293T-17 transfection: 

For calcium imaging, cells were seeded at 1.2 x106cells/ml (2ml/well) in 35mm petri 

dishes (Fisher Scientific), containing four poly-D-lysine coated 12mm coverslips (as 

described previously). 24h after seeding, cells were transfected in the same culture media. 

The transfection was carried out as follows: for each well, cells were co-transfected with 

1µgNR1:1µgNR2A cDNA, cloned into the mammalian expression vector pcDNA3.1 

(GenScript). 0.125µg of homemade iTOM pCAG cDNA was also added in low 

concentration to visualise the transfection efficiency. Figure 6 shows an example of 

HEK293T-17 cells co-transfected with the iTOM: NR1:NR2A WT subunit. DMEM-

glutamine-pyruvate; Gibco, 11960 without FBS, antibiotic, or glutamate supplement was 

used for the transfection mix preparation.  

Glutamate was omitted because it would activate the NMDA receptor leading to calcium 

influx excitotoxicity. 500 µM D-AP5, a co-agonist NMDA receptor blocker was added to 

prevent any excitotoxicity cell death. For western blot, HEK293T-17 cells were seeded at 

8x105 cells/ml (2ml/well) into 6-well plates (corning). The transfection was carried out as 
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follows: cells were co-transfected with 1:125 ratio of iTom: NR2A (WT and mutant 

constructs) cDNA, only the NR2A subunit was transfected in order to see the protein 

expression. As we are not interested in forming functional NMDA receptors, we used 

Opti-MEM I reduced serum medium (gibco) that contained glutamate for transfection 

preparation.  

For each well; cDNA were diluted in 80 µl Opti-MEM/ DMEM-glutamine-pyruvate and 

then, 4 µl Lipofectamine 2000 were diluted in 80 µl Opti-MEM/ DMEM-glutamine-

pyruvat, separately for each well. This was scaled up according to the total number of 

petri dishes/wells to be transfected. The diluted cDNA and Lipofectamine 2000 were 

vortexed and incubated at room temperature for five minutes, mixed, then vortexed again, 

and kept at room temperature for 20 minutes. Total transfection mix was added to each 

well/petri dish.  
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2.6 Western blot: 

2.6.1 Sample preparation and loading, Protein separation and transfer: 

 

24 hours post transfection, the growth media was aspirated, and each well was washed 

once with 2ml of 1X ice-cold PBS (gibco), 1ml of ice-cold PBS was added, and cells 

were detached by pipetting several times. The cells were collected in eppendorf tubes 

then centrifuged at 10.000 rcf for ten minutes at 4°C. The cell pellet was lysed in 100𝜇𝑙 

ice-cold non-denaturing lysis buffer (50 mM Tris-HCL (pH 7.5) (Fisher), 150 mM Nacl 

(Sigma), 1% Triton x-100 (Sigma), 10% Glycerol (Fisher), 50mM DTT (Sigma) and 1X 

protease inhibitor (cell signalling)). Samples were sonicated on ice for ten seconds., and 

centrifuged at 4°C for 20 minutes at 10.000 rcf. 

 

 

 

Figure 6: Co-transfected HEK293T-17 cells with iTOM, NR1and NR2A WT (A) showing cells at 
(10x) using light microscope bright field. (B) showing the same co-transfected cells under 
florescence (red filter 10x). 

A B 
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The supernatants were harvested in separate tubes, and  cells lysate proteins (20 µl) were 

mixed with 2x loading buffer (62.5 mM Tris-HCL (PH6.8), 50 mM DTT, 5.4% SDS 

(Sigma), 30% Glycerol, 0.3% (w/v) bromophenol blue BPB (Electron microscopy 

science)). The protein samples were heat denatured at 95°C for ten minutes, then the 

samples were loaded into 4%-20% (w/v) SDS-Polyacrylamide gel (Biorad) and subjected 

to electrophoresis for one hour and 30 minutes at 100V in 1X Tris-Glycine-SDS (Novex) 

running buffer. 10𝜇𝑙 of ProSieve QuadColor protein marker (4.6-300 kDa Lonza) was 

loaded next to the cell lysate protein samples. Non-transfected HEK293-T17 served as a 

negative control. 

We used wet blotting apparatus (Bio-Rad) to transfer the protein for two hours at 50V to 

a PVDF (polyvinylidene difluoride) membrane (Millipore), which had been soaked 

earlier for 15 minutes in each: 100% methanol and transfer buffer. 1X Transfer buffer 

(Novex) was prepared in 20% methanol (Sigma). 

2.6.2 Blocking and immunoblotting: 

 

The membrane was rinsed once with 1X PBS-T prepared from (10x PBS and 20% Tween 

20 (Fisher)), and blocked using 10% skimmed milk (Fluka) prepared in water at room 

temperature for one hour with gentle agitation. The membrane was rinsed once with 1X 

PBS-T, incubated with gentle agitation in 1:1000 monoclonal mice anti-NR2A primary 

antibody (Millipore), diluted in 5% skimmed milk for one hour at room temperature.  

 



	 32	

After applying the primary antibody, the membrane was rinsed with 1X PBS-T five times 

(five minutes each) at room temperature using moderate agitation, followed by incubation 

with 1:20.000 anti-mouse secondary antibody (Novex) that was diluted in 5% skimmed 

milk for one hour at room temperature with gentle agitation. Finally, the membrane was 

rinsed three times (five minutes each with 1X PBS-T using moderate agitation). The 

NR2A band was detected by SuperSignal West Pico chemiluminescent substrate kit 

(Thermo) and visualised using Quanta imager with ten sec exposure. 

2.7 Monitoring intracellular calcium in HEK293T-17 cells loaded with Fluo4 AM 

calcium dye by fluorescence microscopy using inverted Zeiss microscope: 

2.7.1 Solution preparation: 

 Hank's buffered salt solution (HBSS) 1X, containing 150nM NaCl, 3mM KCl (Sigma), 

10mM HEPES (Sigma), 1mM Glucose (Sigma), 1mM CaCl2 (Sigma), and pH adjusted 

to 7.4 using 1M NaOH (Merk), osmolality of 310]., was used to prepare the following 

solutions (Table 4). 

Table 4: Calcium Imaging Solutions 

Perfusion solution Stimulation solution De-esterification solution 

1X HBSS solution described 
above containing 2mM MgCl2 
(Acros) 

 

1X HBSS perfusion solution, 
1µM Glutamate (Glutamic acid 
monosodium salt monohydrate; 
Sigma) and 1 µM Glycine 
(Sigma). 

20 mM of lactate (sodium L-
lactate; Sigma) can be added to 
the stimulation solution  

 

1X HBSS perfusion solution with 
500 µM D-AP5 (Enzo) NMDA 
receptor blocker  
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2.7.2 Cell loading with Fluo-4 AM: 

 

24h post transfection,. cells cultured on coverslips were incubated at room temperature 

with 5 µM cell-permeable Ca2+ sensitive florescent dye, Fluo-4 AM (molecular probes) in 

HBSS solution containing 0.1% Pluronic F-127 (20% prepared in DMSO, Life 

technologies) for 30 minutes. 

 

Fluo4-AM solution was prepared by dissolving 50 µg Fluo-4 AM in 4.56 µl DMSO to 

make a stock solution of 10 mM. Fluo-4 AM stock solution was  stored at -20 °C for  

upto one month. 1 µl of 10 mM Fluo-4 AM was mixed with 1 µl Pluronic F-127 (20% 

prepared in DMSO), and  then added to 2 ml of the perfusion solution containing 500 µM 

D-AP5. 

 

After staining, the cells were incubated in the de-esterification solution at room 

temperature for 15 minutes to wash out the excess dye, and to allow intracellular esterase 

to cleave the acetoxymethyl ester group (AM) that is attached to the Fluo4 and trap the 

dye intracellularly.  

 

 



	 34	

2.7.3 Microscopic setup and Imaging: 

 

An inverted microscope (40x water immersion lens, Mercury arc lamp, filters for EGFP) 

(ZEISS), Computer with ZEISS ZIN imaging system, and custom made gravity flow 

Perfusion system, were used for the calcium imaging. 

The cells cultured on glass coverslips were perfused at a rate of 1 ml/min at room 

temperature with HBSS perfusion solution. Transfected cells were located using the 

excitation and emission filters for red florescence (transfected cells) and fluo-4 AM (all 

Fluo-4 AM loaded cells), in addition to the bright field (all the cells in the field) (40x) 

(Figure 7A-C) 

The time course of the experiment: images were acquired every two seconds for a total of 

240 seconds. 30 images were obtained before stimulation to provide sufficient data points 

to assure stable baseline fluorescence for one minute, followed by stimulation with the 

stimulation solution for one minute, followed by washing with the perfusion solution for 

two minutes. Figure 7D-F shows the transfected cells during the Ca2+ imaging 

experiment. 
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Figure7: Cell localisation using Zeiss inverted microscope and during calcium imaging: left  panel (A-
C) showing cell images. (A)	Bright field (all the cells in the field). (B) Flura-4 AM filter (all stained 
cells). (C) Red florescence filter (ITom cDNA transfected cells, ROI shown in yellow color) all images 
taken at 40X. Right panels (E-F)	 is	 representative recordings of Ca2+ imaging. (D) represent typical 
[Ca2+]i in the cells (baseline). (E), during (stimulation) and (F) after stimulation (washing-recovery) 
(higher intensity represents higher [Ca2+]). 
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2.7.4 Image analysis: 

 Using Image J (Fiji) software, the regions of interest (ROIs) size =7.17 mm in the middle 

of the transfected cells, were selected (appeared red), and the mean fluorescence signal of 

each ROI for all images was measured (Figure 7C ). 

Fluorescence values for baseline were obtained by averaging the images at rest before the 

stimulation period, and fluorescence changes in response to stimulation (∆F)=F-F0 were 

calculated (F=actual fluorescence of each ROI, F0: The initial fluorescence intensity, 

which is the fluorescence before stimulus). Normalisation of the fluorescence change 

∆F/F0 was carried out, in order to see the differences before, during and after stimulation, 

these values were calculated using the MatLab program. Normalised fluorescence data 

obtained from MatLab was analysed using Microsoft Excel to calculate the average 

number of single cell responses in each experiment. An example is shown in (Figure 8) 

with the peak distribution histogram (as shown in the results section). Graphpad prism 7 

was used to run the statistical tests. 

 

 

 

 

 

 Figure 8: Single cell responses during calcium imaging 
(A) raw data of single cell responses upon stimulation 
during calcium imaging. 

A 
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CHAPTER 3:  RESULTS 

3.1 Mutating redox-sensitive cysteine residues in NR2A subunit by site-directed 

mutagenesis:  

The aim of this thesis is to examine the hypothesis that in neurons, L-lactate potentiates a 

Ca2+ influx increase, as the NMDA receptor responds, and this activation is facilitated by 

a change in the redox state of the cells. When astrocytic L-lactate is imported into 

neurons and converted to pyruvate, it leads to a NADH/NAD+ ratio increase which 

indicates redox state change In this thesis, we used NMDA receptors composed of 

NR1/NR2A subunits to investigate the reducing effect of L-lactate, by comparing the 

redox-sensitive wild type to the mutated receptor NR2A. The subunits have been mutated 

using known site directed mutation targeting of redox sensitive cysteine residues, located 

at position 320 and 87 in the N-terminal. Mutations to alanine lead to changes in their 

response to reducing an oxidative agent (Choi, Chen, and Lipton 2001). 

We generated mutated constructs to investigate their activity and to compare them to the 

WT receptor. Furthermore, we examine the effect of L-lactate in potentiating Ca2+ influx 

in transfected Hek293T-17 cells, expressing either wild-type redox-sensitive NR1/NR2A 

or mutated NR1/NR2A (C87A, C320A). Site-directed mutatagenesis and the following 

preparations steps are illustrated in detail in Figure 9. 
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1. NR2A Cys320 and Cys87 mutated to 
alanine separately on different NR2A 
plasmids using mutagenic oligonucleotides 
primers each complementary to opposite 
side of the vector, containing the mutation 
in the middle of the sequence (Cysteine 
TGC to Alanine GCC). 

NR2A in pcDNA 
3.1 plasmid ~10 kb 

2. Extension of complementary 
mutagenic oligonucleotides during 
thermal cycling by PfuUltra high-fidelity 
DNA polymerase generates mutated 
plasmid with targeted mutation. 

3. After thermal cycling DNA product is 
treated with DpnI endonuclease to select 
for synthesized DNA containing the 
mutation, DpnI endonuclease is specific 
for methylated and hemimethylated DNA 
(parental DNA template obtained from 
E.coli) targeting  (5´-Gm6ATC-3´) 
sequence. 

4. Treated DNA is then  transformed into 
XL1-Blue super competent cells for 24 h, 
plated in (LB) agar at 37C° for 24h, next 
propagated in selective (LB) broth. Both 
medias contain plasmid resistant ampicillin 
antibiotic (100mg/ml). 

1	

2	

3	

4	

Figure 9: Site directed mutagenesis steps and bacterial transformation  

5. After DNA extraction, the desired 
mutations were verified by Sanger 
sequencing in core lab facility at 
KAUST. When verified the NR2A 
C320A cDNA used as a template to 
generate the other mutation. 
Furthermore, whole plasmid sequencing 
was done to verify there are no 
undesired mutations or deletions. 
Sequencing primers were designed 
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3.2 NMDA receptor NR2A subunit expression in HEK293T-17 cells:  

 HEK293 cells lack a native NMDA receptor, making them ideal cells for studying, 

NMDA receptor subunits. This can be achieved by modifying the receptor, by mutating 

extracellular redox sensitive cysteine residues and monitoring, the intracellular calcium 

influx compared to the wild type. 

Whole cell lysates of HEK293 cells expressing the wild type NR1/NR2A subunits and 

mutant constructs NR1/NR2A (C87A and/or C320A) were subjected to western blotting, 

to assess the protein expression and to eliminate any alteration in the regulation of gene 

expression after mutating the cysteine residues in the (N-terminal). NR2A antibody 

(1:1000) recognised a protein band at around 175kDa in the immune- precipitate of all 

samples, a molecular mass that is consistent with the predicted size of NR2A wild type 

(Köpke et al. 1993) (Figure 10). 
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Figure 10: Protein expression of NR2A wild type and mutants transfected HEK293 cells. Membrane 
proteins HEK293 cells transfected with cDNA encoding the wild type and mutated NR2 subunit 
(C87A,C320) (C87A) and (C320A) in addition to non-transfected control cells  were separated on 4-
20% SDS-PAGE and subjected to Western blot analysis probed with antibodies against NR2A subunit. 
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3.3 Intracellular calcium imaging in HEK293T-17 cells expressing NMDA receptor 

NR2A subunit WT and mutant: 

3.3.1 L-lactate potentiated NMDA receptor activity and increased intracellular calcium 

influx in NR1/NR2A wild type:  

Activation of the NMDA receptor results in calcium influx, leading to an increase in 

intracellular calcium [Ca2+]. Accordingly, calcium influx through NMDA (NR1/NR2A) 

receptors expressed in HEK293T-17 cells loaded with Fluo4-AM was monitored using 

fluorescent microscopy, fig 11 A shows modulation of the NMDA receptor by 20mM L-

lactate (similar to the blood L-lactate concentration after intense exercise that was used in 

Yang et al. 2014 on neurons) in addition to its activation by glutamate (1µM) and glycine 

(1µM), compared to the control condition. (only activating NR1/NR2A WT with 

glutamate (1µM) and glycine (1µM)) potentiation of NMDARs by L-lactate was 

associated with significant [Ca2+] increase compared to the control condition (about one 

fold increase) (Fig.11B)), Although the average number of  cells that responded for each 

condition were comparable (n=264-282 from three impendent experiments) (Fig.11C) the 

increase in individual cells number had a higher peak amplitude (Fig.11D). 
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Figure 11: L-lactate potentiates NMDA receptor activity and increased intracellular calcium influx in 
NR1/NR2A WT. (A) Representative average fluctuation curve of Ca2+ fluorescence intensity as measured 
by calcium imaging in HEK293 cells loaded with	Fluo-4 AM following stimulation of NMDA receptor in 
Ctr and L-lactate stimulation conditions. Mean (in dark color)	± SEM (in light color) of 264 and 282 for 
Ctr and L-lactate stimulation conditions, respectively, imaged cells from three independent experiments. 
Red arrowhead indicated the time of stimulation (glutamate (1µM) and glycine (1µM) with or without 
20mM L-lactate)	and Black arrowhead indicate washing out (only 1XHBSS). (B)Average changes of Ca2+ 
fluorescence intensity at 60s-90s (stimulation time) all data are means ± SEM ****P <0.05unpaired t-test 
(C) Average responded cells n=264 and 282 for Ctr and L-lactate stimulation conditions, respectively, all 
data are means ± SEM (D) Frequency distribution of total imaged cells of total 3 experiments per condition  
is shown ***P <0.05 Kolmogorov-Smirnov test. 

A B 

C D 



	 42	

3.3.2 Characterisation of mutated constructs, NR1/NR2A C320 C87A response following 

activation by Glutamate and Glycine agonists:  

Mutant of the NMDA (NR1/NR2AC320A C87A) receptor was characterised prior to 

testing the effect of L-lactate on potentiating its activity. Calcium influx was monitored 

upon activation with glutamate (1µM) and glycine (1µM). Fig. 12A shows the 

modulation of mutant NMDA (NR1/NR2AC320A C87A) receptor activation by 

glutamate and glycine agonist, compared to the control conditions (NR1/NR2A) WT, as 

shown by decreased fluorescent intensity (Fig12 B). 

 

 

 

 

 

 

 

****	

Figure 12: Characterisation of mutant construct NR1/NR2A C320 C87A response following activation by 
glutamate and glycine agonist. (A) Representative average fluctuation curve of Ca2+ fluorescence intensity 
as measured by calcium imaging in HEK293 cells loaded with Fluo-4 AM following  activating NMDA 
receptor mutant and WT Ctr conditions. Mean (in dark color)	± SEM (in light color) of 275 and 264 for 
Mutant and Ctr conditions, respectively, imaged cells from three independent experiments. Red arrowhead 
indicated the time of activation (glutamate (1µM) and glycine (1µM), Black	arrowhead indicate washing 
out (only 1XHBSS). (B) Average changes of Ca2+ fluorescence intensity at 60s-90s (stimulation time) all 
data are means ± SEM ****P <0.05unpaired t-test. 

B A 
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3.3.3 L-lactate potentiated NMDA receptor activity and increased intracellular calcium 

influx in NR1/NR2A mutant: 

 

Fig13A shows modulation of the mutated NMDA receptor by 20mM L-lactate, in 

addition to its activation by glutamate (1µM) and glycine (1µM), compared to the 

stimulation with glutamate and glycine agonist only. Potentiation of the mutated NMDA 

receptors by L-lactate was associated with a significant fluorescent intensity increase 

compared to activation by glutamate and glycine agonist alone (about 0.5 fold increase) 

(Fig.13B). Although the average number of cells that responded for each condition was 

comparable (n=260-275 from three impendent experiments) (Fig.13C), stimulation with 

L-lactate increased individual cell numbers, as shown by a higher peak amplitude 

(Fig.13D). 
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Figure 13: L-lactate potentiates NMDA receptor activity and increased intracellular calcium influx in 
NR1/NR2A mutant. (A) Representative average fluctuation curve of Ca2+ fluorescence intensity as 
measured by calcium imaging in HEK293 cells loaded with Fluo-4 AM following stimulation of 
mutated NMDAR with Glu/Gly only and with L-lactate conditions. Mean (in dark color)	± SEM (in light 
color) of 275 and 260 for Glu/Gly and L-lactate conditions, respectively, imaged cells from three 
independent experiments. Red arrowhead indicated the time of stimulation (glutamate (1µM) and 
glycine (1µM) with or without 20mM L-lactate)	 and Black arrowhead indicate washing out (only 
1XHBSS). (B)Average changes of Ca2+ fluorescence intensity at 60s-90s (stimulation time) all data are 
means ± SEM ****P <0.05unpaired t-test (C) Average responded cells n=275 and 260 for Glu/Gly and 
L-lactate conditions, respectively all data are means ± SEM (D)  Frequency distribution of total imaged 
cells of total 3 experiments per condition  is shown **P <0.05 Kolmogorov-Smirnov test. 
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3.3.4 L-lactate increased NMDA receptor activity potentiation in NR1/NR2A WT 

compared to mutated NR1/NR2AC320A C87A:  

Fig.14A shows the modulation of NR1/NR2A WT receptor by 20mM L-lactate compared 

to the NR1/NR2AC320AC87A mutant. Potentiation of the wild type by L-lactate was 

associated with significant increase in fluorescence intensity compared to the mutant 

(about 1.5 fold increase) (Fig.14B). Although the average number of cells responding for 

each condition were comparable (n=282-260 from 3 impendent experiments) (Fig.14C), 

stimulation of the WT receptor with L-lactate showed an increase in the number of 

individual cells having a higher peak amplitude compared to the mutant (Fig.14D). 
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Figure 14:	L-lactate increases NMDA receptor activity potentiation in NR1/NR2A WT compared to 
mutated NR1/NR2AC320A C87A. (A) Representative average fluctuation curve of Ca2+ fluorescence 
intensity as measured by calcium imaging in HEK293 cells loaded with Fluo-4 AM following 
stimulation of WT NR1/NR2A, and mutants with 20mM L-lactate conditions. Mean (in dark colour)	± 
SEM (in light colour) of 282 and 260 for WT and mutant conditions, respectively, imaged cells from 
three independent experiments. Red arrowhead indicates the time of stimulation (glutamate (1µM) and 
glycine (1µM) with 20mM L-lactate)	and black arrowhead indicates washing out (only 1XHBSS). (B) 
Average changes of Ca2+ fluorescence intensity at 60s-90s (stimulation time) all data shown as  means ± 
SEM ****P <0.05 unpaired t-test (C) Average responded cells n=282 and 260 for WT and mutant 
conditions, respectively. All data are means ± SEM (D) Frequency distribution of total imaged cells of 
total 3 experiments per condition, showing ****P <0.05 Kolmogorov-Smirnov test. 
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3.3.5 L-lactate rescued mutated NMDA receptor activity up to the WT control activity: 

 

Intracellular calcium [Ca2+] influx through the mutated NMDA (NR1/NR2AC320A 

C87A) receptor stimulated with 20mM of L-lactate showed a lower fluorescence 

intensity compared to the WT NR1/NR2A potentiated under the same condition,  but was 

comparable to the control WT NR1/NR2A perfused with (1µM) glutamate and (1µM) 

glycine agonist only. Fig.15A shows modulation of the mutant NMDA 

(NR1/NR2AC320A C87A) receptor activation by glutamate and glycine agonist and 

20mM lactate compared to the control conditions (NR1/NR2A) WT.  Fluorescence 

intensity was not significantly different between the two conditions (Fig. 15 B). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15:	 L-lactate rescued mutated NMDA receptor activity up to the WT control activity. (A) 
Representative average fluctuation curve of Ca2+ fluorescence intensity as measured by calcium imaging in 
HEK293 cells loaded with Fluo-4 AM following activation of the NMDA receptor WT, control and mutant 
conditions. Mean (in dark color)	± SEM (in light color) of 264 and 260 for Control and mutant conditions, 
respectively, imaged cells from three independent experiments. Red arrowhead indicates the time of 
activation (glutamate (1µM) and glycine (1µM) with or without 20mM L-lactate, Black	 arrowhead 
indicates washing out (only 1XHBSS). (B) Average changes of Ca2+ fluorescence intensity at 60s-90s 
(stimulation time). All data shown as  means ± SEM  P >0.05 unpaired t-test. 

A B 
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CHAPTER 4: DISCUSSION AND CONCLUSION 

 

To investigate the molecular mechanisms underlying L-lactate potentiation of NMDA 

receptor activity mediated by changing the redox state of the cell,  Redox-sensitive 

NMDA receptors expressed in HEK293T-17 cells can be used as  an established cellular 

system to study its modulatory reducing effect. 

Redox-sensitive NMDA receptor function is modulated via key redox modulatory sites; 

specifically, seven critical and sensitive cysteine residues located on the NMDA receptor 

subunits (Burnha and Jo 2002). Reducing agents increase the NMDA-evoked responses 

and two cysteine residues, Cys320 and Cys87, located on NR2A NMDA receptor subunit 

(Choi, Chen, and Lipton 2001) were mutated NR1/NR2A were co-transfected to form 

functional receptors in HEK293T-17 cell lines, and protein expression was comparable to 

the wild-type. 

Fluorescence microscopy was used to monitor the activity of NR1/NR2A NMDA 

receptor subunits transfected in HEK293 cells, loaded with flu4-Am for calcium imaging. 

In our experimental preparation, calcium baseline was recorded for one minute, followed 

by activation of the NMDA receptor with (1µM) glutamate and (1µM) glycine agonists 

containing 1X HBSS solution with or without 20mM L-lactate. The cells were then 

washed out for two minutes to return the calcium signal tightly to the baseline. In our 

data sets, 20mM, L-lactate was shown to potentiate NMDA receptor activity in 

NR1/NR2A wild type.  
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The fluorescence intensity increased (one-fold) compared to the control (perfused only by 

glutamate (1µM) and glycine (1µM) agonists). In addition, cells numbers had a higher 

peak amplitude compared to the control. These observations are similar to what has been 

observed previously in primary cultured neurons (Yang et al. 2014). In our experiments, 

mutating redox-sensitive residues, Cys320 and Cys87, on NR2A showed a change in the 

property of the NMDA channel in response to glutamate and glycine agonist 

administration compared to the control (NR1/NR2A WT). A five-fold decrease in 

fluorescence intensity was observed, and this was rescued by applying 20mM L-lactate, 

resulting in a 0.5 fold increase in fluorescence intensity. Furthermore, stimulating with L-

lactate was associated with increased numbers of cells showing higher peak amplitude 

compared to the baseline, in a manner similar to the effect of L-lactate on the WT 

receptor, although its influence on the WT was higher. Our data suggests that mutating 

these cysteine residues on NR2A affected its response to glutamate and glycine agonist 

therefore, stimulating with L-lactate could potentiate its activity up to the control 

conditions (NR1/NR2A WT perfused with (1µM) glutamate and (1µM) glycine agonists). 

Furthermore, it was observed that different times of response initiation might be due to 

technical variations, therefore, further experiments are needed for each of the conditions 

in order to average all these variations. Future experiments also need to be performed in 

order to test the effect of L-lactate on different redox-sensitive residue combinations that 

exist on both NR1 and NR2A subunits. Also, the involvement of intracellular redox-

sensitive residues needs to be investigated, and especially, the molecular mechanisms that 

underlie the reducing effect of L-lactate on the NMDA receptor, altering its activity and 

consequently affecting long-term memory formation. 
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