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ABSTRACT 

The role of L-lactate in NMDAR-CaMKIIα Interaction 

Rayyan Alamoudi 

 

NMDA receptors are the most studied receptors in the field of neuroscience and are known to play 

an important role in development and plasticity. These receptors exhibit different kinetics 

depending on their subunit composition. NR2A and NR2B are the predominating NMDAR 

subunits in the brain. These receptors localize to synapses where they interact with other proteins 

including CaMKIIα, an abundant kinase which plays an important role in synaptic plasticity. 

Although CaMKIIα is known to bind to all types of NMDARs, it exhibits a higher affinity to NR2B 

compared to NR2A subunits.  

Studies have shown that lactate acts as a signaling molecule promoting the expression of genes 

related to synaptic plasticity via NMDARs activation. However, the mechanism describing how 

lactate exerts these effects is not well understood. We hypothesize that the redox state change, 

resulting from the metabolic conversion of lactate to pyruvate, may promote the interaction 

between CaMKIIα and NMDARs, thereby potentiating NMDARs activity. To tackle this question, 

we used a pharmacogenetics model consisting of NMDARs expressing HEK293 cells in the 

presence or absence of CaMKIIα. To monitor NMDARs activity, we use the ratio-metric calcium 

dye Fura-2 in calcium imaging experiments. 

We report that L-lactate decreases the peak responses of the NR2A and NR2B NMDARs in the 

absence of CaMKII expression. Upon CaMKII presence, we found that lactate prolongs the 

activation period of GluN2B as observed during the washout period and modestly increase the 
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peak response of GluN2A NMDARs. Interestingly, we confirm that expressing CaMKIIα in 

control (no lactate) HEK cells significantly augmented NR2B but not NR2A NMDARs. We also 

report that pyruvate was able to increase peak responses of both NR2A and NR2B NMDARs in 

the absence of CaMKII, while it only increased the NR2A-NMDAR peak responses in the 

presence of CaMKII. These results suggest that lactate exerts a neuroprotective effect in the 

absence of CaMKII and it slightly boosts NR2B NMDARs activity when CaMKII is expressed, 

possibly favoring plasticity. Moreover, data obtained with pyruvate indicates that in our HEK 

cell model pyruvate affects the NMDARs in a manner independent of the presence of CaMKII 

through an alternative mechanism. 
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CHAPTER 1 

Introduction 

1.1 General 

In the human brain, the maintenance of basal energy metabolism requires approximately 25% of 

total body glucose consumption. This intake is considered high as the brain represents only 2% of 

the total body weight. Glucose is the primary source of energy and is almost completely oxidized 

to CO2 and water throughout aerobic respiration. However, the brain can acquire energy from 

alternative substrates such as lactate and ketone bodies. They are able to enter the cells through 

specialized transporters, known as the monocarboxylate transporters (MCTs), where they are 

metabolized to form ATP through the TCA cycle. Under basal condition, the extracellular lactate 

concentration is about 0.5-1.5 mM which is similar to glucose concentration (Alle, Roth, & Geiger, 

2009; Attwell & Laughlin, 2001; Bélanger, Allaman, & Magistretti, 2011). Even though lactate 

has been considered for a long time as a useless end-product of glycolysis, it is now well accepted 

as an important player not only in brain metabolism, but also as a signaling molecule (Magistretti 

& Allaman, 2018). 

1.2 Lactate as a signaling molecule 

It has been demonstrated that lactate is acting as a signaling molecule in the central nervous system 

(CNS). It has also  been shown that the transfer of lactate from astrocytes to neurons is essential 

for long-term potentiation (LTP) and memory consolidation in mice (Magistretti & Allaman, 2018; 

Newman, Korol, & Gold, 2011; Suzuki et al., 2011). Blocking the breakdown of glycogen into 

lactate in astrocytes or reducing the transport of lactate in neurons alters the formation of memory 

(Magistretti & Allaman, 2018; Suzuki et al., 2011). Indeed L-lactate is important for the induction 
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of molecular changes that are involved in memory formation and LTP maintenance. Both LTP and 

memory processes are known to be dependent on the activation N-methyl-D-aspartate receptor 

(NMDAR) (Collingridge, Kehl, & McLennan, 1983; Sweatt, 2016). In neurons, it has been 

demonstrated that L-lactate is able to potentiate NMDAR and increase the expression of  genes 

involved in synaptic plasticity, such as Zif268 and Arc; treatment with MK801, an NMDAR 

antagonist, suppressed the effect of L-lactate on the induction of synaptic plasticity related genes 

at the mRNA level as well as the protein level (Yang et al., 2014) It has been proposed that the 

effect of L-lactate is mediated through a change in the intracellular redox state. Indeed, in neurons 

L-Lactate is converted into pyruvate which requires the reduction of NAD+ to NADH (Yang et 

al., 2014). 

1.3 N-methyl-D-aspartate receptor 

NMDAR is a key factor in glutamatergic neurotransmission. It has been the focus of over 1500 

publications every year since the late 1990s’, making it the most investigated receptor in 

neuroscience. It has been involved in the development of the nervous system, synaptic plasticity 

and memory (Papouin & Oliet, 2017).  

NMDAR is a voltage-dependent and ligand gated ion channel. It belongs to the ionotropic 

glutamate receptor family. It has different subunits (NR1, NR2A-D, NR3A-B). In order to be 

functional, the NMDAR must be composed of two NR1 subunits and two NR2x and/or NR3x 

subunits rendering a di-heteromeric or tri-heteromeric structure (Karakas & Furukawa, 2014; 

Mori, 2017). At resting potential, NMDAR channel is blocked by physiological levels of 

magnesium (Mg2+). In order to activate the channel, glutamate and the co-agonist serine or glycine 

must bind to their respective binding site along with proper depolarization of the membrane. When 

the receptor is activated and the membrane potential is depolarized, Mg2+ is released and 
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extracellular calcium (Ca2+) can enter the cell since NMDARs are highly permeable to Ca2+ ions. 

The subsequent increase in the concentration of calcium triggers downstream signaling pathways 

leading to changes in transcription, LTP or Long-term depression (LTD) (Mori, 2017). 

 

1.4 NMDAR NR1 subunit 

The NR1 subunit is known to have eight splice variants. In fact, the spliced exon contains multiple 

amino acids with positive charges. This yields the fact that this exon is key regulator of channel 

activity through the binding of protons and polyamines. NR1 subunit is also responsible for the 

binding of glycine, but not glutamate. NR1 subunit can also recognize D-serine which can act as 

a co-agonist as well. The carboxyl-terminal domain (CTD) of NR1 are involved in the interactions 

between NMDAR along with many scaffold proteins, kinases, phosphatases and signaling 

molecules (Tingley et al., 1997; Tingley, Roche, Thompson, & Huganir, 1993). Indeed, this CTD 

is involved in the interaction with calmodulin, PSD-95 and neurofilament subunit NF-L (Traynelis 

et al., 2010).  

1.5 NMDAR NR2 Subunits 

Overall, the NR2 subunits govern the affinity to ligands and the sensitivity to antagonists and 

modulators; the binding site recognizes glutamate but does not recognize neither glycine nor D-

serine. Moreover, the NR2 subunit is also involved in the modulation of channel properties. The 

Figure1.1: assembly mode of NMDA receptors: Di-heteromeric and 

Tri heteromeric NMDARs. (Paoletti et al, 2013) 
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CTD of the NR2 subunit is involved in the interaction between NMDAR and multiple postsynaptic 

scaffold proteins and signaling molecules. The central nervous system expression of NR2 subunits 

are dominated by the two main isoforms NR2A and NR2B (Chen et al., 2007). Both subunits 

demonstrate physiological differences in some aspects. For example: upon activation, it takes ~ 

40-50ms for a receptor composed of NR1/NR2A dimers to deactivate while it takes ~300-400 ms 

for a receptor containing NR1/NR2B subunits (Yuan, Hansen, Vance, Ogden, & Traynelis, 2009). 

It has been observed that the allosteric interaction between NR1 and NR2A or NR2B alters the 

potency of both glycine and D-serine at NR1 (Papouin & Oliet, 2014). Indeed, the open 

probability, when all activation requirements are met, is ~ 0.5 for NR2A and ~ 0.1 for NR2B 

(Erreger, Dravid, Banke, Wyllie, & Traynelis, 2005). The CTD of both NR2A and NR2B are 

involved in channel modulation and interaction with other proteins. However, CaMKII binds 

NR2B tightly at the CTD but ten times less to NR2A(Barria & Malinow, 2005; El Gaamouch et 

al., 2012; Lussier, Sanz-Clemente, & Roche, 2015; Strack, McNeill, & Colbran, 2000).  

 

 

 

 

 

 

 

 

Figure 1.2 NMDAR structure NMDAR structure with multiple binding sites for 

extracellular ligands affecting physiological activity. + and – indicate positive and 

negative modulation respectively (Paoletti et al, 2013). 
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1.6 The role of NMDAR in diseases 

As mentioned previously, NMDARs activation is a key factor for downstream signaling. 

Impairments in NMDARs activation may lead to psychiatric disorders after stroke or it might 

derive neurodegenerative disorders, such as Alzheimer or Parkinson, which occur when NMDARs 

are overactivated. A prolonged activation of the receptor allows excessive Ca2+ influx to the cell 

triggering the activation of multiple Ca2+ dependent proteases and lipases which eventually induces 

neuronal death (Choi, 1988; Mori, 2017).  Blocking the NMDAR channel has been shown positive 

effect in battling Alzheimer’s disease in humans. On the other hand, hypoactivation of NMDAR 

is involved in mental illness like schizophrenia or bipolar disorder. Mice with reduced expression 

of NR1 subunit, essential for constructing a functional NMDAR, has been showing schizophrenia-

like phenotypes. Further, a mice model of an autoimmune encephalitis disorder, where the immune 

system attacks the NMDA receptors leading to an overall decrease in NMDAR channels, exhibits 

also schizophrenia- and bipolar-like disorders (Mori, 2017; Sinmaz et al., 2015). Individuals 

suffering from this autoimmune disorder are characterized by memory deficits, seizures, confusion 

and psychological disorders. Since NMDAR plays an important role in brain functions, it is 

important to understand fully its mechanism in order to develop potent agonists as well as 

antagonists for therapeutic applications (Mori, 2017). 

1.7 Calcium signaling 

Calcium is a ubiquitous and important second messenger. External stimuli can lead to specific 

intracellular responses throughout the change in intracellular calcium levels. Calcium can enter the 

cytosol either from an external source or intracellular stores which can increase intracellular 

concentration up to approximately 1,000-fold (Bezprozvanny & Ehrlich, 1995).This release yields 
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a cascade of signaling pathways and affects processes involved in metabolism, transcription, 

motility, and proliferation among others (Carafoli, Santella, Branca, & Brini, 2001).  

In neurons, calcium is important for cellular homeostasis, maintaining functions, signaling 

pathways, and gene transcription as well as the release of neurotransmitters at the synaptic junction 

(Woods & Padmanabhan, 2012). Transient increases in intracellular calcium concentration 

associated with electrical activation causes rapid changes in the strength of synaptic connections 

and facilitates Ca2+ dependent current (Lee et al., 1999; Woods & Padmanabhan, 2012). For long-

term structural and functional changes in neurons, calcium signaling induces new genes 

expression. The regulation of gene expression by calcium plays an important role in neuronal 

apoptosis or survival, plasticity, differentiation and maintenance of late-phase of LTP. Many 

calcium-induced genes in the nervous system are regulated by the transcription factor cAMP 

response element-binding protein (CREB). Changes in intracellular concentration of calcium 

triggers the phosphorylation of CREB at serine 133 (Ser133) which leads to its activation (Dash, 

Karl, Colicos, Prywes, & Kandel, 1991; Woods & Padmanabhan, 2012). The activation of CREB 

ultimately lead to the activation of proteins such as brain derived neurotrophic factor (BDNF) 

which in return lead to the activation of signaling pathways that promote neuronal survival and 

modulation of synaptic activity (Dolmetsch, Pajvani, Fife, Spotts, & Greenberg, 2001; Tanenhaus, 

Zhang, & Yin, 2016). 

1.8 CaMKIIα 

Ca2+/ Calmodulin (CaM)-dependent kinase II (CaMKIIα) is a serine threonine kinase made of 

twelve subunits forming a double hexameric ring conformation. CaMKIIα can have a combination 

of four different isoforms (α-) (J. Lisman, Schulman, & Cline, 2002; Sanhueza & Fernandez, 
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2016). In the brain, the predominating forms are alpha and beta where alpha is three times more 

abundant. Each subunit consists of three major domains, catalytic, regulatory, and association 

domains which can be separately activated by Ca2+/CaM resulting in graded activation of the 

enzymatic activity. Moreover, each subunit is prone to different modulation processes resulting in 

dynamical and spatiotemporal regulation of the enzyme (Sanhueza & Fernandez, 2016). This 

regulation depends on the type of calcium signal received as well as localization of the kinase 

within the cell. Under basal condition, the autoinhibitory segment found in the regulatory domain 

obstruct the substrate binding site in the catalytic domain leading to its inhibition of the kinase 

activity. When the intracellular calcium concentration increases, the binding of Ca2+/CaM binds 

to the regulatory segment and removes the inhibition allowing binding with the substrate. Further, 

it exposes threonine residue T286 located in the regulatory domain of CaMKII allowing the 

subunit to be phosphorylated by an adjacent activated subunit (John E  Lisman, 1985; John E 

Lisman & Goldring, 1988; Miller & Kennedy, 1986; Sanhueza & Fernandez, 2016). This step 

prevents a complete closure and complete inactivation after Ca2+/CaM release allowing calcium to 

act as a molecular switch (Sanhueza & Fernandez, 2016). 

1.9 Glutamatergic neurotransmission 

Glutamate is the most abundant neurotransmitter in the central nervous system (CNS). It accounts 

for approximately 90% of the synaptic connections, thus making it as the major excitatory 

neurotransmitter in the mammalian brain (Coulter & Eid, 2012). Overall, glutamate is released 

from the presynaptic terminal and activate postsynaptic dendritic spines. These dendritic spines 

house membrane receptors, scaffolding proteins along with second messenger effectors making it 

appear to be dense when viewed via electron microscopy, hence called the postsynaptic densities 

(PSDs). In the PSDs, glutamate can act on different receptors which are divided into two groups: 
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ionotropic and metabotropic receptors. Ionotropic glutamate receptors are the channels that allow 

the influx of cations like Ca2+ and Na+. The influx is allowed by changes in the conformation that 

open the channel upon agonist binding. On the other hand, the metabotropic receptors are G-

coupled proteins which promote or inhibit downstream signaling. Ionotropic glutamate receptors 

are α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor, Kainate (KA), and 

N-methyl-D-aspartate (NMDA) receptor. AMPA and NMDA receptors mediate fast responses to 

glutamate whereas metabotropic receptors are slower. Abnormalities in glutamate signaling is 

linked to mental disorders (Niciu, Kelmendi, & Sanacora, 2012). 

 

Figure 1.3: Glutamatergic neurotransmission. Glutamine (Gln) is converted by glutaminase 

by glutamate (Glu). Glu is packaged into vesicles in the pre-synapse and is released into the 

synaptic cleft in a voltage-dependent manner. Glu receptors are present in the postsynaptic 

neuron where Glu activates ionotropic receptors which have a downstream cascade that result 

in neuronal plasticity depending on the receptor it activates. (Niciu, 2012) 
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1.10 Long-term potentiation 

LTP is the process where high synaptic activity induces a long-lasting increase in the synaptic 

strength and synaptic size of a given synapse. These modifications can be measured using 

excitatory postsynaptic current (EPSC). In vivo, LTP can last for more than a month where changes 

in the synaptic strength can occur under the process of learning. Memory is impaired when LTP is 

prevented. These are supports that LTP is important in learning and memory (Sanhueza & 

Fernandez, 2016). The increase in intracellular concentration of Ca2+ in the postsynaptic cell is 

necessary and sufficient for the induction of hippocampal LTP (Lynch, 2004). Thus, requiring the 

activation of NMDAR. LTP is divided into two phases: Early LTP (E-LTP), which does not 

involve protein synthesis, and late LTP (L-LTP) which is involved in the activation of transcription 

factors, protein synthesis, and where structural changes occur. During, E-LTP, CaMKIIα is 

activated by changes in the intracellular level of calcium which, in turn, triggers a cascade of 

downstream signaling pathway (see section 1.11). The repeat of synaptic stimuli leads to L-LTP 

which requires new mRNA and protein synthesis (Baltaci, Mogulkoc, & Baltaci, 2019). 

1.11 role of CaMKII𝜶 and NMDAR in LTP 

Tens of molecules have been considered as participants in LTP, few of them however are truly 

essential while others act as modulators. The two major proteins that are involved in LTP are the 

NMDAR and CAMKII𝛼. Upon receiving the appropriate signals, the NMDAR is activated 

allowing calcium influx and thus increasing the intracellular calcium concentration. Calcium binds 

to calmodulin making Ca2+/CaM complex which in turn binds to CaMKII. This binding leads to 

the removal of the regulatory segment on CaMKII and allow the phosphorylation of CaMKII 

leading to its activation and autophosphorylation at T286 (Chao et al., 2010). The enzyme remains 

active even after the decrease in [Ca2+] if the autophosphorylation of T286 occurred. These two 
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events are empirical for LTP induction. Blocking of one of these components prevents LTP or, at 

least, severely impaired it. The activated form of CaMKII translocate to the synapse and binds 

the NR2B subunit of NMDAR along with phosphorylating other target proteins in the PSD 

(Leonard, Lim, Hemsworth, Horne, & Hell, 1999). The phosphorylation of scaffolding proteins 

like PSD95 leads to the capture and immobilization of mobile transmembrane AMPAR which 

facilitates the enhancement of synaptic transmission.  CaMKII can translocate to the nucleus 

where it phosphorylates CREB at serine 133 (Dash et al., 1991). CREB activation will lead to 

subsequent expression of immediate early genes as well as brain-derived neurotrophic factor 

(BDNF) genes which are known to be critical for LTP (Kida, 2012). 

 

Figure 1.4: NMDAR-CaMKII interaction mechanism. In the post synaptic spine head, NMDAR 

activation leads to calcium influx which in turn binds to calmodulin. This binding forms Ca2+ 
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Ca2+/calmodulin complex that activates CaMKII allowing CaMKII to phosphorylate multiple 

targets including NMDAR 
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Objective 

Lactate has many roles in the CNS; it can be used as an energy substrate to sustain brain activity, 

but it can also act as a signaling molecule. It has been shown that lactate has a neuroprotective 

effect on neurons exposed to high concentration of glutamate (Jourdain et al., 2018) and is 

essential for long-term potentiation (LTP) (Suzuki et al., 2011). LTP is a key component in the 

learning and memory processes. In order to induce NMDAR-derived-LTP, NMDA receptors 

have to be activated which triggers a cascade of downstream events. Previous evidence showed 

that lactate was able to potentiate the NMDA receptors, especially NMDA receptors containing 

NR2B subunits, and increase the expression levels of genes involved in synaptic plasticity (Yang 

et al. 2014; Jourdain et al., 2018). The conversion of lactate into pyruvate by lactate 

dehydrogenase requires NAD+ and yields NADH resulting in a reduced intracellular 

environment (Jourdain et al., 2018). The change in intracellular redox state may potentiates 

NMDAR (Yang et al, 2014) and increase the activity of CaMKIIα (Shetty et al., 2008; 

Bodhinathan, 2010).  

As mentioned previously, during LTP, the stimulation of NMDA receptors triggers the activation 

of CaMKIIα. Evidence showed that CaMKIIα interacts directly with NR2B subunit linking 

glutamate stimulus to transcriptional activity (Barria & Malinow, 2005; El Gaamouch et al., 

2012)Since lactate can potentiate NR2B containing NMDARs in neurons, it may also affect the 

interaction between NMDAR and CaMKIIα. In order to determine whether lactate can modulate 

the interaction between NMDA receptor and CaMKIIα, we took advantage of HEK293, a 

heterologous cell line that do not normally express CaMKIIα nor functional NMDA receptors 

but is easy to transfect. It has been used to assess the effects of lactate on NMDA receptors, and 

the dependence of CaMKIIα, we perform calcium imaging in HEK293 cells loaded with the 
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calcium dye Fura-2 expressing or not different combinations of NMDA receptor subunits and 

CaMKIIα.  
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CHAPTER 2  

Material and Methods 

2.1 Stable CaMKII cell line generation 

The plasmid pCMV6 encoding CaMKII and the neomycin resistance gene was linearized using 

the DRAIII restriction enzyme (NEB). The digestion has been checked by electrophoresis on a 

standard 1% agarose gel. Linearized DNA has been purified using MinElute PCR purification kit 

(Qiagen). HEK293 cells were transfected with the linearized CaMKIIα plasmid using 

lipofectamine 2000 following manufacturer’s protocol. In order to generate a stable cell line, one 

need to determine the appropriate concentration of antibiotic that will ensure selection against non-

transfected cells but at the same time ensure that the resistant cells can proliferate. Geneticin G418-

Sulfate has been used as a selection treatment. Using kill curve, it was determined that the 

appropriate concentration of Geneticin G418 was 0.8mg/ml. Cells had been split into 60mm petri-

dish at 0.3 million cells/dish supplemented with selective media.  The cells were allowed to grow 

for 3 weeks with media change every 3 days until the cells in the negative control were dead. The 

remaining large healthy colonies were physically separated with cloning cylinder and treated with 

a solution of 0.05% trypsin, 1 X EDTA. Dissociated cells were placed into 24 well plate with 

selective media containing 0.8mg/ml G418. The cells were allowed to grow until 80% confluency 

was reached. The cells were split again and transferred into 6 well plate with selective media until 

reaching 80% confluency again. The cells were then split and part of it was transferred into T75 

culture flask while the other part was used for protein and RNA extraction. Protein extraction was 

done using RIPA buffer with 1X protease-phosphatase inhibitor while the RNA extraction was 

done using RNA extraction kit (Qiagen). CaMKII expression was confirmed using western blot 
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using CaMKII antibody (1/10,000) dilution. While the mRNA expression was confirmed using 

qPCR using CaMKIIα primer. 

2.2 Cell Culture and Maintenance 

Human Embryonic Kidney 293 cells (HEK293)  are the most utilized cells in molecular biology 

and biotechnology after HeLa cells and CHO cells respectively (Lin et al., 2014; Stepanenko & 

Dmitrenko, 2015). In neuroscience, HEK293 cells were used in electrophysiology and 

neuropharmacology studies as they demonstrated functional voltage-gated ionic channels found in 

neurons as well as functional synaptogenesis (Stepanenko & Dmitrenko, 2015). Making them an 

ideal choice for the purpose of this study. 

HEK293 (ATCC CRL-11268) and HEK293 cells stably expressing CaMKII were maintained in 

Dulbecco’s Modified Eagle Medium containing high glucose, GlutaMAXTM, pyruvate (DMEM, 

Gibco 31966) complemented by 10% heat inactivated fetal bovine serum (FBS; Sigma-Aldrich) 

and 1% Penicillin-Streptomycin (Gibco).The media of CaMKII expressing cell lines was 

supplemented with G418 geneticin (Gibco), a selective marker, to allow only the proliferation of 

cells that had the resistance gene. Cells were maintained in T75 flasks (VWR) at 37°C in a 

humidified atmosphere of 5% CO2 and 95% air. Cells were split when they reached 60-70% 

confluence. To this end, the media was removed and 0.05% Trypsin-EDTA (Gibco) was added to 

the cells. After 5 min incubation, complete media was added to inactivate trypsin then cells were 

harvested in a 15 ml Falcon tube and centrifuged at 200 x g at room temperature for 5 min, 

supernatant was removed and replaced by fresh media. Cells were resuspended, stained with 0.4% 

trypan blue and counted using Countess II (Life Technologies), an automated cell counter. Cells 
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were plated at a density of 1:15 of the total viable cells into a fresh T75 culture flask. For 

experiment purposes, 1,000,000 cells were seeded on coated coverslips in 35 mm petri dishes.  

2.3 Coating coverslips with Poly-D-Lysine 

To perform live cell imaging, cells were seeded on 25 mm diameter glass coverslips (Neuvitro) 

previously coated with poly-D-Lysine (PDL; Sigma-Aldrich). It provides better cell adhesion and 

prevents cell detachment during imaging.  

Under aseptic environment, coverslips were washed with 70% ethanol and air dried. They were 

placed into 35mm culture petri dishes (fisherbrand) or 6-well plates (fisherbrand) and coated 

overnight at 37°C with 0.1 mg/ml poly D-Lysine. Coverslips were then washed three times with 

autoclaved and filtered Milli-Q water. Petri dishes or plates were allowed to dry prior seeding. 

2.4 Transfection 

For calcium imaging experiments, DMEM media was replaced by D5030 media supplemented 

with 25 mM glucose, 1x GlutaMAXTM, 10% heat inactivated fetal bovine serum. 24 hours post-

seeding, the media was removed and fresh D5030 media without GlutaMAXTM, was added to the 

cells.  

The transfection of NMDAR subunits was conducted in 1:1:0.125 (NR1:NR2A or NR2B: 

tdTomato) ratio. tdTomato was used to visualize transfection efficiency. For each well/petri-dish, 

1 µg of pcDNA3.1-NR1, 1 µg of pcDNA3.1-NR2A or pcDNA3.1-NR2B, and 0.125 µg of pCAG-

tdTomato was added to 80 µl of incomplete D5030 media with no GlutaMAXTM. In parallel, 4 µl 

of Lipofectamine 2000 (Life Technology) was diluted in 80 µl of incomplete D5030 media with 

no GlutaMAXTM. Both tubes were vortexed briefly and allowed to incubate for five minutes at 

room temperature. The content of the two tubes were mixed into a single tube and the solution was 
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allowed to incubate for another twenty minutes at room temperature. The transfection mix was 

then added in the media of each well/petri-dish. To prevent NMDAR-induced cytotoxic effect, 

500 µM HCl-Ketamine was supplemented to each well. Cells were incubated with the transfection 

media for 24 hours at 37°C in a humidified atmosphere of 5% CO2 and 95% air. 

 

 

Figure 2.1: Co-transfected HEK293 cells with NR1, NR2A and tdTomato (A) Transmission 

image of HEK293 cells at 10x using bright field microscopy. (B) same field of view observed 

under red fluorescence filter 

2.5 Solutions used for live cell imaging 

Live cell imaging was performed under continuous perfusion in Modified Hank’s buffered salt 

solution (mHBSS) with the following composition:  135 mM NaCl (Sigma-Aldrich), 3 mM KCl 

(Sigma-Aldrich), 2 mM CaCl2 (Sigma-Aldrich), 5 mM Glucose (Sigma-Aldrich), and 10 mM 

HEPES (Sigma-Aldrich). The pH was adjusted to 7.35 using 1M NaOH (Sigma-Aldrich) while 

the osmolarity of the solution was 295 ± 10 mOsm. For the staining solution, 10 mM NaCl and 1 

A B 
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mM MgCl2 was added to mHBSS. Na-Glutamate 10 µM, glycine 100 µM, Na-L-lactate 10 mM 

and Na-pyruvate 10 mM were added directly in mHBSS. Equimolar sodium chloride was added 

to mHBSS when required.  

Table 1:  components added to mHBSS for each treatment 

 

 

 

 

 

 

 

2.6 Cell staining with Fura-2-AM 

Fura2-AM (Molecular Probe) is a calcium sensitive ratio-metric fluorescent dye that allows 

measurement of the intracellular concentration of free calcium. A 5 mM stock solution was 

prepared by dissolving 50 µg of Fura-2-AM in 9.98 µL DMSO (Sigma-Aldrich). 1 µl of the stock 

solution was mixed with 1 µL 20% Pluronic acid F-127 and added in 2 ml of the staining solution 

in order to get a final concentration of 2.5 µM Fura-2-AM. 

24 hours post transfection, HEK293 or HEK293 CaMKII cells were loaded with 2.5 µM Fura-2-

AM. The cells were incubated for 30 minutes in staining solution then washed with fresh mHBSS. 

They were maintained in mHBSS wash solution for 20 minutes to allow de-esterification of the 

Treatment component Stimulation 

Control 10 mM NaCl 10 mM NaCl 

10 µM Glutamate 

100 µM Glycine 

Lactate 10 mM Na-L-Lactate 10 mM Na-L-Lactate 

10 µM Glutamate 

100 µM Glycine 

Pyruvate 10 mM Na-Pyruvate 10 mM Na-Pyruvate 

10 µM Glutamate 

100 µM Glycine 
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dye and intracellular trapping of the dye. In order to avoid cell death induced by the activation of 

the NMDAR, 500 µM Ketamine is added to the staining solution. 

2.7 Microscope setup 

Calcium imaging was conducted using a fluorescence module mounted on a transmission digital 

holographic microscope (Lyncée Tec) connected to the epifluorescence light source Polychrome 

V (TILL Photonics).  All images were acquired using a 20x objective (Leica) and Fura-2-AM set 

of filters (Semrock). The microscope, light source and image acquisition was controlled by 

µManager, an open source software. 

2.8 Imaging protocol 

After staining, the cells were transferred to a closed perfusion chamber for imaging. The perfusion 

flux was set at 1.2ml/min. The field of view was chosen using digital holographic microscopy. The 

targeted area was selected where the most cells were in the middle of the coverslip, fura-2-AM 

was excited at 340 nm (dye-bound calcium) with an exposure time of 400 ms and at 380 nm. 

 (unbound calcium) with an exposure time of 200 ms. Fluorescence emission signal was detected 

at 510 nm with a 84nm bandpass. Images from each excitation wavelength were acquired every 

two seconds using a 16-bit image resolution. Each experiment lasted 8 minutes: two minutes for 

baseline, one minute for stimulation and washing for five minutes. 

 

 

 

 

A B C 
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Figure 2.2: HEK293 cells stained with Fura2-AM undergoing experiment. Fura2-AM-stained 

cells during imaging experiment viewed using 340 and 380 nm filters merged into a ratio-metric 

image (340/380). Gray scale gradient reflects calcium concentration where dark cells are the 

normalized concentration while light cells indicate an increase in 340 (calcium bound)/380 (no 

calcium bound) ratio reflecting increase in overall calcium concentration. Images acquired using 

RatioPLUS plugin, ImageJ. Red arrow indicates cell showing higher intracellular calcium 

concentration during stimulation period (A) showing 340/380 ratio-metric image during baseline 

recording. (B) showing340/380 ratio-metric image during stimulation recording. (C) showing 

340/380 ratio-metric image during washout recording. Scale bar (100 uM). 

2.9 Imaging analysis  

Time lapse pictures from the living cell imaging experiments were processed using ImageJ. The 

regions of interest (ROI) of each cell were acquired using the plugin MorphoLibJ. For each ROI, 

the intensity of fluorescence for the 340 nm channel (340) and the 380 nm channel (380) was 

obtained for each picture. The ratio between the 340 nm channel and the 380 nm channel (340/380) 

was calculated. The ratio was normalized to the baseline and expressed in percent. All cells which 

exhibit an abnormally constant decrease or increase of the intracellular concentration of calcium 

were removed from the analysis. The stability of the baseline was checked using the 95% 

confidence interval; the limits were set as the mean ± 2 x the standard deviation. If one or more 

values of the baseline were above or below these limits, cells were not included in the downstream 

analysis. The max value of the peak was then used. The threshold to define cells responded to 

treatment is set as follow: average of the baseline + (F x standard deviation), where F must be > 2. 

F was calculated as the quantile 80% of the max value of the peak minus the average of the baseline 
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divided by the standard deviation (quantile 80% (max value – average baseline)/ SD). If the max 

value of the peak of each cell was below the threshold, cell was not considered as responding and 

removed from further analysis. During the wash out period, the intracellular concentration of 

calcium should be reduced since the agonist was not present anymore. For responding cells, the 

threshold was set as the average of the last minute of the wash out period should be below 85 % 

of the max value of the cell. If cells were not recovering from the treatment, cells were not 

considered as responding for the final analysis.  

 

Figure 2.3: Intracellular calcium dynamics in response to stimulation. calcium intracellular 

dynamics in response to glutamate (10 µM) and glycine (100 µM) stimulation in HEK cells 

expressing functional NMDAR. (A) raw data of single cell response upon stimulation with 

glutamate and glycine (red arrow) while black arrow indicates the end of stimulation and the start 

of the washout period. (B) sample representation of frequency distribution of total cells in response 

to Control (blue): glutamate (10 µM) and glycine (100 µM); Lactate (red): glutamate (10 µM), 
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glycine (100 µM) + 10 mM lactate; Pyruvate (green): glutamate (10 µM) glycine (100 µM) and 

pyruvate (10 mM). 

2.10 Statistical analysis 

Data shown on summary graphs are presented as the average of cells ± SEM from at least three 

experimental replicates. To analyze the pertinence of the results, a statistical t-test was applied in 

order to determine the statistical significance of data obtained. Significance threshold is assessed 

at p-value <0.05. 
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CHAPTER 3  

 Results  

Unlike neurons, HEK293 cells do not express neither CaMKIIα (Figure 3.1 A) nor NMDAR 

(Figure 3.1 B, C). On the other hand, HEK293 cells are easy to maintain and yield a high 

transfection efficiency. Overall, these aspects make HEK293 cells a desirable choice to serve as a 

model for the effect of lactate on NMDAR-CaMKII interaction. HEK293 expressing CaMKII 

cell line was generated in order to ease the co-transfection and offer a distinct result as the co-

transfection of three plasmids will yield a mixture of CaMKII and non-CaMKII expressing cells. 

HEK293 and HEK293 CaMKIIα were transfected with NMDAR in an attempt to dissect the effect 

of lactate on the CaMKIIα and NMDAR interaction as well as possibly highlight or role out other 

effectors found in neurons. Although NMDAR have multiple known isoforms, NR2A and NR2B 

were chosen because they are the predominating subunits in the brain (Mori, 2017). Moreover, 

both subunits exhibit different physiological properties (Yuan et al, 2009). Activation of NMDAR 

leads to an increase in the intracellular calcium concentration. To quantify intracellular calcium 

levels, calcium imaging technique was chosen and Fura2, a ratio-metric calcium sensitive dye, was 

used. Fura2 can be excited at two different wavelengths, 340 nm and 380 nm, where 340 excitation 

works on calcium bound dyes and will make them emit at 510 nm. On the other hand, if fura2 AM 

was excited at 380 nm, only the calcium unbound dye will emit at 510 nm, giving a reliable ratio-

metric reading.  

 

 

 



 37 

 

 

 

 

 

 

Figure 3.1: RNA Expression profile of CaMKII, NR2A subunit, and NR2B subunit in common cell lines. (A) 

showing CaMKII RNA expression profile in Transcripts per million (TPM) in common cell lines. (B) showing 

NR2A RNA expression profile in transcripts per million. (C) showing NR2B RNA expression profile in transcripts 

per million. Raw data was obtained from the Human Protein Atlas website (https://www.protienatlas.org). 

 

3.1 Lactate effect on NMDAR NR2 subunits 

Both NR2A and NR2B subunits exhibit different kinetics (Yuan et al, 2009). Further, it has been 

shown that CaMKIIα potentiates NR2B-NMDARs as it binds to its CTD and modulates its activity 

(Barria & Malinow, 2005). Lactate changes the intracellular redox state upon its conversion to 

pyruvate. This change affects NR2B-NMDAR in neurons as indicated using electrophysiology 

(Yang, 2014). In addition, evidence emerged indicating that changes in NADH/NAD+ ratio affects 

CaMKIIα by increasing its activity when the intracellular environment is reduced (Shetty et al., 

2008; Bodhinathan, 2010). However, the exact mechanism or mechanisms of action are not clear.  

To determine the impact of lactate on the interaction between CaMKIIα and NMDAR and to 

understand how lactate exerts its effects on NMDAR, calcium quantification was performed as 

detailed in Materials and methods. Cells expressing functional NMDA receptors were perfused 
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with mHBSS, a baseline period of two minutes, followed by a brief one-minute period of 

stimulation with 10 μM glutamate + 100 μM glycine and a washout period of 5 minutes. 

Experiments were conducted either in mHBSS (Control) or in mHBSS containing 10 mM sodium 

lactate (Lactate). 

3.1.1 Effect of L-lactate on NR2B NMDARs 

To define how the addition of lactate works on NR2B-NMDAR activity without the presence of 

CaMKIIα, control and lactate treatments were conducted on HEK293 cells expressing NR1/NR2B. 

 In figure 3.2, the addition of L-lactate led to the decrease of calcium influx through NR1/NR2B 

NMDARs. the average max value for control and lactate were 200.14±3.21 and 171.32±4.86 

respectively. This indicates that the addition of Lactate to NR1/NR2B-NMDAR lowered the 

average peak responses by 16.82%. Overactivation of neurons leads to the activation of lipases 

and calcium dependent proteases. This activation will result in apoptosis (Choi, 1988). Hence, 

decreasing calcium influx protects the neuron from overexcitation. Thus, it can be concluded that 

Lactate addition exhibit a neuroprotective-like effect on NR2B containing NMDARs.  
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Figure 3.2: L-lactate decrease the peak responses of NR2B-NMDAR. HEK293 cells expressing NR1/NR2B 

NMDAR were briefly exposed to 10 μM glutamate + 100 μM glycine in the absence (Control, black) or presence 

(Lactate, gray) of 10 mM L-lactate. Average max response values were obtained through the calcium dye Fura-2 

excited at 340 and 380 nm. Bar chart showing the summary of the average peak responses obtained in Control and 

Lactate treatments. Data for the average max value of all cells (n=699 for control, n= 291 for lactate) ± SEM. * P<0.05 

unpaired t-test 

 

3.1.2 The effect of Lactate on NR2A NMDARs 

It has been reported that L-lactate potentiation noted in neurons was specific to NR2B NMDARs. 

upon the treatment of Ifenprodil, an NR2B-NMDAR blocker, this effect was prevented (Yang et 

Control: 200.41±3.21 (n=699) 

Lactate: 171.31±4.86 (n=291) 
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al., 2014). To investigate the relationship between lactate and NR2B-NMDARs. It was essential 

to test NR2A NMDARs as they exhibit different physiological kinetics and interact with different 

modulators (Lussier et al., 2015; Yuan et al., 2009). NR2A containing NMDARs were tested under 

the same conditions to determine if lactate depression was specific to NR2B-NMDAR or not.  

The application of lactate in the presence of NR1/NR2A led to reduction in the amplitude of the 

NMDAR-dependent calcium response suggesting that lactate exerts the same effect exerted on 

NR2B containing NMDARs. Overall, in the absence of CaMKII, the data obtained suggest that 

lactate may have a neuroprotective-like effect on NR2A-NMDARs by decreasing the average of 

max value by 12.36% where the average max values obtained in figure 3.3 were 177.94±2.74 for 

control and 158.37±2.40 for lactate.  
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Figure 3.3: L-lactate decrease the peak responses of NR2A containing NMDARs. HEK293 cells expressing 

NR1/NR2A NMDAR were briefly exposed to 10 μM glutamate + 100 μM glycine in the absence (Control) or presence 

(Lactate) of 10 mM L-lactate. Average max response values were obtained through the calcium dye Fura-2 excited at 

340 and 380 nm. Bar chart showing the summary of the average peak responses obtained in Control and Lactate 

treatments. Data for the average max value of all cells (n= 909 for control, n= 982 for lactate) ± SEM. ** P<0.01 

unpaired t-test.  

 

3.2 The effect of lactate on NMDAR in the presence of CaMKII 

In the CNS, excitatory neurons express CaMKIIα. The CTD of both NR2A and NR2B are involved 

in various protein interactions. CaMKII binds to the CTD of  NR2B but ten times less to NR2A 

combined with the fact that CaMKIIα activity is required necessary for NMDAR derived LTP 

(Barria & Malinow, 2005; El Gaamouch et al., 2012; Sanhueza & Fernandez, 2016). 

In order to investigate lactate modulation on NMDARs in the presence of CaMKII, HEK293 

cells stably expressing CaMKII have been transfected with either NR1/NR2B or NR1/NR2A. 

3.2.1 Lactate effect on NR2B-NMDARs in the presence of CaMKII 

To understand the modulation lactate exerts on CAMKII and NR2B-NMDAR, calcium levels of 

HEK293 cells expressing NR1/NR2B or NR1/NR2A were monitored in the presence of CaMKIIα 

under control and lactate treatment mentioned previously. 

In the presence of CaMKIIα, the addition of lactate has affected the intracellular calcium 

concentration which implies that lactate presence had an effect on the intracellular calcium 

concentration following the activation of NR2B containing NMDAR in the presence of CaMKIIα 

as evident in figure 3.4A. to further dissect this effect. The average max values (figure 3.4B) and 
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the average washout value (figure 3.4C) of control vs. lactate were examined. The average max 

values were similar (control: 217.48±4.56; lactate: 223.6±5.59) indicating that lactate did not 

increase NR2B-NMDAR responses in the presence of CaMKIIα. On the other hand, when the 

average washouts of both treatments were examined, lactate application indicated an increase with 

a value of 140.26±0.60 for control and 156.73±1 for lactate. Overall, the increase in the average 

washout value was 11.74%.  
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Figure 3.4: L-lactate potentiates NR2B containing NMDARs in the presence of CaMKIIα. HEK293 CaMKIIα 

cells expressing NR1/NR2B NMDAR were briefly exposed to 10 μM glutamate  + 100 μM glycine in the absence 

(Control, blue) or presence (lactate, red) of 10 mM L-lactate (A) shows the time course of the normalized florescence 

A 

B C 

(s) 

ns

F
/F

0
3
4
0
/3

8
0
 (

%
 o

f 
b

as
el

in
e 

p
er

io
d

) 

F
/F

0
3
4
0
/3

8
0
 (

%
 o

f 
b

as
el

in
e 

p
er

io
d

) 

F
/F

0
3
4
0
/3

8
0
 (

%
 o

f 
b

as
el

in
e 

p
er

io
d

) 

Average Max 

Value 

Average Washout 

Value 
Control:217.48 ±4.56 (n=568) 

Lactate: 223.6±5.59 (n=357) 

Control:140.26 ±0.60 (n=568) 

Lactate: 156.73±1 (n=357) 
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intensity ratio expressed in percent of the calcium dye Fura-2 excited at 340 and 380 nm. It reflects changes in 

intracellular calcium concentration over time. The black arrow indicates the start of stimulation and the blue arrow 

indicates the end of stimulation and the beginning of washing period. The average washout value assessed by 

averaging the last 30 images in the experiment (green arrow). (B) Bar chart showing the summary of the average peak 

responses obtained in Control and lactate treatments. (C) bar chart showing the summary of the average washing 

responses obtained in Control and Lactate treatments. Data for the average max value of all cells (n=568 for control, 

n= 357 for lactate) ± SEM. ns p>0.05; *** P<0.001 unpaired t-test. 

 

3.2.2 Lactate effect on NR2A-NMDARs in the presence of CaMKIIα 

NR2A-NMDAR was examined in the presence of CaMKIIα to determine if the effect in the 

previous condition was specific to NR2B-NMDAR or not. The treatment was conducted as 

previously mentioned; the average max value was analyzed. 

The addition of lactate to cells expressing NR2A-NMDARs in the presence of CaMKIIα have 

yielded similar average max values where control averaged to 162.54±2.42 and lactate averaged 

to 160.20±3.33 (figure 3.5A). the average washout value showed a marginal increase in Figure 

3.5B (Control: 110.99± 0.35; Lactate: 116.04±0.35) with an increase of 4.5% This indicates that 

the presence of lactate did not potentiate the activity of the NR2A-NMDAR in the presence of 

CaMKIIα but still had an effect. 
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Figure 3.5: L-lactate does not exert an effect on NR2A containing NMDARs in the presence of CaMKIIα. 

HEK293 CaMKIIα cells expressing NR1/NR2A NMDAR were briefly exposed to 10 μM glutamate + 100 μM glycine 

in the absence (Control) or presence (Lactate) of 10 mM L-lactate. Average max response values were obtained 

through the calcium dye Fura-2 excited at 340 and 380 nm. (A) Bar chart showing the summary of the average peak 

responses obtained in Control and Lactate treatments. (B) Bar chart showing the summary of the average wash value 

obtained in Control and Lactate treatments. Data for the average max value of all cells (n=581 for control, n= 309 for 

lactate) ± SEM. ns p>0.05, *** p<0.05 unpaired t-test. 

3.3 the effect of CaMKIIα on NMDAR potentiation. 

Looking at the data obtained from CaMKIIα presence perspective, the effect of lactate on the 

interaction between CaMKIIα and NMDARs was examined to highlight if Lactate exerted an 

effect on CaMKIIα. Similar treatments have been compared in the presence and absence of 

CaMKIIα. HEK293 and HEK293 CaMKIIα cell lines transfected with either NR1/NR2A or 
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NR1/NR2B were exposed to stimuli as previously described and the intracellular concentration 

have been recorded.  

3.3.1 the effect of CaMKIIα on NR2B-NMDARs  

To define the effect that CaMKIIα exerts on NR2B-NMDARs, responses to glutamate and glycine 

stimulation in HEK293 cells transfected with NR1/NR2B expressing or not CaMKIIα were 

compared. Of note, no lactate was applied for this experiment. 

In the presence of CaMKIIα and NR2B NMDAR, the average max values in figure 3.6 were 

compared (200.14±3.21 for No CaMKII and 217.48±4.56 for CaMKII) and the presence of 

CaMKII resulted in an increase of 8.66%. thus, implying that CaMKIIα both potentiate and 

modulate NR2B-NMDAR activity.  
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Figure 3.6: CaMKIIα increases the peak responses of NR2B containing NMDARs. HEK293 cells transfected with 

NR1/NR2B NMDAR expressing (CaMKII, gray) or not (no CaMKII, black) CaMKIIα were briefly exposed to 10 

μM glutamate + 100 μM glycine. Average max response values were obtained through the calcium dye Fura-2 excited 

at 340 and 380 nm. Bar chart showing the summary of the average peak responses obtained in Control treatments for 

No CaMKII and CaMKII. Data for the average max value of all cells (n=699 for No CaMKII, n= 568 for CaMKII) ± 

SEM. ** P<0.01 Unpaired t-test. 

 

3.3.2 the effect of CaMKIIα on NR2B-NMDARs in the presence of Lactate 

to understand the effect of lactate on CaMKIIα, Lactate treatments of HEK293 and HEK293 

CaMKIIα have been compared in the presence of NR1/NR2B NMDARs.  

the average peak responses in figure 3.7 (No CaMKII: 171.32±4.86; CaMKII 223.60± 5.60) 

indicate that in the presence of CaMKIIα, the neuroprotective-like effect on NR2B-NMDARs 

exerted by lactate is no longer observed.   
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Figure 3.7: CaMKIIα increases the peak responses of NR2B containing NMDARs in the presence of lactate. 

HEK293 and HEK293 CaMKIIα cells expressing NR1/NR2B NMDAR were briefly exposed to 10 μM glutamate + 

100 μM glycine + 10 mM L-lactate in the absence (No CaMKII, black) or presence (CaMKII, gray) of CaMKII. 

Average max response values were obtained through the calcium dye Fura-2 excited at 340 and 380 nm. Bar chart 

showing the summary of the average peak responses obtained in Lactate treatments. Data for the average max value 

of all cells (n=291 for No CaMKII, n= 357 for CaMKII) ± SEM. *** P<0.001 Unpaired t-test. 
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3.3.3 the effect of CaMKIIα on NR2A-NMDARs  

Based on the literature, evidence indicates that CaMKIIα binds tightly to the CTD of NR2B but 

ten times less to NR2A (Barria & Malinow, 2005; El Gaamouch et al., 2012; Lussier et al., 2015; 

Strack et al., 2000). To confirm these observations in our pharmacogenetics model, the interaction 

between CaMKIIα and NR2A-NMDARs was investigated. HEK293 cells and HEK293 CaMKIIα 

cells have been transfected with NR1/NR2A NMDARs. Control treatments was performed as 

previously mentioned. 

The average max values obtained in figure 3.8 (No CaMKII: 177.94±2.74; CaMKII: 162.54±2.42) 

indicate that the presence of CaMKIIα depresses the average max value by 9.48% which implies 

depression of NR2A-NMDARs activity. Indicating that CaMKII does have an effect on NR2A-

NMDARs in our model. 
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Figure 3.8: CaMKIIα decrease the peak response of NR2A Containing NMDARs. HEK293 and HEK293 

CaMKIIα cells expressing NR1/NR2A NMDAR were briefly exposed to 10 μM glutamate + 100 μM glycine in the 

absence (No CaMKII, black) or presence (CaMKII, grey) of CaMKII. Average max response values were obtained 

through the calcium dye Fura-2 excited at 340 and 380 nm. Bar chart showing the summary of the average peak 

responses obtained in Control treatments. Data for the average max value of all cells (n=909 for No CaMKII, n= 581 

for CaMKII) ± SEM. *** P<0.001 unpaired t-test. 

3.3.4 the effect of CaMKIIα on NR2A-NMDARs in the presence of Lactate 

The interaction between CaMKIIα and NR2A-NMDARs in the presence of lactate was analyzed 

in order to aid in drawing a conclusion if lactate affected this interaction or perhaps affected the 

activity of CaMKIIα. HEK293 cell line and HEK293 CaMKIIα transfected with NR2A NMDAR. 

Lactate treatments were performed as previously stated. 

The average max values obtained in figure 3.9 (No CaMKII: 158.37±2.40; CaMKII: 160.20±3.33) 

were similar, this is an indication that CaMKIIα- NR2A-NMDAR interaction was not altered with 

the presence of Lactate.  
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Figure 3.9: L-lactate has no effect on the interaction between CaMKII and NR2A-NMDAR. HEK293 and 

HEK293 CaMKIIα cells expressing NR1/NR2A NMDAR were briefly exposed to 10 μM glutamate + 100 μM glycine 

+ 10 mM L-lactate in the absence (No CaMKII) or presence (CaMKII) of CaMKII. Average max response values 

were obtained through the calcium dye Fura-2 excited at 340 and 380 nm. Bar chart showing the summary of the 

average peak responses obtained in Lactate treatments. Data for the average max value of all cells (n= 982 for No 

CaMKII, n= 309 for CaMKII) ± SEM. ns p>0.05 unpaired t-test. 

3.4 the effect of pyruvate on CaMKIIα-NMDAR interaction. 

Pyruvate is a three carbon monocarboxylate. It is used in this part of the study to determine whether 

the effect observed is specific to lactate or not. The use of pyruvate bypasses the catalysis of lactate 

by LDH which produces NADH upon conversion of L-lactate to pyruvate. The production of 

NADH alters the redox state of the cell. It has been reported that lactate potentiates NMDAR 

activity in neurons by altering the redox state (Yang, 2014), hence, indicating if cytosolic redox 

state is implicated in the effect observed. HEK293 and HEK293 CaMKIIα have been transfected 
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with either NR2A-NMDAR or NR2B-NMDAR. Control and Lactate treatments were performed 

as previously detailed. Pyruvate treatment was performed by perfusing Pyruvate-mHBSS for two 

minutes during baseline recording. Stimulation (10 μM glutamate + 100 μM glycine) was recorded 

in the presence of pyruvate-mHBSS was perfused for one minute. Then, pyruvate-mHBSS was 

perfused again for five minutes to record washout. 

 

3.4.1 Pyruvate effect on NR2B and NR2A containing NMDAR 

In order to define the effect of redox state alteration resulted by the addition of lactate, Pyruvate 

treatment was performed as previously mentioned. The average max values obtained for NR2B 

NMDAR (Control:200.14±3.21; Lactate: 171.32±4.86; Pyruvate: 247.38±8.20) In figure 3.10A, 

indicate that pyruvate application was able to significantly increase the average max value of 

NR1/NR2B NMDAR by 23.6% compared to control in the absence of CaMKIIα while lactate 

application decreased the average max value in the same condition. On the other hand, the average 

max values obtained for NR2A NMDAR (Control: 177.94±2.74; Lactate: 158.37±2.40; Pyruvate: 

200.47±2.88) in figure 3.10B, pyruvate application have also increased the average max value of 

NR2A-NMDAR as with an increase of 12.66% compared to control while lactate application 

depressed NR2A-NMDAR activity. Overall, this indicates that NR2A and NR2B NMDARs were 

potentiated due to pyruvate effect, it can be established that pyruvate potentiates NR2A and NR2B 

NMDARs through a different mechanism. 
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Figure 3.10: Pyruvate increases the peak responses of both NR2B and NR2A containing NMDAR in the absence 

of CaMKIIα HEK293 cells expressing NR1/NR2A NMDAR or NR1/NR2B were briefly exposed to 10 μM glutamate 

+ 100 μM glycine in the absence (Control, black) or presence (Lactate, silver) of 10 mM L-lactate or (Pyruvate, gray) 

10 mM pyruvate. Average max response values were obtained through the calcium dye Fura-2 excited at 340 and 380 

nm. (A) Bar chart showing the summary of the average peak responses of HEK293 CaMKIIα cells transfected with 

NR2B-NMDAR. Cells were treated with Control, Lactate, and pyruvate. Data for the average max value of all cells 

(n=581 for control, n= 309 for lactate, n=204 for pyruvate) ± SEM. (B) Bar chart showing the summary of average 

peak responses of HEK293 CaMKIIα transfected with NR2A-NMDAR. Cells were treated with control, lactate, and 
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pyruvate. Data for the average max value of all cells (n=581 for control, n= 309 for lactate, n= 864 for pyruvate) ± 

SEM.* p<0.05; ** p<0.01; *** p<0.001 Unpaired t-test.  

3.4.2 Pyruvate effect on CaMKIIα-NMDAR interaction 

To define the effect the redox state resulted from Lactate addition, pyruvate treatment was 

performed in the presence of CaMKIIα. 

The average max value obtained for NR2B NMDAR (Control: 217.48±4.56; Lactate: 

223.60±5.60; Pyruvate 212.82±7.18) In figure 3.11A, indicates that the presence of CaMKIIα 

demonstrated similar average max values throughout treatments. This implies that the presence of 

CaMKIIα control tightly the activity of NR2B-NMDAR. This tight modulation prevented a clear 

effect. On the other hand, the average max value for NR2A-NMDAR (Control: 162.54±2.42; 

Lactate: 160.20±3.33; Pyruvate: 225.99±8.50) in figure 3.11B, pyruvate potentiation was still 

dominant on NR2A-NMDAR in the presence of CaMKIIα. thus, pyruvate but not lactate was able 

to potentiate NR2A NMDAR in the presence of CaMKIIα. This indicates that NR2A-NMDAR are 

modulated by pyruvate in the presence of CaMKIIα. 
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Figure 3.11: Pyruvate increases the peak response of NR2A-NMDARs but not NR2B NMDARs in the presence 

of CaMKIIα. HEK293 CaMKIIα cells expressing NR1/NR2A NMDAR or NR1/NR2B were briefly exposed to 10 

μM glutamate + 100 μM glycine in the absence (Control, black) or presence (Lactate, silver) of 10 mM L-lactate or 

(Pyruvate, gray) 10 mM pyruvate. Average max response values were obtained through the calcium dye Fura-2 excited 

at 340 and 380 nm. (A) Bar chart showing the summary of the average peak responses of HEK293 CaMKIIα cells 

transfected with NR2B-NMDAR. Cells were treated with Control, Lactate, and pyruvate. Data for the average max 

value of all cells (n=581 for control, n= 309 for lactate, n=146 for pyruvate) ±SEM (B) Bar chart showing the summary 

of average peak responses of HEK293 CaMKIIα transfected with NR2A-NMDAR. Cells were treated with control, 

lactate, and pyruvate. Data for the average max value of all cells (n=581 for control, n= 309 for lactate n= 85 for 

pyruvate) ± SEM. ns p>0.05; *** p<0.001 unpaired t-test. 
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3.4.3 the effect of CaMKIIα in the presence of Pyruvate 

In order to refine the effect that pyruvate addition exerts on NMDAR-CaMKIIα interaction, 

HEK293 (No CaMKII) and HEK293 CaMKIIα (CaMKII) were transfected with either NR1/NR2B 

or NR1/NR2A and treated with pyruvate as detailed previously. 

 In figure 3.12A, CaMKIIα significantly decreased the average max value of NR2B NMDAR (No 

CaMKII: 247.38±8.20; CaMKII: 212.82±7.18) by 16.24% in pyruvate treatments indicating 

CaMKIIα dominant modulation. On the contrary, figure 3.12B indicates that the presence of 

CaMKII, pyruvate increases the average max value of NR2A-NMDAR (No CaMKII: 

200.47±2.88; CaMKII: 225.99±8.50) implying that the presence of CaMKII and the application of 

pyruvate potentiates NR2A-NMDAR by 12.73% in this model. Indicating that the modulation of 

CaMKIIα is not dominant enough to overcome the effect of pyruvate.  
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Figure 3.12: Pyruvate application decreases NR2B-NMDAR potentiation but potentiates NR2A-NMDAR in the 

presence of CaMKIIα HEK293 and HEK293 CaMKIIα cells expressing NR1/NR2A NMDAR or NR1/NR2B were 

briefly exposed to 10 μM glutamate + 100 μM glycine + 10 mM Pyruvate in the absence (No CaMKII, black) or 

presence (CaMKII, gray) of CaMKII. Average max response values were obtained through the calcium dye Fura-2 

excited at 340 and 380 nm. (A) Bar chart showing the summary of the average peak responses of HEK293 andHEK293 

CaMKIIα cells transfected with NR2B-NMDAR. Data for the average max value of all cells (n= 204 for No CaMKII, 

n= 146 for CaMKII) ± SEM. (B) Bar chart showing the summary of average peak responses of HEK293 and HEK293 

CaMKIIα transfected with NR2A-NMDAR. Data for the average max value of all cells (n=864 for No CaMKII, n=85 

for CaMKII) ± SEM. *** P<0.001 unpaired t-test. 
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CHAPTER 4  

Discussion 

Recent studies have demonstrated that CaMKIIα can bind tightly to the CTD domain of NR2B but 

not to NR2A subunit (Barria & Malinow, 2005; El Gaamouch et al., 2012; Lussier et al., 2015). 

Indeed, CaMKIIα binding to NR2A is ten times less compared to NR2B binding (Sanhueza & 

Fernandez, 2016; Strack et al., 2000). The binding of CaMKII to the NR2B containing NMDAR 

results in the potentiation of NMDAR responses (Barria & Malinow, 2005; Chao et al., 2010; El 

Gaamouch et al., 2012). NMDAR activation results in calcium influx which in turn leads to an 

increase in intracellular [Ca2+] (Mori, 2017). Moreover, some studies indicate that lactate can 

potentiate NMDAR through the change in redox state in neurons where lactate to pyruvate 

conversion increases the NADH/NAD+ ratio (Yang, 2014). Other studies report that the 

intracellular oxidation state decreases CaMKIIα activity upon the treatment of DTT, a reducing 

agent that selectively reduces cystine residues, onto hippocampal tissue extracts. Indicating that 

the redox state alters CaMKIIα activity and lead to an apparent enhance in activity (Shetty et al., 

2008; Bodhinathan, 2010). To further understand this relationship between NMDAR, CaMKIIα, 

and lactate; HEK293 and HEK293 CaMKIIα expressing cells has been transfected with one of the 

two isotypes of NMDAR, NR1/NR2A and NR1/NR2B. Cells were stained with the calcium dye 

Fura2 and fluorescence intensity was monitored using epifluorescence microscopy as a read out 

for responses of NMDAR, a ligand-gated ionotropic channel which is known to conduct calcium 

ions. 

In order to dissect the interaction between NMDAR, CaMKIIα, and lactate. There was a need to 

use a cell line that does not express NMDAR and CaMKIIα under normal conditions but still yield 

a high efficiency and functional form upon the transfection of these proteins. Our lab has 
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established that HEK293 cells was the best to use for this purpose due to high efficiency of 

transfection and ease of maintenance coupled with the ability to produce a functional receptor. The 

co-transfection of both NR1 and NR2x subunits was necessary in order to have a functional form 

of NMDAR (Mori, 2017). Uncontrolled expression of NMDAR in HEK293 cell lines causes 

cytotoxic effect which led to cell death. To overcome this, the media was changed during 

transfection to L-glutamine free media and supplemented with ketamine, a low affinity NMDAR 

inhibitor. Although other potent options such as MK-801 and APV are available, ketamine 

appeared to be the better option as it exerts the effect desired by blocking NMDAR with low 

affinity. Upon the perfusion of mHBSS without ketamine. Bound ketamine will dissociate readily 

unlike APV or MK-801. This dissociation allows accurate calcium levels measurement. 

To study the impact of CaMKIIα on NMDAR in absence or presence of lactate, one more plasmid 

should have been included. It was already difficult to co-transfect three plasmids at the same time 

and guarantee similar levels of expression and cell survival. This problem has fueled the need to 

have a stable transfection HEK293 that expresses CaMKIIα. The expression of CaMKIIα in these 

cell lines was confirmed at mRNA level and protein level. No differences in cell morphology or 

survival were observed between the HEK293 and HEK293 CaMKIIα. 

Another important difficulty was to develop criteria to efficiently analyze the experiment and 

produce reliable data sets. We had to observe the trend that most cells follow in order to have the 

selection criteria. 

Fura2-AM is a ratio-metric calcium binding dye that produces a reliable ratio-metric reading. 

However, it can be photobleached quickly. In order to avoid such effect, all the experiments were 

performed in the dark and the exposure time for both channel as well as the time interval between 
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two pictures were chosen to give the less photobleaching effect as possible and ensure good quality 

of measurements. Since Fura2-am is a ratio-metric dye, bleaching should not dramatically affect 

the overall ratio obtained as bleached dye will not be excited at 340 nor 380 nm.  

In an attempt to highlight the effect that lactate on NR2B-NMDAR and CaMKIIα interaction, it 

was essential to define lactate effect on NMDAR isotypes of interest, NR2B and NR2A are 

dominant in LTP model, the hippocampal neurons. CaMKIIα is known bind tightly to NR2B 

subunit but ten times less to NR2A subunit (Barria & Malinow, 2005; El Gaamouch et al., 2012; 

Strack et al., 2000). NR2A subunit was used to examine if any effect was specific to NR2B 

specifically or if it affects both NMDAR isotypes. 

 It has been noted that lactate depresses the peak response of NMDARs when NR2B or NR2A 

subunits are present. Our data suggest that lactate exerts a higher depressive effect on NR2B-

NMDAR (16.82%) compared to NR2A-NMDAR (12.36%). Pyruvate on the other hand increases 

the peak responses in the presence of either subunits where it increased NR2B NMDAR by 23.6% 

and 12.66% for NR2A NMDAR. our data suggest that lactate but not pyruvate exerts a 

neuroprotective-like effect on NR2A and NR2B NMDARs in the absence of CaMKIIα which is 

linked to redox state alteration. 

When HEK293 cell-line expressing CaMKIIα was used, both NR2A and NR2B NMDARs had the 

same average max value when comparing control to lactate treatment however, the average 

washout value of NR2B-NMDAR but not NR2A-NMDAR were significantly higher by 11.74% 

which implies lactate derived increase in NR2B-NMDAR activity. Pyruvate on the other hand was 

still able to increase the peak responses of NR2A-NMDAR but had the same average max value 

as control and lactate in the presence of CaMKIIα and NR2B-NMDAR. this indicates that CaMKII 
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tightly modulate NMDAR through NR2B but still exhibit a minor modulation on NR2A. this 

CaMKIIα modulation on NR2A is not strong enough to diminish the effect of pyruvate on NR2A 

containing NMDARs implying that pyruvate is potentiating NMDARs through a different 

mechanism. 

When data was analyzed from the presence of CaMKIIα perspective, similar treatment have been 

analyzed in the absence and presence of CaMKIIα. When NR2B-NMDAR were treated with 

control treatment, CaMKIIα alone was noted to increase peak responses by 8.66% which indicates 

that CaMKIIα not only modulate NR2B-NMDARs but also potentiates them. in lactate treatment, 

Lactate potentiated NR2B-NMDAR in the presence of CaMKIIα by 30.52% when compared to 

No CaMKII treated with lactate. on the other hand, the presence of CaMKIIα and NR2B-NMDAR 

decreased the potentiation in the presence of pyruvate by 16.24% thus implying that CaMKII 

potentiates NR2B NMDAR in the presence of lactate but not pyruvate which is in agreement with 

the finding that the increase in redox state enhances the activity of CaMKIIα (Bodhinathan, Kumar, 

& Foster, 2010). This can also indicate that the mechanism by which pyruvate exerts its effect is 

prevented or at least impaired in the presence of CaMKIIα. 

The presence of CaMKIIα decreased the potentiation of NR2A-NMDAR by 9.48% in control 

treatment. Upon the treatment of lactate, similar peak responses were obtained in the presence or 

absence of CaMKIIα of NR2A-NMDAR. This is an indication that lactate rescued the effect of 

CaMKIIα on NR2A-NMDAR. Pyruvate on the other hand demonstrated an increase in 

potentiation by 12.73% in the presence of CaMKII; indicating that CaMKIIα has a role in NR2A-

NMDAR potentiation which agrees with the findings that CaMKIIα has a low affinity to NR2A-

NMDAR (Barria & Malinow, 2005; Strack et al., 2000) . 
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In this study, our data indicate that the treatment with lactate was able to induce a neuroprotective-

like effect on both NR1/NR2B and NR1/NR2A. this indicates that lactate protects inhibitory 

neurons, which do not exhibit CaMKIIα localization in synapse, against NMDAR overexcitation. 

It has been proposed that lactate protects neurons from overexcitation through decreasing the 

probability of hyperpolarization due to an enhancement of ATP-dependent potassium pumps in 

neurons (Pascal Jourdain et al., 2016).  

The presence of pyruvate was able to potentiate NR2A NMDAR in the presence or absence of 

CaMKIIα indicating the pyruvate potentiated NMDAR through a different mechanism. While the 

potentiation effect on NR2B NMDARs was evident only in the absence of CaMKIIα indicating 

that the mechanism of pyruvate potentiation on NR2B-NMDAR was hindered in the presence of 

CaMKIIα. A study by Jourdain et al (2016) indicated that both lactate and pyruvate exhibited a 

neuroprotective effect by both lactate and pyruvate on cortical neurons and led to less cell death 

using digital holographic microscopy. The neuroprotective effect was diminished upon the 

treatment with a blocker against the mitochondrial pyruvate carrier. Their study has also showed 

that the neuroprotective effect exhibited by both lactate and pyruvate have been abolished upon 

the treatment with apyrase, an enzyme that degrades ATP, suggesting that ATP production had a 

role in this neuroprotective effect recorded. as mentioned previously, NMDAR physiology can be 

altered easily through multiple modulators. In fact, recently new classes of NMDAR agents have 

been identified to be either have a positive allosteric modulation (PAMs) or negative allosteric 

modulation (NAMs) (Yao & Zhou, 2017). One of the endogenous NMDAR PAMs identified is 

ATP. Where it has been shown to demonstrate the same increase in potentiation effect of NMDAR 

while exhibiting a neuroprotective effect where it depresses NMDAR activity during over-

excitation. The review also suggested that the phosphorylation of the receptor may be essential on 
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the response potentiation ability. This effect is observed strongly on NR2B-NMDARs (Monghan 

et al., 2012, Kloda et al., 2004, Petrovic et al., 2009). ATP acting as a PAM explains very well the 

effect present in both lactate and pyruvate exposure to NR2B and NR2A NMDARs. Yang et al 

(2014) on the other hand demonstrated that when NADH was applied to cortical neurons a 

potentiation of NMDAR responses occurred. This indicates that both the redox state and ATP 

generated may act on NMDAR. it is not clear whether both modulators in this case, ATP and 

NADH, act on NMDAR on the same magnitude. More experiments must be done in order for this 

to be confirmed or dismissed. Another hypothesis can be formulated when the fact that NMDAR 

can interact with many proteins and modulators is considered. Different signaling pathways might 

be induced in the present of pyruvate. Combining the observation that pyruvate potentiation on 

NR2B-NMDAR is prevented by CaMKIIα, presumably through ATP acting as PAM, and the 

observation that CaMKIIα binds to NR2B-NMDAR and tightly regulate their activity could 

indicate that the tight binding of CaMKIIα could have resulted in a conformational change which 

altered the allosteric site but this relationship needs to be confirmed.  

Another mechanism of action that lactate might participate in is through the activation of 

hydroxycarboxylic acid receptor (HCAR1) which is a receptor for L-lactate (Liu et al., 2009). This 

binding allows the downregulation of cAMP pathways which in turn can ultimately decrease 

NMDAR excitability (Bergersen & Metabolism, 2015). Another study demonstrate that pyruvate 

could not reproduce the effect of lactate through the activation of HCAR1. Upon the treatment 

with pertussis toxin (PTX), a toxin that inhibits G-protein, the effect of lactate was decreased. The 

study also included that the addition of 3,5- dyhydroxybenozic acid, a specific agonist to HCAR1 

lead to similar effect on the activity of NMDAR in brain cells (Bozzo, Puyal, & Chatton, 2013). 

HEK293 cells express HCAR1 at a rate of 0.4 TPM (Protein Atlas, 2019). Indicating that the 
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depression effect noted on NMDARs in the absence of CaMKIIα could have been through HCAR1 

activation. Although the exact mechanism of this effect is not clear, it has been hypothesized that 

the activity of HCAR1 activation requires a sound AC-cAMP-PKA signaling pathway(de Castro 

Abrantes et al., 2019). However, given the fact that the activity of NR2B-NMDARs was 

augmented in the presence of CaMKIIα, and the increase in activation exerted by pyruvate, we can 

conclude that the effect observed cannot be due to HCAR1 activation alone. On the other hand, 

we cannot rule out the role of HCAR1 in lactate treatments. An unknown receptor in the brain 

have been reported to be activated by lactate. This activation has been reported to upregulate cAMP 

pathway (Tang et al., 2014).it is not clear if this  unidentified receptor is present in our model. This 

is why we cannot rule out that this receptor has a role in our observations. 

Calcium ions are essential for multiple processes yet abnormalities in calcium levels can have a 

cytotoxic effect if not tightly regulated. This is why it is essential to have a calcium homeostasis 

mechanism in living cells. Calcium levels are maintained by two main processes, Ca2+ removal 

and Ca2+diffusion (Dominguez, 2004; Gilabert, 2012). The removal of calcium ions is the net result 

of calcium sequestration and efflux while calcium diffusion is determined mainly through calcium 

buffering. In a given cell, the buffering of calcium ion is important in calcium signaling as it has 

been estimated that 1-5% of calcium ions entering the cell remain in their active physiological 

form, free ions (Gilabert, 2012). Calcium can be buffered by binding to immobile and mobile 

buffers where the immobile buffers are the predominating buffers. Immobile buffers are typically 

anchored molecules or molecules with high molecular weight while mobile buffers are molecules 

with low molecular size like small proteins or small organic compounds such as ATP. In general, 

90% of calcium buffering occurs through immobile calcium buffers (Gilabert, 2012). In neurons, 

calcium levels must be maintained at 100 nM. Calcium is obtained either through extracellular 
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space through NMDAR or by the release of calcium from the intracellular stores. Various binding 

proteins are involved in sequestering calcium followed by extrusion. It is reported that the capacity 

of neurons in calcium regulation is limited. There are two general classes of ATP-driven calcium 

pumps where one is located in the smooth endoplasmic reticulum the cost of this pump is one ATP 

for every two calcium ions transported while the other is located in the plasma membrane through 

which calcium can be extruded. In the plasma membrane, some pumps are calmodulin dependent 

while others are calmodulin independent. The cost of activating these pumps is one ATP for every 

calcium ions (Blaustein, 1988). Since neurons exhibit different calcium levels tolerance when 

compared to other cells, the results obtained in our model could have yielded different 

interpretation on the relationship between CaMKII and NMDAR. This note must be taken into 

consideration. Given the fact that ATP is a prominent immobile calcium buffer (Gilabert, 2012) 

and that pyruvate exerts a neuroprotective effect through ATP generation (Pascal Jourdain et al., 

2016),  I propose that ATP generated by lactate and pyruvate exerts its neuroprotective effect 

through decreasing the free calcium ions in neurons along with enhancing ATP-dependent 

potassium pump and PI3K pathway however, this remark needs to be validated. 

Master’s thesis focuses mainly on the techniques used and how one can use them in order to get 

the best and most reliable results possible.  In this study, a more reliable results could have been 

achieved through generating four different stable transfection cell lines like NR1/NR2A, 

NR1/NR2B, NR1/NR2A CaMKIIα, and NR1/NR2B CaMKIIα. The generation of stable cell lines 

will lead to a more reliable results as it will decrease variance. One of the key steps in stable cell 

line generation was the isolation of small colonies that formed from a single cell. This will ensure 

a uniform plasmid uptake which ultimately translates into similar expression levels of the proteins 

of interest. Using conditional promoter that will allow the expression of the proteins of interest 



 66 

will ensure higher cell viability and cell count overall. Lactate effect was relatively small yet 

evident, having a similar expression ratio of the proteins of interest will aid in mimicking the levels 

found in neurons. This will result in the generation of a better model where the change in the 

expression ratio does not affect the outcome of the study. This could have been done by comparing 

the expression levels of the proteins of interest to housekeeping genes to obtain the ratio in 

expression. Lactate effect could have been better explained by using different concentration of 

stimulant. This will highlight the effect on the changing kinetic that NMDARs are notorious for. 

On the other hand, these changes can be both expensive and time-consuming, nevertheless, they 

will enhance the overall outcome.   

HEK293 cells are used to simulate how CaMKIIα interacts with NMDARs providing an advantage 

that neurons cannot easily provide, the ability to remove one of the components in this plot. Our 

results indicate that lactate alone was able to exert a neuroprotective effect on NR2A and NR2B 

NMDARs in the absence of CaMKIIα. This effect could not be reproduced using pyruvate 

suggesting that redox state alteration through lactate addition plays a role in altering the activity 

status of NMDAR. The variation between lactate and pyruvate in this condition could have resulted 

from the fact that HEK293 cells are glycolytic, thus expressing the isoform of LDH that favors 

lactate production. In the presence of CaMKII, lactate addition lead to the increase in NR2B-

NMDAR peak responses, while pyruvate could not. This is an indication that the redox state 

alteration by lactate lead to enhancement of CaMKII activity agreeing with the objective of this 

study. Our model suggest that CaMKII controls the activity of NR2B NMDARs tightly, this is 

evident by the similar peak responses obtained coupled with the observation that pyruvate addition 

increased the average peak responses of all conditions except NR2B + CaMKII condition. The 

interaction of CaMKII and NR2A-NMDAR has not been focused on in literature. In this study we 
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show that CaMKII slightly depresses the activity of NR2A-NMDAR but this depression is rescued 

by the addition of lactate. The presence of CaMKII on the other hand enhances the effect exerted 

by pyruvate on NR2A-NMDAR. I hypothesize that pyruvate enhances the activity of NR2A 

NMDARs through generating ATP that in turn acts as a PAM. I hypothesize that the interaction 

between CaMKII and NR2A-NMDARs enhances the binding of ATP to its allosteric site but this 

needs to be investigated. ATP has been shown to participate in the neuroprotective effect exerted 

by lactate by enhancing the activity of ATP-dependent potassium pumps through PI3K pathway 

enhancement as well as enriching the intracellular space with ATP thus decreasing the probability 

of hyperpolarization in neurons (P Jourdain et al., 2018). Jourdain et al., (2018) never indicated 

the role of ATP as a calcium buffer. This could add a neuroprotective function in neuron once 

confirmed. In potentiation, the role of ATP in potentiating NR2A-NMDARs was never 

investigated; more studies need to be conducted in neurons to confirm or dismiss this proposal. 

Both Yang et al,. (2014) and Jourdain et al., (2018) conducted their calcium imaging experiments 

in static conditions. Their finding need to be confirmed by conducting the same experiments under 

the same conditions using a perfusion system. This will better corelate their findings with the 

findings of this study. Overall, giving the fact that NMDARs are subject to multiple modulators 

and CaMKII interacts with multiple target, these findings could vary from what is found in 

neurons, thus, the findings in this study needs to confirmed in neurons.  

In conclusion, HEK293 have demonstrated in this study that it can be used as reliable model to 

understand the interactions of neuronal protein interactions. Our data suggests that L-lactate can 

interfere with both isoforms of NMDAR, however, this interference is limited without the 

presence of CaMKIIα. Our data indicate that pyruvate, another monocarboxylate can potentiate 
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the NMDAR which suggests that the effect observed does not take place due to the redox state of 

the cell only. In fact, multiple modulators can act at the same time. 
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