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ABSTRACT 

Elucidating the Molecular Pathway through which L-Lactate potentiates 
NMDAR Signaling  

 

Hanan S. Mahmood 

 

The role of L-Lactate has expanded from an energy metabolite to a signaling molecule in 

neurons. Studies have shown that L-Lactate plays a role in neuroprotection and in 

NMDAR-dependent long-term memory formation. The aim of this dissertation is to 

characterize the role of L-Lactate as a signaling molecule and understand the molecular 

mechanism through which L-Lactate potentiates NMDAR signal. Using mass 

spectrometry, I monitored the time-dependent changes in the phosphoproteome of 

cortical neuronal cultures in response to Lactate. The phosphoproteomic analysis 

highlighted a number of cytoskeletal proteins involved in synapse remodeling as well as 

axon guidance that were regulated by L-Lactate. In addition, I found that L-Lactate 

induced phosphorylation of proteins involved in the MAPK pathway, as reported in an 

earlier study. I hypothesize the involvement of CaMKII in this mechanism.  CaMKII is 

one of the most abundant kinases in the brain and plays a role in learning and memory via 

interaction with NMDAR. Using CaMKII inhibitors and mutants of the NMDAR subunit 

GluN2B, the findings in this dissertation provide evidence for the involvement of 

CaMKII, specifically, the interaction between CaMKIIa  and GluN2B, as a requirement 

for the L-Lactate mediated potentiation of NMDAR signal.  



 4 

 

In addition, to gain insight into the evolution of lactate from a metabolite to a signaling 

molecule, this study explores the evolution of glutamate as a signaling molecule in 

multicellular organisms so it may serve as a model for evolution of metabolites like 

lactate into signaling molecules. For this purpose, the model organism Hydra was used, 

since it belongs to phylum Cnidaria, evolutionarily one of the first phyla to have a 

nervous system.  In order to explore whether glutamate receptors, particularly, NMDAR 

are functionally expressed in Hydra and are localized in neurons, a line of transgenic 

Hydra expressing a calcium indicator (GCaMP6s) in neurons was generated. With the 

transgenic Hydra line, I attempted to measure the in vivo response of neurons in Hydra to 

glutamate. This study highlights several ground work experiments with an extensive 

discussion of implications and challenges and an outlook for future investigations.  
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CHAPTER ONE- INTRODUCTION 

1.1. LITERATURE REVIEW 

1.1.1. Significance of Lactate in brain energy metabolism. 

The brain is a high-energy demanding organ with glucose as its main energy substrate. 

The brain accounts for approximately 25% of total body glucose utilization (Bélanger et 

al. 2011). Glucose, in the brain, is almost completely oxidized to CO2 and water. Glucose 

metabolism in the brain is similar to that in other organs and involves three key steps : (1) 

Glycolysis involving the processing of glucose into pyruvate within the cytosol, (2) 

Tricarboxylic acid cycle (TCA) cycle- Under aerobic conditions, pyruvate, in the 

presence of the enzyme pyruvate dehydrogenase (PDH) is oxidatively decarboxylated to 

produce acetyl-CoA. (3) oxidative phosphorylation: NADH and FADH2 produced by the 

TCA cycle feed the electron transport chain in the mitochondria. This process of 

oxidative phosphorylation yields 32-36 ATP molecules per glucose. Under hypoxic or 

anoxic conditions, pyruvate is converted to lactate by an enzyme called lactate 

dehydrogenase (LDH). This process is called anaerobic glycolysis and it produces 2 ATP 

molecules per glucose.  

 

Otto Warburg reported another way to process glucose called aerobic glycolysis in which 

pyruvate is converted to lactate, in the presence of oxygen. This process was first 

described in cancer cells (Warburg 1956). Aerobic glycolysis also occurs in astrocytes, a 
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type of glial cells, in the brain, in which, the enzyme PDH is highly phosphorylated, 

showing low activity (Itoh et al. 2003). Lactate produced in astrocytes is shuttled to 

neurons in response to synaptic activity – a mechanism known as the astrocyte-to-neuron 

L-lactate shuttle, ANLS. According to the ANLS model, during synaptic activity, 

astrocytes uptake glutamate released at synapses via glutamate transporters to clear it up. 

Sodium is also co-transported with glutamate, activating Na+–K+ ATPase, which requires 

energy. To meet the energy demand, astrocytes take up glucose and produce L-Lactate by 

aerobic glycolysis (Pellerin and Magistretti 1994). Lactate produced in astrocytes is 

transferred to neurons via proton-linked membrane carriers called monocarboxylate 

transporters (MCTs) (Bergersen 2007). MCTs transport carboxylates by diffusion down 

their concentration gradients. In the brain, three main MCTs have been identified. In 

neurons, MCT2 is predominant while astrocytes express MCT4 as well as MCT1. MCT1 

is also expressed in endothelial cells forming blood vessels (Pierre and Pellerin 2005). 

MCT2 has a tenfold higher affinity for substrates including L-Lactate than MCT1 and 

MCT4 (Halestrap and Price 1999). In neurons, LDH converts lactate into pyruvate, which 

enters the TCA cycle and provides ATP to neurons. Hence, astrocyte-derived L-Lactate 

serves as a ready energy substrate for active neurons during synaptic activity, to meet the 

high-energy demands (Magistretti 2006). In support of ANLS, recent in vivo studies also 

reported the occurrence of a lactate gradient between astrocytes and neurons (Machler et 

al. 2016). Studies spanning the past two decades have shown that even in the presence of 

glucose, lactate is the preferred oxidative energy substrate source in neurons (Bouzier-

Sore et al. 2006; Ivanov et al. 2011). Apart from the production of lactate in astrocytes by 

glutamate-triggered glucose uptake, astrocytes can produce lactate by glycogenolysis. 
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Like other tissues, the brain stores glucose in the form of glycogen. Glycogen in the brain 

is not found in neurons and is almost exclusively localized in astrocytes (Brown 2004).   

Glycogenolysis in astrocytes can be triggered during high neuronal activity to sustain the 

energy needs (Pellerin and Magistretti 2012). Thus L-Lactate produced in astrocytes and 

shuttled to neurons (ANLS) serves as an energy substrate for the brain. 

 

1.1.2. L-Lactate as a signaling molecule 

In addition to its role in energy metabolism, L-Lactate is emerging as a signaling 

molecule in different cell and tissues, including cancer cells (San-Millan and Brooks 

2017). Studies in the past few years have demonstrated that lactate plays a signaling role 

in the brain as well. In particular, it was shown that learning leads to glycogenolysis-

dependent release of lactate from astrocytes in the hippocampus, which was uptaken by 

neurons and shown to be critical for long-term memory (LTM) formation as well as 

maintenance of long-term potentiation (LTP). This study demonstrated that 

glycogenolysis and astrocytic lactate transporters were involved in inducing molecular 

changes required for memory formation (Suzuki et al. 2011). Application of equicaloric 

concentrations of glucose could only partially substitute for L-Lactate, suggesting that the 

role of L-lactate in LTM was independent of its role as an energy substrate. 

 

The involvement of lactate in long-term memory formation implies that lactate has the 

ability to modulate synaptic plasticity and neuronal activity-dependent genes. Indeed, it 
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has been shown that L-Lactate triggers the expression of plasticity related genes such as 

Arc, c-Fos, BDNF and Zif268 (Egr 1). These genes are known to be involved in synaptic 

plasticity (Flavell and Greenberg 2008). This signaling action of lactate is due to a 

positive modulation of N-Methyl-D-aspartate receptor (NMDAR) signaling, being 

abolished in the presence of NMDAR blocker, MK801 (Yang et al. 2014).  In addition, 

transcriptional analysis of genes by RNA sequencing has shown that L-Lactate increases 

the expression of 20 immediate-early genes (IEGs) involved in the MAPK signaling 

pathway and synaptic plasticity by more than twofold in primary cortical neurons 

(Margineanu et al. 2018).  This effect of L-Lactate is dependent on the activity of 

NMDAR, as reported by (Yang et al. 2014), as addition of MK801 abolishes the effect. 

By comparing the transcriptomics data with published available data sets, it has been 

shown that a significant proportion of genes modulated by L-Lactate are also regulated 

by a stimulation protocol activating synaptic NMDARs known to result in upregulation 

of pro-survival and downregulation of pro-death genes (Margineanu et al. 2018) (Fig. 

1.1). Notably, NADH, not pyruvate, reproduces the effects of lactate on gene expression 

(Margineanu et al. 2018; Yang et al. 2014). As mentioned earlier, lactate can be 

converted to pyruvate, leading to the production of NADH. This suggests a redox-

dependent mechanism of action of L-lactate (Fig. 1.1). To summarize, these studies 

demonstrated that L-Lactate acts as a signaling molecule for neuronal plasticity through a 

mechanism involving NMDAR, perhaps by changing the redox state. 
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Fig. 1.1. Proposed mechanism through which L-lactate modulates mRNA expression of 

genes involved in synaptic plasticity and neuroprotection. Genes highlighted in red are 

downregulated while those in green are upregulated by L-lactate. Adapted from (Margineanu 

et al. 2018) 
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1.1.3. Structure and Function of Glutamate Receptors 

Glutamate is the main excitatory neurotransmitter in the brain, released in 80% of 

synapses  (Orrego and Villanueva 1993; Pellerin and Magistretti 2012). Glutamate 

receptors, located in neuronal and non-neuronal cells, are broadly classified into two 

groups- ionotropic glutamate receptors and metabotropic glutamate receptors (Baskys 

1992; Traynelis et al. 2010).  Metabotropic glutamate receptors (mGluRs) are G-protein 

coupled receptors (GPCRs). Activation of mGluRs leads to intracellular Ca2+ release 

activating intracellular cascades. In contrast, ionotropic glutamate receptors (iGluRs) are 

ligand-gated ion channels that conduct cations sustaining majority of fast excitatory 

neurotransmission.  

 

There are four distinct classes of ionotropic glutamate receptors namely, AMPA (α-

amino-3-hydroxy-5-methyl-4-isoxazole) receptors (AMPARs), NMDA (N-methyl-D-

aspartate) receptors (NMDARs), kainate (KA) receptors and Delta (δ) receptors 

(Traynelis et al. 2010) (Fig. 1.2). The Delta receptor family has recently been classified 

as an iGluR based on sequence homology, even though ligand-gated ion channel function 

has not been observed in it (Orth et al. 2013). 
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Fig. 1.2. lonotropic glutamate receptor family.  iGluRs include AMPA receptors (GluA1–

GluA4), kainate receptors (GluK1–GluK5), NMDA receptors (GluN1, GluN2A–GluN2D, 

GluN3A-B), and the δ receptors (GluD1 and GluD2).  

 

 

1.1.3.1. Structure of iGluRs. 

Ionotropic glutamate receptors are integral membrane proteins comprising of four large 

(>900 residues) subunits, creating a central ion channel pore (Traynelis et al. 2010) (Fig. 

1.3). Receptors are homo- or hetero-tetrameric structures depending on the receptor 

subtype  (Monyer et al. 1992; Wenthold et al. 1996). 
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The receptor subunits, similar to other ligand gated channels, have four main domains: 

(1) the extracellular amino-terminal domain (ATD) which may contain sites for allosteric 

modification of the channel (Paoletti et al. 2000), (2) the extracellular ligand-binding 

domain (LBD), comprising of two segments S1 and S2 (Stern-Bach et al. 1994), (3) four 

transmembrane domains (TMD) having three membrane-spanning helices (M1, M3, and 

M4) and a membrane re-entrant loop (M2) giving rise to an extracellular N-terminus and 

an intracellular C-terminus, and (4) an intracellular carboxyl-terminal domain (CTD), 

which is of varying length and interacts with multiple structural and signaling proteins 

(Maki et al. 2012; Puddifoot et al. 2009) (Fig. 1.3).  

 

Fig. 1.3. Structural organization of ionotropic glutamate receptors. Glutamate receptor 

subunits have four main domains: extracellular amino-terminal domain (ATD), ligand 
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binding domain (LBD) comprising of two segments S1 and S2, a transmembrane domain 

(TMD) and an intracellular carboxyl-terminal domain (CTD).  TMD is composed of M1, M3, 

M4 transmembrane helices and M2 a membrane re-entrant loop.   

 

 

1.1.3.2. N-methyl-D-aspartate Receptor (NMDAR) 

Functional NMDARs consist of two obligatory GluN1 subunits and two GluN2 subunits 

or a combination of GluN2 and GluN3 subunits (Monyer et al. 1992). GluN1 assembly 

with GluN2B subunits allows for the trafficking of the functional receptor from the ER to 

the cell membrane (Fukaya et al. 2003). Most of the GluN2 subunits are a part of 

diheteromeric receptors (GluN1/ GluN2A or GluN1/GluN2B), however, triheteromeric 

receptors (GluN1/ GluN2A/GluN2B) constitute to a third of the receptor population (Al-

Hallaq et al. 2007). In the cortex and hippocampus, GluN2A and GluN2B are the 

predominant GluN2 subunits (Monyer et al. 1994). The expression of GluN2B begins 

prenatally while GluN2A expression begins during the first postnatal weeks till mature 

synapses contain both GluN2A and GluN2B (Flint et al. 1997; Sheng et al. 1994). 

Developmentally, GluN2B subunit is expressed in the entire embryonic brain, however, 

in adults its expression is limited to the forebrain (Watanabe et al. 1992). At mature 

synapses in the hippocampus, GluN2A subunits are localized at synaptic sites while 

GluN2B subunits predominate at extrasynaptic sites (Cull-Candy and Leszkiewicz 2004).  
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NMDAR activation requires the simultaneous binding of both glutamate and either one of 

the co-factors glycine or D-serine. Glycine/D-serine can bind to GluN1 and GluN3 

subunits while glutamate binds to GluN2 subunits (Furukawa et al. 2005). At resting 

membrane potentials, NMDAR has an extracellular Mg2+ blocking its pore, which limits 

the contribution of NMDAR in basal synaptic transmission. However, postsynaptic 

depolarization removes the Mg2+ from the pore (Sharma and Stevens 1996). During 

synaptic activity, glutamate released from the presynaptic neuron binds to both NMDAR 

and AMPAR. Activation of AMPAR by glutamate causes influx of Na+ ions, resulting in 

membrane depolarization, which is sufficient to remove the Mg2+ block from the NMDA 

receptor channel. Binding of glutamate and glycine, and the removal of the block 

activates NMDAR leading to the influx of Ca2+ and Na+ through the channel (Johnson 

and Ascher 1990). This dual requirement for activation allows the receptor to detect 

coincident postsynaptic depolarization and agonist binding. The consequential rise in 

intracellular calcium mediates most of the physiological effects of NMDAR activity by 

triggering intracellular signaling cascades (Perkel et al. 1993).  

 

Over the past two decades, electrophysiology recordings have provided a wealth of 

information regarding channel dynamics. Whole-cell patch-clamp recordings from HEK 

293 cells expressing NMDA receptors showed that GluN2B-containing NMDAR have 

four-fold lower current densities than GluN2A containing receptors. This is partly due to 

the lower channel open probability of GluN1/GluN2B receptors compared to that of 

GluN1/GluN2A receptors. (Chen et al. 1999; Erreger et al. 2005). Additionally, rise and 

deactivation time (decay) are slower for GluN1/GluN2B receptors compared to 
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GluN1/GluN2A receptors (Vicini et al. 1998). The slow decay time allows 

GluN1/GluN2B receptors larger charge transfer and an increased time window for 

detecting synaptic coincidence, which plays a role in the induction of synaptic plasticity 

(Erreger et al., 2005). Also, studies have suggested that GluN1/GluN2B receptors provide 

more Ca2+ per unit of current than GluN1/GluN2A receptors (Sobczyk et al. 2005). These 

experiments suggest that the relative expression levels of GluN2A and GluN2B can 

regulate peak amplitude of NMDA receptor-mediated currents and therefore may play a 

role in mechanisms underlying synaptic plasticity. 

 

1.1.4. Synaptic plasticity, LTP and LTM  

Memory is the process by which acquired information is encoded, stored and retrieved if 

required. New learning initiates short and long-term memories through a cascade of 

events in the brain. While short-term memories involve post-translational modifications, 

the formation and stabilization of long-term memories involves the activation of a gene 

cascade and downstream changes in neurons that store the acquired information (Kandel 

2001).  Neurons communicate with each other at points of contact called synapses. The 

strength of synaptic responses and the morphology of synapses can be altered by high-

frequency stimulation or correlated activity, a characteristic termed as synaptic plasticity. 

Synaptic plasticity has been most widely studied in relation to learning and memory in 

the hippocampus.  Long-term potentiation (LTP) and Long-term depression (LTD) are 
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the two forms of synaptic plasticity. LTP can be defined as a long-lasting increase in 

synaptic strength. Likewise, LTD is the weakening of synaptic connections over time. 

 

It has been shown that LTP, in vivo, can last a month (Abraham 2003). During learning, 

similar changes in synaptic strength occur. Experiments in which mutations were 

designed to prevent LTP showed that memory was impaired (Grant and Silva 1994). LTP 

in the hippocampus and cortex is thought to constitute the physiological basis of learning 

and memory. Late phases of LTP, like learning and memory, are dependent on gene 

transcription and new protein synthesis (Madison et al. 1991).  

 

NMDAR-dependent LTP in the hippocampus has been extensively studied. High 

frequency stimulation of the NMDA receptors leads to calcium influx into the 

postsynaptic neuron. Calcium is an important second messenger for LTP as well as 

learning and memory. Ca2+ can regulate the activity of many enzymes, one of which is 

the calcium/calmodulin-dependent protein kinase II (CaMKII) (Hudmon and Schulman 

2002). 

 

1.1.5. Calcium/Calmodulin-Dependent Protein Kinase II 

CaMKII is a calcium/calmodulin-activated dodecameric holoenzyme. It is widely 

expressed throughout the body, constituting up to 1% of total protein in the forebrain and 

2% in the hippocampus (Erondu and Kennedy 1985).  There are four major isoforms of 
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CAMKII- a, b, d and g, with each isoform having several splice variants. γ and δ 

isoforms are present in the heart. In the brain, CAMKII a and b are the predominantly 

expressed isoforms. CaMKIIa is the most abundant isozyme of CaMKII in the brain. 

CaMKIIa is found in higher concentration within the cortex, while CaMKIIβ is higher in 

the cerebellum (McGuinness et al. 1985). 

 

1.1.5.1. CaMKII Structure and Activity 

Each CaMKII monomer consists of an N-terminal catalytic domain, a Ca2+ /CaM binding 

autoregulatory domain followed by a variable segment (linker region) and the C-terminal 

association domain (Fig. 1.4.A). The C-terminal domains form a central hub while the N-

terminal domains radiate outwards. The catalytic domain contains the ATP binding 

pocket, the substrate binding site (S-site) and the T-site, which interacts with Threonine 

286 (T287 in CaMKIIb) in the autoregulatory domain (Fig. 1.4.B). The C-terminal 

association domain facilitates the formation of the holoenzyme.  The hub has a variable 

domain composed of alternatively spliced inserts, depending on the isoform (Lisman et 

al. 2002).  
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Fig. 1.4. CaMKII monomer structural organization. A. Each CaMKII monomer consists 

of a catalytic domain, a Ca2+ /CaM binding regulatory domain, a variable linker region and C-

terminal association domain. Three critical phosphorylation sites are present in the regulatory 

domain: T286 within the autoinhibitory segment, and T305/T306 that prevent CaM binding. 

B. Interaction between the catalytic and regulatory domain. The regulatory domain has a 

pseudosubstrate region, which interacts with the S site of the catalytic domain. In addition, a 

part surrounding T286 within regulatory domain interacts with the catalytic domain at the T-

site.  
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The α-helical autoregulatory domain has a pseudosubstrate region, which interacts with 

the catalytic S site (Fig. 1.4.B). Also, a part surrounding T286 within this domain 

interacts with the core kinase domain at a region termed the T-site (Rosenberg et al. 

2005).  With the regulatory domain bound to the T-site, access to the adjacent substrate 

binding catalytic S-site is blocked, therefore blocking kinase activity. Upon Ca2+ influx, 

Ca2+ -bound calmodulin (Ca2+ /CaM) can directly bind to the regulatory domain, causing 

a conformational change that displaces the autoregulatory region from the T-site as well 

as the S-site, activating the kinase (Yang and Schulman 1999). The exposed T286 region 

is accessible to be autophosphorylated by an adjacent active subunit. When two adjacent 

subunits of the holoenzyme are activated, they can autophosphorylate the neighboring 

exposed T286, propagating autophosphorylation around the active hexameric rings (Rich 

and Schulman 1998). Autophosphorylation at T286 prevents T-site and subsequent S-site 

binding, leading to a Ca2+ - independent (autonomous) activity upon dissociation of Ca2+ 

/CaM. The autonomous activity of CaMKII is around 20 to 80% of its fully active kinase 

activity, however, it allows CaMKII to retain activity even after the calcium levels fall to 

basal state. Autophosphorylation at T286 also increases the affinity of CaMKII for Ca2+ 

/CaM by a factor of 1000. This is called “CaM trapping” (Meyer et al. 1992). 

 

The autoregulatory domain has two additional Threonine residues (T305/306 in a, 

T306/307 in b), which can be autophosphorylated (Fig. 1.4.A). Autophosphorylation at 

T305/306 prevents reassociation of Ca2+ /CaM with the kinase, thus inhibiting the 

reactivation of the kinase (Hanson and Schulman 1992). Effective T305/T306 

autophosphorylation can occur only after T286 autophosphorylation and dissociation of 
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Ca2+ /CaM. If the CaMKII is triple-phosphorylated in such a manner, it will be stuck in a 

partially active state that cannot be further stimulated and can be inactivated completely 

after T286 dephosphorylation (Coultrap et al. 2011). 

 

 

1.1.5.2. Role of CaMKII in LTP  

Inactive CaMKII is distributed throughout the cytosol of neurons. Ca2+ influx through the 

NMDAR in the postsynaptic neuron activates CaMKII which translocates to the 

postsynaptic density (PSD) (Bemben et al. 2014). Activated CaMKII at PSD directly 

interacts with the NMDAR subunits GluN1 and GluN2B (Leonard et al. 1999). Activated 

CaMKII enhances (AMPAR)-mediated transmission in two ways 1-It phosphorylates 

GluR1subunit of AMPAR at S831, which increases its single-channel conductance 

(Barria et al. 1997). Studies suggest that the CaMKII-dependent phosphorylation of 

GluR1 most likely occurs at the synapse (Lisman et al. 2012). (2) CaMKII increases the 

number of functional AMPA receptors at the PSD by regulating Transmembrane 

AMPAR Regulatory Proteins (TARPs). TARPs are auxiliary subunits of AMPARs that 

regulate their surface expression (Jackson and Nicoll 2011). CaMKII phosphorylates the 

TARP stargazin, which causes stargazin to bind PSD95, thereby increasing the number of 

AMPARs at the synapse (Opazo et al. 2010). By this way, CaMKII influences the 

subsynaptic localization of AMPA receptors such that more AMPA receptors are 

delivered to the synaptic plasma membrane (Malenka and Nicoll 1999). 
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1.1.5.3. Role of CaMKII in Learning and Memory 

As discussed above, the role of CaMKII in LTP is well established. Since LTP is the 

molecular basis of learning and memory, CaMKII has a key role in memory formation. 

Through its activity and ability to autophosphorylate, CaMKII is vital for hippocampal 

dependent learning (Elgersma et al. 2002). By creating mutations in CaMKII gene, its 

role in learning in mouse models has been studied. CaMKII T286A mutant mice show 

impaired Morris Water Maze learning (Giese et al. 1998). Morris Water Maze (MWM) is 

a behavioral test for hippocampal dependent spatial learning and memory (Morris 1981). 

In the same test, CaMKIIα knock out mice showed impaired learning (Silva et al. 1992).  

 

1.1.6. Interaction of CaMKII with NMDAR  

Activation of NMDAR leads to calcium influx, providing the Ca2+ for activation of 

CaMKII. It has been reported that on blocking NMDARs with their antagonist AP5, 

LTP- induced T286 phosphorylation and synaptic translocation of CaMKII were 

abolished (Fukunaga et al. 1995). It has been well documented that activated CaMKII 

with its T286 autophosphorylated binds to several postsynaptic proteins including 

NMDAR subunits  (Colbran 2004; Strack et al. 2000). Upon activity dependent 

translocation of CaMKII, it interacts with binding partners in the PSD. By now, multiple 

binding partners for CaMKII in the PSD have been identified, but the NMDAR emerged 

as the critical interaction partner. CaMKII anchors to the PSD by interacting with these 

proteins. 
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1.1.6.1. Binding between CaMKII and GluN1 

CaMKII binds to the C0 domain of the GluN1 cytoplasmic tail (C-tail). At basal states, α 

-actinin and CaM are bound to GluN1 (residues 850-862) (Krupp et al. 1999). Ca2+ influx 

causes CaM-mediated α-actinin displacement from GluN1, which allows active CaMKII 

to bind to GluN1 (where α-actinin was bound). (Merrill et al. 2007).  

 

1.1.6.2. Binding between CaMKII and GluN2A 

Activity dependent binding of CaMKII with the cytoplasmic tail of GluN2A happens 

between residues 1389-1461 (Gardoni et al. 1999).  However, the affinity of CaMKII 

binding to GluN2A is lesser than that of GluN1 and GluN2B (Leonard et al. 2002). This 

site is adjacent to a PDZ domain that binds PSD-95 and CaMKII competes with PSD-95 

for GluN2A binding (Gardoni et al. 2001b). Phosphorylation of GluN2A by PKC at 

S1416 inhibits CaMKII binding (Gardoni et al. 2001a). GluN2A can also be 

phosphorylated by CaMKII at S1289, however this does not affect the CaMKII and 

GluN2A binding (Gardoni et al. 2001b).  

 

1.1.6.3. Binding between CaMKII and GluN2B 

CaMKII binds to the cytoplasmic C-tail of GluN2B within residues 1290-1309. This is a 

high affinity interaction with GluN2B (Kd = 138 nM) (Strack and Colbran 1998; Strack et 

al. 2000). (Bayer et al. 2006) proposed a two-step model for binding of CaMKII to 
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GluN2B. The influx of Ca2+ via NMDAR activates CaMKII, thereby removing the 

pseudosubtrate region of the autoregulatory domain from the S site of the kinase. 

GluN2B tail can thus access the S site.  This interaction is transient and reversible. On 

longer stimulation, there is a persistent interaction between the GluN2B cytoplasmic tail 

and the available T site. Since GluN2B occupies the T site, the autoregulatory domain 

cannot bind back, hence keeping the kinase active independent of Ca2+/CaM. Thus, this 

binding further maintains catalytic activity of CaMKII (Bayer et al. 2006).  

 

The region of GluN2B that binds to the T-site shows high homology to the autoinhibitory 

segment around T286 of CaMKII. It has a Serine1303 that is a high affinity substrate for 

CaMKII and can be phosphorylated by CaMKII (Omkumar et al. 1996). It has been 

shown in vitro that interaction of CaMKII with a S1303D GluN2B mutant or with 

phosphorylated S1303 was reduced (O'Leary et al. 2011; Strack et al. 2000). However, 

these studies did not test for interaction within cells. These results loosely imply that the 

phosphorylation of S1303 decreases CaMKII/GluN2B interaction but does not totally 

abrogate it.  

 

Binding studies showed that there is an additional binding site at GluN2B. This is a lower 

affinity interaction site within residues 839 to 1120 of GluN2B. For binding to occur at 

this site, it requires the stimulation of CaMKIIa  by calcium/ calmodulin as well as the 

autophosphorylation of CaMKIIa  at T286 for binding to occur. (Bayer et al. 2001). 
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1.1.6.4. Importance of GluN2B/CaMKII binding in learning and memory 

The binding of CaMKII and GluN2B has been shown to be important for induction of 

LTP (Bayer et al. 2001). Since LTP is a model for learning, this interaction is likely to 

play an important role in learning and memory.  An in vivo study using mouse with an 

inducible fusion protein of the GluN2B C-terminus that disrupted the CaMKII/GluN2B 

interaction reported reduced LTP along with spatial learning deficits in the MWM (Zhou 

et al. 2007). Another study generated GluN2B KI (knock-in) mouse containing two point 

mutations L1298A and R1300Q. These mutations have previously been shown to disrupt 

the interaction between GluN2B and CaMKII in vitro (Strack et al. 2000). These 

mutations reduced LTP by half and resulted in a MWM memory deficit, while spatial 

learning was normal (Halt et al. 2012). This observation of a memory deficit was similar 

to an effect in heterozygous CaMKIIα KO (knock-out) mice (Frankland et al. 2001). 

Indeed, deletion of the GluN2B C-terminal tail disrupted LTP induction in hippocampal 

neurons, but did not affect NMDAR-mediated currents (Foster et al., 2010). 
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1.2. OBJECTIVE 

The role of L-Lactate has expanded from an energy metabolite to a signaling molecule in 

different cell and tissues. Recent studies have demonstrated that L-Lactate plays a 

signaling role in neurons as well (Magistretti and Allaman 2018).  The significance of L-

Lactate has also expanded to play a role in long-term memory (LTM) formation (Gao et 

al. 2016; Suzuki et al. 2011) as well as neuroprotection (Jourdain et al. 2016; Jourdain et 

al. 2018). This is in addition to reports showing that L-Lactate released by astrocytes can 

trigger the release of norepinephrine from Locus coeruleus (LC) neurons, thus 

modulating the activity of neurons (Tang et al. 2014).  

 

Nonetheless, our understanding of the mechanisms by which L-Lactate plays a role in 

long-term memory formation is still lacking. As NMDA receptors involvement in long-

term memory formation and synaptic plasticity is well documented, I decided to focus on 

the regulation of NMDAR signal as a response to L-Lactate. This shaped my main goal 

for this dissertation, which is to characterize the role of L-Lactate as a signaling molecule 

and understand the molecular mechanism through which L-Lactate potentiates NMDAR 

signal. 

 

To tackle this general question, I adopted two approaches as discussed below.  

Approach 1: This approach was motivated by previous studies showing that L-lactate 

could potentiate the NMDAR-dependent current and calcium influx evoked by brief 
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applications of glutamate and glycine in primary cultures of mouse cortical neurons 

(Yang et al. 2014). In addition, it has been shown that L-Lactate triggers the expression 

of plasticity-related genes such as Arc, c-Fos, BDNF and Egr1 by a positive modulation 

of NMDA receptor signaling (Margineanu et al. 2018). This effect was shown to be 

dependent on the activity of NMDA receptors, as addition of NMDAR blocker-MK801 

abolished the effect (Yang et al. 2014).  

 

In the aim to understand the molecular mechanism through which L-Lactate plays a 

signaling role in potentiating NMDAR current, I adopted a multidisciplinary approach to 

comprehensively assess the role of L-Lactate in modulating NMDAR signal. I first 

monitored the time-dependent changes in the phosphoproteome of cortical neuronal 

cultures to gain a broad insight into the dynamic changes in the phosphoproteome in 

response to Lactate. This also helped identify possible protein pathways regulated by L-

Lactate. This study confirmed some of the roles already characterized for L-Lactate and 

underscored its role in regulating several signaling cascades through the induction of 

various proteins phosphorylation (Chapter 2).  

 

I then switched my focus to studying NMDAR partner proteins and regulators. CaMKII 

is one of the most abundant kinases in the brain and has been implicated to play a role in 

learning and memory via interaction with NMDA receptor subunits (Foster et al. 2010; 

Halt et al. 2012; Lisman et al. 2012). Hence, CaMKII was an obvious candidate for 

underpinning the molecular mechanism by which L-Lactate could modulate NMDAR 
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signal. I opted to investigate CaMKII involvement following two tactics. The first of 

which comprised of using two types of CaMKII-specific inhibitors with two different 

modes of action, in particular we used KN-93 and CN21. Using either of these inhibitors 

abrogated the L-Lactate-mediated activation of ERK1/2 signaling pathway (Chapter 3).  

 

My second course of action involved characterizing the interaction between CaMKIIa 

(an isoform of CaMKII) and GluN2B (a subunit of NMDAR) in transducing the L-

Lactate-mediated effect on NMDAR. For this purpose, I developed a simple HEK cell 

model where we exogenically expressed NMDAR and CaMKII.  We then characterized 

this model and used it to perform electrophysiology recordings. Finally, I performed 

mutational analysis to block the interaction between CaMKIIa and GluN2B. I created 

two mutants of GluN2B subunit each with double point mutations within the cytoplasmic 

tail of GluN2B. Each of these mutants have been shown in vitro to individually block 

CaMKIIa binding to GluN2B (Halt et al. 2012).  We examined the effect of L-Lactate on 

the potentiation of NMDAR using these mutants. We provide evidence for the 

involvement of CaMKII, specifically, the interaction between CaMKIIa  and GluN2B, as 

a requirement for the L-Lactate mediated potentiation of NMDAR signal (Chapter 4). 

 

Approach 2: To gain insight into the evolution of lactate from a metabolite to a signaling 

molecule, one way would be to study the evolution of a canonical metabolite such as 

glutamate to a signaling molecule. For this purpose, I explored the evolutionary origin of 

glutamatergic neurotransmission.  Previous studies have highlighted that the development 
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of a signaling system requires the evolution of a mechanism for producing signals, 

receptors for the signal and finally, adaptive reactions to the signal (Harris and Zahavi 

2013). However, the nature of the putative receptor for L-Lactate is debated. 

Neurotransmitters, such as glutamate and GABA, were first described as metabolites and 

later emerged as neurotransmitters. The evolution of glutamate as a signaling molecule in 

multicellular organisms may serve as a general model for the evolution of other 

metabolites, including L-Lactate, into signaling molecules.  

 

In Chapter 5, I aimed to trace the advent of the role of glutamate as a neurotransmitter by 

exploring the evolutionary origin of glutamatergic neurotransmission. For this purpose, I 

used the model organism Hydra, which belongs to phylum Cnidaria, evolutionarily one 

of the first phyla to have a nervous system. In order to explore whether glutamate 

receptors, particularly, NMDAR are functionally expressed in Hydra and are localized in 

neurons, we generated a line of transgenic Hydra expressing a calcium indicator 

(GCaMP6s) in neurons. With this transgenic Hydra line, I attempted to measure the in 

vivo response of neurons in Hydra to glutamate. This chapter highlights several ground 

work experiments with an extensive discussion of implications and challenges and an 

outlook for future investigations.  
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CHAPTER TWO- COMPARATIVE ANALYSIS OF 

PHOSPHOPROTEOME REGULATED BY L-LACTATE 

 

2.1. INTRODUCTION 

The goal of this study was to identify cellular signaling pathways that are regulated by L-

Lactate, in order to further elucidate its role as a signaling molecule. Lactate has been 

reported to regulate the phosphorylation of proteins like ERK1/2, Creb, cofilin in neurons 

(Suzuki et al. 2011; Yang et al. 2014). These proteins are known to be involved in 

pathways that upregulate IEG expression or synaptic structural changes accompanying 

long-term memory and synaptic plasticity (Alberini 2009; Chen et al. 2007a). I studied 

the time dependent changes in the phosphoproteome of cortical neuronal cultures to get a 

comprehensive view of the dynamic changes in the phosphoproteome in response to 

lactate and help identify possible protein pathways regulated by L-Lactate. 

 

Protein phosphorylation is a key mechanism involved in regulating cellular signal 

pathways controlling many events including cell division and cell death. Phosphorylation 

events contribute to enzymatic activation, protein-protein interactions, subcellular 

localization as well as protein stability (Manning et al. 2002). Although proteins 

functions can be regulated by other Post-Translational Modifications (PTMs) including 

acetylation, myristoylation, carboxymethylation, glycosylation, ubiquitination of lysine 
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residues, none of these mechanisms is nearly as widespread and readily subject to 

regulation by physiological stimuli as is phosphorylation (Yang 2005).  

 

2.1.1. Protein kinases 

Protein kinases are enzymes that catalyze the phosphorylation of proteins. They are 

divided into enzymes that catalyze the phosphorylation of protein-serine/threonine 

residues and protein-tyrosine residues. A few dual-specificity kinases can catalyze the 

phosphorylation of both protein-tyrosine and protein-serine/threonine residues  (Manning 

et al. 2002). Global phosphoproteomic analysis suggests that over 85% of protein 

phosphorylation occurs on serine residues, 15% on threonine residues and less than 2% 

on tyrosine residues (Hornbeck et al. 2004; Olsen et al. 2006). Protein kinases catalyze 

the transfer of the terminal (γ) phosphate group of ATP to the hydroxyl moiety in the 

respective amino acid residue; Mg2+ is required for this reaction (Ubersax and Ferrell Jr 

2007). Since phosphate groups are highly negatively charged, phosphorylation of a 

protein alters its charge, which can then alter the conformation state of the protein, 

subsequently regulating the catalytic activity of the protein. Also, phosphorylated 

proteins can recruit neighboring proteins that have structurally conserved domains which 

recognize and bind to phosphomotif.  This is an important step for signal transduction, for 

which downstream effector proteins are recruited to phosphorylated signaling proteins. It 

is estimated that around one-third of the proteins in eukaryotic cells are subject to 

phosphorylation at some point. Indeed, phosphoproteomics has been established as a 
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branch of proteomics that focuses solely on the identification and characterization of 

phosphorylated proteins. 

 

2.1.2. Signal Transduction Cascades in Neurons 

The calcium influx through the NMDAR in neurons is critical for synaptic function and 

modulation of synaptic plasticity as well as learning and memory. Molecular mechanisms 

underlying both Long-Term Memory (LTM) and long-term plasticity include the 

induction of expression of a group of immediate-early genes (IEGs) (West et al. 2002). 

Calcium plays a key role in the transduction of synaptic activation to the nucleus for 

regulating gene transcription either by crossing the nuclear envelope and acting directly 

or more commonly by activating signaling cascades in the cytoplasm which carry the 

information to the nucleus (Cruzalegui and Bading 2000). In recent years, many calcium-

dependent signaling cascades such as the cAMP cascade, calcium/calmodulin dependent 

kinases, protein kinase C (PKC), redox modulation, growth factor receptor tyrosine 

kinases, rho/rac signaling, cell adhesion molecules, and the mitogen-activated protein 

kinases (MAPKs) have been implicated in signal transduction during synaptic plasticity 

and  learning and memory  (Cohen and Greenberg 2008; Jordan and Kreutz 2009). The 

extracellular-signal regulated kinase (ERK) subfamily of MAPKs has been well-known 

for its role in regulating cell division and differentiation (Roberts and Der 2007). Over 

the past fifteen years, the ERK pathway has been implicated in the signaling mechanisms 

involving synaptic plasticity and memory formation (Hebert and Dash 2002) (Kelly et al. 
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2003) (Sweatt 2004). In the upcoming section, I provide a brief overview of the ERK1/2 

signaling pathway with evidence for its role in LTM. 

 

2.1.3. Mitogen-Activated Protein Kinase (MAPK) cascades 

MAPKs are a family of serine/threonine kinases that play a major role in connecting cell 

surface receptors to specific targets within cells. MAPKs are regulated through three core 

kinases consisting of a MAPK, MAPK kinase, and MAPKK kinase. In mammalian cells, 

four distinct MAPK cascades have been identified namely, extracellular signal-regulated 

kinase 1 and 2 (ERK1/2), c-jun kinase N-terminal kinase (JNK), p38 MAPK, and ERK5 

(Plotnikov et al. 2011). Even though these MAPK families are present in most 

mammalian cells and are highly homologous,  there is limited crosstalk between them 

(Sweatt 2004).  

 

2.1.3.1. ERK1/2- Extracellular Signal-regulated Kinase 

ERKs are activated by a variety of extracellular agents; including growth factors, 

hormones, and neurotransmitters. The core kinases in the ERK pathway are MAP kinase 

kinase kinase (MAPKKK-Raf-1 and B-Raf), which activates the second, a MAP kinase 

kinase (MAPKK-MEK) by serine/threonine phosphorylation. MAPKKs (MEKs) are dual 

specificity kinases which in turn activate a MAP kinase (p44 MAPK also known as 
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ERK1, and p42 MAPK, also known as ERK2) by phosphorylating both a threonine and a 

tyrosine residue (Fig. 2.1). 

 

In neurons, signals induced at different receptors, including NMDA receptors, GluR2-

lacking AMPA receptors, voltage gated calcium channels, metabotropic glutamate 

receptors, can activate the ERK1/2 signaling cascade. In most cases, the activation of 

such receptors is transmitted by several mechanisms to the small GTPase Ras. The entry 

of calcium can directly or indirectly (through PKA, PKC) activate small GTPases such as 

Rap-1 or Ras (Rubinfeld and Seger 2005). 

 

Activated Ras recruits the Raf kinase family (comprised of Raf-1/c-Raf, A-Raf, and B-

Raf) to the plasma membrane and activates them by phosphorylation. All three Raf 

family enzymes can phosphorylate MEK-1 and MEK-2 kinases, inducing their activation 

by phosphorylation of two Ser residues in their activation loop (Matallanas et al. 2011). 

MEK-1 phosphorylates and activates the 44 kDa MAPK (ERK-1) on threonine 202 and 

tyrosine 204 residues, while MEK-2 phosphorylates the 42 kDa MAPK (ERK-2) on 

threonine 185 and tyrosine 187 residues (Rossomando et al. 1992). These regulatory Thr 

and Tyr residues are in the Thr-Glu-Tyr domain within their activation loop of MAPK. 

Phosphorylated ERK1 and ERK2 are released from MEK1/2 and either dimerize with a 

second ERK molecule or remain monomeric. The signals continue to the MAPK-

Activated Protein Kinase (MAPKAPK) components (RSKs, MNKs and MSKs) and/or to 

many other substrates, which are localized either in the cytoplasm, the nucleus, or in 
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other cellular organelles. ERK1/2 can also bind directly to DNA sequences, and act as 

transcriptional repressors of several cytokine genes.  

 

 

 

 

Fig. 2.1. Overview of the ERK1/2 signaling pathway in neurons. Signals induced at 

synapses lead to Ca2+ influx via receptors and ion channels. The Ca2+ ions can directly or 

indirectly activate small GTPases such as Rap-1 or Ras, which in turn activate different Raf 

isoforms (Raf-1, B-Raf). Raf isoforms phosphorylate MEK1/2, which phosphorylates 

ERK1/2. Phospho-ERK1/2 can enter the nucleus and indirectly induce CREB 

phosphorylation, leading to gene induction. Image taken from (Wiegert and Bading 2011). 
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2.2. MATERIALS AND METHODS 

2.2.1. Neuronal Culture Preparations 

The neuronal cultures were prepared in accordance with the IACUC (Institutional Animal 

Care and Use Committee) guidelines. Primary cultures of cortical neurons were prepared 

from embryonic day 17 (E17) mice embryos (Charles River Laboratories) as previously 

described  (Margineanu et al. 2018). Briefly, minced pieces (1-2 mm3) of isolated 

cerebral cortices were enzymatically digested with papain and gently triturated to a 

single-cell suspension. Dissociated cells were plated onto poly-L-ornithine-coated cell 

culture dishes at 0.5 million cells in 35 mm dishes and maintained in Neurobasal medium 

supplemented with B27, GlutaMax, penicillin (50 U/mL), and streptomycin (50 μg/mL) 

(Invitrogen) at 37 °C in a humidified atmosphere of 5% CO2 and 95% air. These culture 

conditions typically produced 93 - 95% pure neuronal cultures. Neurons were used for 

experiments at day in vitro 11.   

 

2.2.2. Stimulation of neurons with L-Lactate  

Neuronal cultures were treated by directly adding lactate (10 mM) into the culture 

medium from 50 to 100X stock solutions prepared in milli-Q water. Proteins were 

extracted at T=2 min, 5 min, 10 min, 15 min, 30 min after addition of L-Lactate. There 

were two biological replicates per condition.  
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2.2.3. Total Protein extraction 

Cells were harvested in 200 µL of lysis buffer containing 50 mM Tris-HCl, 150 mM 

NaCl, 1% Nonidet P-40, 8 M urea and 1X protease and phosphatase inhibitor (CST, 

5872). The cell extract was disrupted by sonication.  

 

2.2.4. Protein digestion 

Protein samples (300 µg) from each condition, duplicates per condition, were reduced 

with 5 mM tris (2-carboxyethyl) phosphine (TCEP) for 20 min at room temperature 

followed by alkylation with 50 mM dimethyl acrylamide (DMA) for 20 min at room 

temperature. Protein digestion was performed using the GASP method (Fischer and 

Kessler 2015). Briefly, sample was polymerized with an equal volume of 20 % 

acrylamide then the gel plug was shredded with a microfilter prior to digestion overnight 

at 37°C with Trypsin/Lys-C mix (Mass Spec grade, Promega) at 1:50 enzyme/substrate. 

After tryptic digestion, peptides were extracted with 5 % formic acid. Digested peptides 

were cleaned up using a C18 SPE cartridge (Sep-Pak, Waters, Milford, MA) and vacuum 

dry in a Speed Vac. A fraction (10 μg) was kept for direct LC‐MS analysis, and samples 

were stored at –20°C. 
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2.2.5. Phosphopeptide enrichment 

Peptides were dissolved in 25 µL of 1% trifluoroacetic acid (TFA) aqueous solution, and 

phosphopeptides were enriched using Titansphere Phos-TiO spin tips (GL Sciences, 

Japan) following the manufacturer instructions. Phosphopeptides were eluted with 5% 

(v/v) ammonium hydroxide, then 5% (v/v) pyrrolidine solution. Pooled elutions were 

dried under low pressure and stored at –20°C (Fig. 2.2). 

 

2.2.6. Mass Spectrometry analysis 

Nano-LC MS/MS analysis was performed using an on-line system consisting of a nano-

pump UltiMate™ 3000 UHPLC binary HPLC system (Dionex, ThermoFisher) coupled 

with an Orbitrap Fusion™ Lumos™ Tribrid™ mass spectrometer (ThermoFisher 

Scientific, Germany) fitted with an EASY-Spray™ nano-electrospray ion source. 

Phosphopeptides were resuspended in 3% ACN, 0.1% TFA (10 μL) and 8 μL injected 

into a pre-column 300 µm×5 mm (Acclaim PepMap, 5 µm particle size). After loading, 

peptides were eluted to an EASY-Spray™ PepMap RSLC C18 capillary column (75 µm 

× 50 cm, 100 Å, 2 μm particle sizes) operated at 40°C. Peptides were eluted into the MS, 

at a flow rate of 300 nL/min, using a 120 min gradient from 5% to 38% mobile phase B. 

Mobile phase A was 0.1% formic acid in H2O and mobile phase B was 80% acetonitrile 

and 0.1% formic acid. The mass spectrometer was operated in data-dependent mode, with 

a single MS scan in the Orbitrap (350-1400 m/z at 120 000 resolution (at 200 m/z) in a 

profile mode) followed by MS/MS scans in the Orbitrap on the 10 most intense ions at 50 
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000 resolution. Selected MS/MS precursor ion data were excluded for 60 seconds. Ions 

selected for MS/MS scan were fragmented using higher energy collision dissociation 

(HCD) at normalized collision energy of 38% with an isolation window of 0.7 m/z. 

 

2.2.7. Data analysis 

Data from the time series experiment were loaded to Progenesis QI for proteomics 

software (version 2.0; Nonlinear Dynamics, Newcastle, UK) for label-free quantitation. 

Profile data of the MS scans were transformed to peak lists with respective peak m/z 

values, intensities, abundances and m/z width. MS/MS spectra were treated similarly. For 

retention time alignment of the samples, the most complex sample was selected as a 

reference, and the retention times of the other samples were aligned automatically to a 

maximal overlay of all features. Features with only one charge or more than four charges 

were excluded from further analyses. Raw abundances of the remaining features were 

normalized to allow correction for factors resulting from experimental variation. 

 

Rank 1-5 MS/MS spectra were exported as Mascot generic file and used for peptide 

identification with MASCOT Version 2.6 (Matrix Science Ltd, UK) in the mouse protein 

database (Uniprot, 84937 sequences, released on July 2018). Search parameters were 

peptide mass tolerance of 5 ppm, and MS/MS tolerance of 0.02 amu allowing 2 missed 

cleavage. Dimethylpropionamidation of cysteine was set as a fixed modification, and 

acetyl (Protein N-term), Oxidation (M), Phospho (ST) and Phospho (Y) were allowed as 
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variable modification. Peptide assignments with ion score cut-off of 20 and a significance 

threshold of P <0.08 were re-imported to Progenesis. One-way ANOVA was used to 

calculate the P-value based on the abundance values. Results were grouped according to 

their sampling time after cell treatment. Phosphopeptides identified and quantified with a 

significant P-value (P<0.05) were exported to Excel for further analysis. 

 

2.2.8. GO and Pathway Enrichment analysis 

In order to determine the coverage of signaling pathways in our quantified 

phosphoproteome, we performed GO and pathway enrichment analysis using the 

WebGestalt 2019 online platform with the identification of enriched categories based on 

false discovery rate (FDR) threshold of 0.05 (Wang et al. 2017). For pathway analysis, 

we used the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. The 

background set of genes comprised all protein-coding genes in the mouse genome. 
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Fig. 2.2. Work flow for the quantitative analysis of phosphoproteome using mass 

spectrometry.  Proteins from control and L-Lactate treated time-course were digested to 

peptides. Phosphopeptides were enriched using TiO2. Enriched phosphopeptides were 

separated by liquid chromatography and analyzed by mass spectrometry. Survey scan (MS) 

was first performed by the mass spectrometer to measure the intensity of each peptide. Ten 

most high intensity peptide ions were selected for fragmentation. The mass of the resulting 

fragments was measured to get the MS/MS scans. The fragmentation pattern was used to 

govern the sequence of the peptide and identify phosphorylation events using the Mascot 

server. The resulting changes in phosphoproteome between control and L-Lactate treated 

samples were analyzed to determine the differences in protein pathways.  
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2.3. RESULTS 

2.3.1. Quantitative analysis of phosphoproteome obtained by Titanium 

dioxide (TiO2) enrichment 

Protein phosphorylation is a rapid and dynamic process regulated by kinases and 

phosphatases. In order to capture the early effects of L-Lactate on phosphorylation of 

proteins, I used a time course of L-Lactate treatment (T=0, 2, 5, 10, 15 and 30 minutes). 

For the analysis, I quantified the phosphoproteome of biological duplicate experiments. 

Enrichment does not work at 100% efficiency and some unphosphorylated peptides can 

also be eluted. Out of the 4023 total peptides eluted after enrichment by using TiO2 

enrichment protocol, around 3181 were true phosphorylated peptides, being 80% of the 

total. The non-phosphorylated peptides were excluded from the data set. Among these 

3181 phosphopeptides, 2226 (70%) were unique phosphopeptides. These belonged to 826 

unique proteins in the mouse proteome. The number of unique phosphopeptides is more 

than that of proteins since a single protein can have multiple phosphorylation sites, giving 

rise to more than 1 phosphopeptide. Among the phosphorylation sites identified, 36 

(1.6%) were phosphorylated at Tyrosine residues while, the rest were at serine or 

threonine or dually phosphorylated at serine threonine residues (Fig. 2.3). This is 

consistent with global phosphoproteomic analysis on mammalian cells that suggests that 

over 85% of protein phosphorylation occurs on serine residues, 15% on threonine 

residues and less than 2% on tyrosine residues (Hornbeck et al. 2004).  
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Fig. 2.3. Distribution of phosphorylated amino acids among all the samples. Majority of 

the phosphoproteins identified were phosphorylated at Serine or Threonine residues, while 

only 1.6% of them were phosphorylated at Tyrosine residues.  

 

 

Among the differentially regulated phosphopeptides between all treatment sets, all 

phosphopeptides with a P-value<0.05 were selected. This gave a list of 202 

phosphopeptides, belonging to 127 proteins. Among the 127 proteins with differentially 

regulated phosphosites, 11 showed a fold-change greater than 40 with L-Lactate 

treatment at different time points compared to the control, indicating strong modulation 

by L-Lactate (Appendix Table A1).  
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2.3.2. L-Lactate regulates phosphorylation of proteins that contribute to 

structural changes in synapses 

I performed a Gene Ontology (GO) enrichment analysis to identify overrepresented 

molecular function components corresponding to the list of differentially regulated 

phosphoproteins. The False discovery Rate (FDR) was set at ≤0.05. Top Molecular 

Functions with greater number of phosphorylated proteins were “structural constituent to 

synapse” and “protein kinases activity” (Fig. 2.4). Interestingly, out of the 6 most 

enriched molecular function terms, half were related to cytoskeletal proteins. This 

suggests that L-Lactate regulates structural changes to the synapse, thereby, influencing 

the dendritic spine volume. L-Lactate highly increased the phosphorylation of 

microtubule-associated proteins like Mapre2 and Adducins.  A number of actin binding 

proteins like MARCKS, Ablim1, Epb41l1, epb41l3 were among this list. MARCKS 

(Myristoylated lanine-rich C kinase substrate) is a filamentous actin cross-linking protein, 

mainly expressed in synapses in neurons (Fong et al. 2017).  Its expression and 

phosphorylation are closely linked to growth cone detachment and stability of dendritic 

spines (El Amri et al. 2018). Add1 (adducin-1) is associated with synapse formation and 

stability of synapse (Bednarek and Caroni 2011). I also found proteins that are known to 

be involved in neurite growth like MAPRE2 (Microtubule-associated protein RP/EB 

family member 2) and Dync1 in my list (Arens et al. 2013). Syn1 (Synapsin1) also 

appeared to be differentially regulated by L-Lactate. Synapsins are neuron-specific 

phosphoproteins significantly involved in synaptogenesis and neuronal plasticity, 

including the regulation of synapse development, modulation of neurotransmitter release, 



 57 

and formation of nerve terminals (Jovanovic et al. 1996; Zhang and Zhao 2006). 

Interestingly, a protein, Apb1, which prevents the formation of Amyloid Precursor 

Protein fragments was found to be highly upregulated by L-Lactate (average fold change 

50 compared to control).  

 

 

 

Fig. 2.4. Gene Ontology analysis in Molecular Function category. GO graph showing 

enrichment of molecular functions for the differentially regulated phosphoproteins by L-

lactate (FDR ≤0.05, 127 proteins genes, two biological duplicates). 

 

 

Next, I determined the coverage of signaling pathways in our quantified 

phosphoproteome by performing pathway enrichment analysis using WebGestalt and the 

KEGG database for pathway analysis.   One of the enriched pathways is axon guidance 
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pathway. Axon guidance represents an essential process in the formation of neuronal 

networks during development. I found eight phosphoproteins that were differentially 

regulated by L-Lactate associated with axon guidance (Fig. 2.5). These were mostly 

proteins that are associated with the cytoskeleton. L-Lactate increased phosphorylation of 

an actin binding protein AbLIM1 (actin-binding LIM protein-1) which promotes neurite 

growth. I also found Plnx4, Efnb2 and Src among the list. Plnxa4 is a plexin, which are 

receptors for semaphorins that constitute the largest family of secreted and membrane-

anchored axon guidance cues (Kong et al. 2016). The binding of semaphorins to plexins 

induces signaling through GTPases and cytoskeleton-associated proteins. Activated 

Plnx4 downregulates Ras activity, which may lead to growth-cone repulsion (Bashaw and 

Klein 2010). Efnb2 is a ligand for Ephrin axon guidance receptors and signaling by 

Efnb2 has been implicated in axon repulsion involving src kinases (Palmer et al. 2002). 

In our list, L-Lactate reduced phosphorylation of proteins that are involved in axon 

repulsion. These results indicate that L-Lactate regulates the activity of a number of 

cytoskeletal proteins involved thereby, influencing the structure of the synapse.  
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Fig. 2.5. Detailed KEGG graph of the proteins involved in Axon Guidance pathway. The 

colored proteins represent phosphoproteins modulated by L-lactate at different time points, 

time (T=2, 5, 10, 15 and 30 min). The color gradient for each protein is arranged from T=2 

min to T=30 min from left to right. Green color represents up-regulation of proteins in L-

Lactate treated neurons compared to the control while red represents down- regulation 

compared to control.   
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2.3.3. Changes in phosphoproteins involved in MAPK Pathway upon L-

Lactate treatment. 

The Gene Ontology (GO) enrichment analysis for Molecular Function also included a 

high number of protein kinases corresponding to the list of differentially regulated 

phosphoproteins by L-Lactate treatment (Fig. 2.4). These include kinases from Erb 

signaling pathway, VEGF signaling pathway, cGMP-PKG signaling pathway as well as 

MAPK pathway. MAPK pathway is a key-signaling pathway in neurons that is involved 

in responses to synaptic activity, and NMDAR-dependent neuronal plasticity (Bluthgen 

et al. 2017; Sweatt 2001). MAPK signaling pathway has been shown to be regulated by 

L-Lactate in neurons (Yang et al. 2014). In my phosphoprotein set, I found 3 proteins 

from the ERK1/2 signaling pathway that were differentially regulated by L-Lactate (Fig. 

2.6). These were MAKKKK, MAPKK (B-Raf) and MAPK1. 

 

 

 

 

 

 

 

 



 61 

 

 

 

Fig. 2.6. Detailed KEGG graph of the proteins involved in MAPK signaling pathway. 

The colored proteins represent phosphoproteins modulated by L-lactate at different time 

points, time (T=2, 5, 10, 15 and 30 min). The color gradient for each protein is arranged from 

T=2 min to T=30 min from left to right. Green color represents up-regulation of proteins in 

L-Lactate treated neurons compared to the control while red represents down- regulation 

compared to control.   
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Since MAPK is a key signaling cascade in neurons and known to be modulated by L-

Lactate, I looked at the fold changes in the proteins involved in this pathway at different 

time points during L-Lactate treatment (Fig. 2.7). Compared to the control, L-Lactate 

treated samples showed a slight increase in the kinases, MAP4K4 and B-Raf, initiated at 

T=5 min, which rapidly went down at T=10 min and then returned to the basal state at 

T=30 minutes (Fig. 2.7 A, B).  

 

Phosphorylation processes are extremely dynamic and rapid, this data suggests that these 

proteins are phosphorylated quickly (T=5min) during which they phosphorylate the 

downstream proteins like MAPK1/ERK2. These proteins are then dephosphorylated 

quickly (T=5min to T=10 min) and return to their basal state by time T=30 min. MAPK1 

which is downstream of MAP4K4 and B-Raf, had an increase in phosphorylation 

compared to the control at all time points with the phosphorylation increasing until the 

highest time point, I recorded (T=30 min) (Fig. 2.7C).  
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Fig. 2.7. Time course of fold changes in proteins involved in MAPK pathway upon 

treatment with L-Lactate. (A) MAP4K4 phosphoprotein levels increased slightly on L-

Lactate treatment, followed by a dip and returned to basal states. (B) Expression of B-Raf 

isoform of Raf protein followed similar trend to MAP4K4. (C) MAPK1 levels increased on 

treatment with L-Lactate at all 5 time points (T=2, 5, 10, 15, 30 min) compared to control.  

 

 

During learning and memory formation, the activation of NMDAR leads to Ca2+ influx in 

the postsynaptic neuron. This Ca2+ influx in turn activates a number of signaling 

pathways that are involved in a multitude of diverse processes. Some of these pathways 

are responsible for the regulation of the cytoskeleton rearrangement at the synapse, and 

when activated could bring about structural changes in the spines of neurons (Lamprecht 

and LeDoux 2004). In this paradigm, actin remodeling at the spines of neurons has been 
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widely researched and has been shown to swiftly polymerize promoting cytoskeletal 

assembly and thus leading to the formation of new synaptic structures. (Hu and Reichardt 

1999; Letourneau 1996; Matus 2000). 

 

The regulation of such synaptic structural changes, especially those accompanying 

synaptic plasticity, has been shown to depend on the phosphorylation of several proteins 

such as ERK1/2, Creb, cofilin, among others and L-Lactate has been shown to regulate 

the phosphorylation of these proteins (Suzuki et al. 2011; Yang et al. 2014). L-Lactate 

has also been reported to play a role in axon growth, facilitating neurite outgrowth during 

early neuronal development (Chen et al. 2018; Lee et al. 2012). My phosphoproteomic 

analysis highlighted a number of cytoskeletal proteins involved in synapse remodeling as 

well as axon guidance that were regulated by L-Lactate. Axon guidance relies on a range 

of cellular events including the growth and guidance of neurites and the formation of 

synapses. Many of the molecular signals that regulate neural network formation are also 

involved in later stages of formation of neuronal connections during synaptic plasticity 

(Dickson 2002). Therefore, my results suggest that L-Lactate regulates the activity of a 

number of cytoskeletal proteins thereby, influencing the structure of the synapse. 

Moreover, these findings showed that L-Lactate induced phosphorylation of proteins 

involved in the MAPK pathway. These are consistent with an earlier study reporting an 

increase in phospho-ERK upon stimulation by L-Lactate (Yang et al. 2014).Taken 

together, the present study identified various proteins signaling cascades regulated by L-

Lactate, elaborating the signaling role of L-Lactate in neurons.  
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CHAPTER THREE- ROLE OF CAMKII IN POTENTIATION OF 

NMDAR SIGNAL BY L-LACTATE 

 

3.1. INTRODUCTION 

CaMKII is one of the most abundant kinases in the brain, constituting 1% of the total 

protein in the forebrain and 2% in the hippocampus (Erondu and Kennedy 1985).   

Calcium influx through the NMDAR in the postsynaptic neuron activates CaMKII, which 

translocates to the postsynaptic density (PSD) (Bemben et al. 2014). Activated CaMKII 

at PSD directly interacts with the NMDAR subunits GluN1 and GluN2B (Leonard et al. 

1999). Active CaMKII can potentiate excitatory synaptic transmission by driving new 

AMPAR to the synapse (Lisman et al. 2012). CaMKII has also been shown to be 

important for induction of LTP (Bayer et al. 2001). Studies have shown impaired learning 

in CaMKII knock out mice (Silva et al. 1992). 

 

Since CaMKII is implicated in learning and memory via interaction with NMDA receptor 

subunits, I wanted to study the involvement of CaMKII in L-Lactate mediated 

potentiation of NMDAR signal. For this purpose, I used two types of CaMKII inhibitors: 

KN-93 and CN21.  
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3.1.1. KN-93 

KN-93 is the most widely used CaMKII inhibitor used in cellular as well as in vivo 

models. The difference between KN-93 (methoxybenzenesulfonamide) and KN-62 is that 

it is water-soluble and can be applied to cell cultures (Sumi et al. 1991; Tokumitsu et al. 

1990).  Both are cell-permeable allosteric small molecule inhibitors as binding occurs 

outside the active site. KN drugs are reversible competitive inhibitors of CaM binding. 

They are not in competition with ATP. Hence, these inhibitors prevent kinase activity but 

do not affect autophosporylation. KN-93 binds to the CaM binding site and prevents 

Ca2+/CaM association with CaMKII autoregulatory domain, thus preventing the 

displacement of the autoregulatory domain. Thereby, T286 of autoregulatory domain 

isn’t exposed to the neighboring subunit for phosphorylation. However, if the CaMKII is 

activated and autophosphorylated, KN-93 does not inhibit it (Pellicena and Schulman 

2014). KN-93 inhibits both the α- and β-subunits of CaMKII. It does not affect the 

activities of PKA, PKC, MLCK, or Ca2+-phosphodiesterase. However, it has a number of 

off-targets like L-type Ca2+ channel, purinergic receptors, CaMKI and CaMKIV (Enslen 

et al. 1994) (Ledoux et al. 1999) (Gao et al. 2006). Hence, it’s important to use its 

inactive kinase analog KN-92 in parallel. Sensitivity to KN-93 along with insensitivity to 

KN-92 can be used to study the role of CaMKII and related kinases in physiological 

events (Brooks and Tavalin 2011).  

 

3.1.2. CN21 
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As mentioned earlier, since KN-93 blocks CaMKIV and other off targets and does not 

block autonomous activity of kinase, we used CaMKII substrate-derived peptide 

inhibitors that are thought to be more specific. These are derived from natural CAMKII 

inhibitor proteins called CaMKIIN, which are known to bind to the T-site of CaMKII. 

These potently inhibit CaMKII but not CaMKI, CaMKIV, PKA, or PKC (Chang et al. 

1998) (Chang et al. 2001). CaMKIIN was discovered by yeast two-hybrid screens for 

CaMKII-interacting proteins in cDNA library of rat brain. Two small inhibitory proteins 

were identified- CaM-KIIN β (79 amino acids) and CaM-KIINα, referred collectively as 

CaMKIIN. CaMKIIN inhibits both the total Ca2+/CaM dependent activity as well as the 

autonomous activity of CaMKII. CaMKIIN only interacts with activated CaMKII since 

the T-site of CaMKII are unavailable in in the absence of bound Ca2+/CaM suggesting 

that they dock to the T-site of CaMKII only after the displacement of the autoinhibitory 

domain during activation and binding of Ca2+/CaM (Pellicena and Schulman 2014). 

Although the inhibitor binds to the catalytic domain of CaMKII inhibition is non-

competitive with substrate (Chang et al. 2001). The core inhibitory domain of CaMKIIN 

protein was found to be limited to 28 amino acid residues in the C-terminal. A peptide 

containing these residues was generated and called CaMKIINtide (Chang et al. 1998). 

Follow up studies shortened this inhibitory peptide to 21 residues and termed it as CN21a 

(Vest et al. 2007). CN19 is a recent shortened version of 19 residues has been recently 

derived/synthesized (Coultrap and Bayer 2011). Mutations at CaMKII T-site block both 

binding of CN21a as well as GluN2B suggesting overlapping binding sites (Bayer and 

Schulman 2001) (Bayer et al. 2006).   
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3.2. MATERIALS AND METHODS 

3.2.1. Stimulation of Neurons with L-Lactate  

Neuronal cultures were prepared as described in Section 2.3.1. The cell cultures were 

treated by directly adding lactate (10 mM) for 5 min or 10 min. For blocking CaMKII 

activity, 5 µM KN-93/92 (purchased from Calbiochem) were added 30 min prior to 

stimulation while 1 µM tat-CN21/Scrambled CN21 (purchased from Calbiochem) were 

added 15 min prior to stimulation with L-Lactate. 

 

3.2.2. Protein extraction and quantification 

Cells were harvested in 200 µL of lysis buffer containing 50 mM Tris-HCl, 150 mM 

NaCl, 1% Nonidet P-40, and 1X protease and phosphatase inhibitor (CST, 5872). The 

cell extract was disrupted by sonication and cell debris were removed by centrifugation at 

12,000 g for 10 min at 4 °C. The total amount of protein in the extracts was determined 

with the Thermo Scientific Pierce BCA Protein Assay Kit, according to the 

manufacturer’s protocol.  

 

3.2.3. Western Blot (WB) Analysis 
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NuPAGE Sample Buffer (Invitrogen) and 10% β-mercaptoethanol (ThermoFisher) were 

added to protein samples followed by heating at 95°C for 5 minutes. The denatured 

protein samples (10 µg) were loaded on 10% polyacrylamide gels containing SDS to 

separate proteins according to their molecular weight. To increase the resolution of the 

protein separation a discontinuous buffer system was used. The proteins were 

concentrated in the stacking gel and separated in the lower resolving gel. After gel 

electrophoresis, the proteins were transferred to PVDF (polyvinylidene diflouride) 

membrane (Bio-Rad Laboratories) at 100V for 1.5 hours. The membrane was then 

blocked with 5% skim milk diluted in PBS-0.1% Tween (PBS-Tween) for 1 hour at room 

temperature. After blocking, the membranes were immunostained with an anti-P-ERK 

1/2 antibody (dilution 1:2000, CST-4370), anti-ERK antibody (dilution 1:2000, CST-

4695), anti-CaMKIIa antibody (dilution 1:4000, Thermo Scientific- MA1-048), anti-

1:2000 P-CaMKII (T286) antibody (dilution 1:2000, CST-12716) or anti-a-tubulin 

antibody (dilution 1:50,000 Abcam-ab11304) overnight at 4 °C. The membranes were 

washed with PBS-Tween thrice for 5 min to remove the unbound primary antibody. The 

membranes were then incubated with anti-mouse or -rabbit HRP-conjugated secondary 

antibody for 1 hour at room temperature. Membranes were washed with PBS-Tween 

thrice for 5 min to remove the unbound secondary antibody. Finally, blots were revealed 

with an enhanced chemiluminescence Western blotting detection system (ECL Prime, 

GE) and digitally scanned using the Amersham 600 Imager (GE Healthcare, USA) for 

analysis. The bands were quantified according to their intensity using ImageJ software 

and bands were normalized to their a-tubulin content. The bands corresponding to p-

ERK1and p-ERK2 were pooled for quantifying their intensity.  
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3.3. RESULTS 

3.3.1. L-Lactate increases the phosphorylation of ERK1/2 

In neurons, rise in free intracellular calcium concentrations due to activation of NMDA 

receptors initiates signaling cascades that regulates the expression of genes associated 

with plasticity, learning and memory (Dingledine et al. 1999; Hardingham et al. 2002). 

One of these signaling cascades, the ERK 1/2 pathway, has been shown to have a role in 

memory (Sweatt 2004). Activated ERK1/2 regulates the AMPA receptor trafficking, 

promoting structural modifications in spines (Patterson et al. 2010). It also regulates the 

expression of transcription factors involved in the transcription of genes associated with 

memory (Chwang et al. 2007).  

 

L-Lactate has been reported to induce the expression of plasticity related genes as well as 

ERK1/2 pathway (Yang et al. 2014). In order to verify whether this effect of L-Lactate, I 

applied L-lactate to primary neuronal cultures of the mouse neocortex and observed the 

changes in ERK1/2 phosphorylation in a time-dependent manner. With the 

phosphoproteomic experiments, I found that changes in ERK1/2 phosphorylation can be 

observed from as minimum as 2 minutes post L-Lactate stimulation and are sustained up 

to 30 min. For the following experiments, I decided to limit my observations to two time 

points: five and 10 minutes. Increased ERK 1/2 phosphorylation occurred after 5 min and 

10 min following 10 mM L-lactate application (2.5-fold increase in 5 min and 2.2-fold 

increase in 10 min vs. control (Fig. 3.1). This is consistent with the effect of L-Lactate on 



 71 

ERK1/2 pathway as reported earlier (Yang et al. 2014). These results indicate the effect 

of L-Lactate on potentiation of NMDAR signals involves the ERK1/2 signaling cascade.   

 

 

Fig. 3.1. L-Lactate activates the ERK1/2 signaling pathway in cultured neurons. 

Representative immunoblots and quantification for levels of ERK 1/2 phosphorylation 

normalized to a-tubulin after a 5-min and 10-min application of 10 mM L-Lactate (n=4, 

independent experiments). ERK1/2 blot is shown to signify that levels of total ERK1/2 are 

same in all conditions. The data is expressed as mean ± SEM *P ≤ 0.05 with respect to 

control using one-way ANOVA.  
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3.3.2. Blocking CaMKII activity abrogates the L-Lactate mediated activation 

of ERK1/2 signaling pathway 

CaMKIIa has been reported to be involved in triggering the ERK1/2 pathway following 

NMDAR activation in cultured cortical neurons (El Gaamouch et al. 2012).  In order to 

investigate whether CaMKII has a role in L-Lactate mediated increase in ERK1/2 

phosphorylation, I blocked the activity of CaMKII using the KN-93 inhibitor. KN-93 is a 

competitive inhibitor of the CaM binding site. Treatment with 5 µM KN-93, 30 minutes 

prior to and during L-Lactate application significantly blocked the L-Lactate induced 

increase in ERK1/2 phosphorylation at both time points. (Fig. 3.2). Since KN-93 is 

known to have a number of off-targets like CaMKI and CaMKIV (Gao et al. 2006; 

Ledoux et al. 1999), I used it’s inactive kinase analog KN-92 in parallel experiments. 

KN-92 did not have any effect on L-Lactate mediated changes in ERK1/2, showing that 

the effect of KN-93 was specific to CaMKII blocking. These results suggest that CaMKII 

plays a role in L-Lactate induced activation of ERK1/2 pathway.  
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Fig. 3.2. Inhibition of CaMKII activity blocks the increase in ERK1/2 phosphorylation 

induced by lactate. Representative immunoblots and quantification for levels of ERK 1/2 

phosphorylation normalized to a -tubulin in control condition or addition of L-Lactate for 5 
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min and 10 min, in the presence or absence of KN-93 (5 µM) or it’s inactive analog KN-92 

(5 µM). (-) indicates that KN-93/ KN-92 were not added while (+) indicates KN-93/KN-92 

were added. n=3, independent experiments. The data is expressed relative to the respective 

controls without the drugs, specified here as Ctrl (-). The values are Mean ± SEM *P ≤ 0.05, 

**P≤ 0.01, ****P≤ 0.0001with respect to control using one-way ANOVA. # P≤ 0.05, ## P≤ 

0.01 between two conditions using two-way ANOVA, followed by Bonferroni’s multiple 

comparison test.  

 

 

3.3.3. L-Lactate does not increase phosphorylation of CaMKIIa at T286 in 

cultured neurons 

CaMKII activity can be regulated by autophosphorylation at Threonine (T)-286. In 

activated CaMKII, phosphorylation at T286 keeps CaMKII constitutively active, leading 

to a Ca2+ independent activity even after calcium levels fall to basal state (Meyer et al. 

1992) . In order to see if the effect of L-Lactate on potentiation of NMDAR signal is 

mediated through constitutive activity of CaMKII, I checked the changes in T286 

phosphorylation in CAMKII. The antibody used for immunoblotting recognizes T286 

phosphorylation of both a and b isoforms of CaMKII. L-Lactate did not increase 

CaMKIIa and b at T286 for both the time points (Fig. 3.3). This implies that L-Lactate 

does not increase autophosphorylation of CAMKII, thereby, its activity in neurons.  
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Fig. 3.3. L-Lactate does not increase phosphorylation of CaMKIIa at T286 in cultured 

neurons. Representative immunoblots and their quantification for levels of T286 

phosphorylation in CaMKIIa normalized to total CaMKIIa after a 5-min and 10-min 

application of 10 mM L-Lactate. (n=3, independent experiments). The values are represented 

as Mean ± SEM relative to the control value as mean ± SEM *P ≤ 0.05 with respect to 

control using one-way ANOVA.  

 

 

I also checked the autophosphorylation of CaMKII in these cultures in the presence or 

absence of KN-93/KN-92. KN-93 binds to the CaM binding site and prevents Ca2+/CaM 
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association with CaMKII autoregulatory domain, thus preventing the displacement of the 

autoregulatory domain. Thereby, T286 of autoregulatory domain isn’t exposed to the 

neighboring subunit for phosphorylation (Pellicena and Schulman 2014). Consistent with 

the activity of KN-93, I saw that T286 autophosphorylation was blocked in treatments 

containing KN-93, while its inactive analog KN-92 did not affect T286 

autophosphorylation of CaMKII (Fig. 3.4). These results show that KN-93 indeed 

specifically blocked activity of CAMKII in my experiments. In addition, I checked T286 

CaMKII autophosphorylation in neurons in the presence of L-lactate and KN-93. As 

observed previously, L-Lactate does not increase activity of CaMKII. Also, L-Lactate 

does not interfere with the inhibition of CaMKII activity by KN-93. 
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Fig. 3.4. KN-93 blocks autophosphorylation of CaMKII. Representative immunoblots and 

their quantification for levels of T286 phosphorylation in CaMKIIa normalized to total 

CaMKIIa after a 5-min and 10-min application of 10 mM L-Lactate in the presence or 

absence of KN-93 (5 µM) or it’s inactive analog KN-92 (5 µM). (-) indicates that KN-93/ 
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KN-92 were not added while (+) indicates KN-93/KN-92 were added. (n=2, independent 

experiments). KN-93 significantly blocked T286 phosphorylation in CaMKIIa. The data is 

expressed relative to the respective controls without the drugs, specified here as Ctrl (-). The 

values are Mean ± SEM ## P≤ 0.01 between two conditions using two-way ANOVA, 

followed by Bonferroni’s multiple comparison test. 

 

 

 

3.3.4. Blocking CaMKII interaction with GluN2B abrogates the L-Lactate 

mediated activation of ERK1/2 signaling pathway 

In the experiments using KN-93, I observed the effect of L-Lactate on increase in 

ERK1/2 phosphorylation is via CaMKII (Fig. 3.2). Since KN-93 inhibits CaMKI, 

CaMKIV and some other off-targets as well, I used another CaMKII blocker which is an 

inhibitory peptide called CN21. CN21 potently inhibits CaMKII but not CaMKI, 

CaMKIV, PKA, or PKC (Chang et al. 1998). CN21 is a hydrophilic peptide which cannot 

cross the plasma membrane of neurons. To aid this, it is fused to TAT peptide. The TAT 

peptide (YGRKKRRQRRR) is a cell-penetrating peptide derived from the trans- activator 

of transcription (TAT) protein of human immunodeficiency virus-1 (HIV-1) (Vives et al. 

1997). CN21 interacts with activated CaMKII and binds at the T-site after the 

displacement of the autoinhibitory domain due to activation and binding of Ca2+/CaM 

(Pellicena and Schulman 2014). Since in this case, he autoregulatory domain is displaced, 

T286 site is available for autophosphorylation. Thus, CN21 should not affect 

autophosphorylation at T286. To confirm this, I checked the phospho-T286 levels in 
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neurons treated with tat-CN21 and a negative control of CN21 that contains the TAT 

sequence fused to a scrambled peptide sequence (tat-Scr). As expected, there were no 

changes in phopsho-T286 in the presence of CN21 (Fig. 3.5).  
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Fig. 3.5. CN21 does not inhibit autophosphorylation of CaMKII. Representative 

immunoblots and quantification of phosphor-T286- CaMKIIa levels normalized to total 

CaMKIIa after a 5-min and 10-min application of 10 mM L-Lactate. (n=2, independent 
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experiments). There is no change in phospho-T286 between the control and tat-CN21-treated 

cells.  The data is expressed relative to the respective controls without the inhibitory peptides, 

specified here as Ctrl (-). The values are Mean ± SEM using two-way ANOVA, followed by 

Bonferroni’s multiple comparison test. 

 

 

I then checked the L-Lactate induced changes in phospho-ERK1/2 levels in the presence 

of CN21. Treatment with 1 µM tat-CN21, 15 minutes prior to and during L-Lactate 

application significantly blocked the L-Lactate induced increase in ERK1/2 

phosphorylation at both time points. (Fig. 3.6). This effect was specific to the blockade of 

CaMKII activity by CN21 since the control peptide (tat-Scr) did not block the effect in 

parallel experiments. These results suggest that CaMKII is involved in the L-Lactate 

induced activation of ERK1/2 pathway (Fig. 3.7). Studies have shown that the 

cytoplasmic tail of GluN2B subunit of the NMDA receptor binds to CaMKIIα at the T-

site of CaMKII (Bayer et al. 2006; Strack et al. 2000). Since the inhibitory peptide CN21 

blocks CaMKII activity by binding at T-site, the site where GluN2B binds, it not only 

blocks the activity of CaMKII but also blocks interaction between CaMKII and GluN2b 

(Bayer et al. 2006; Bayer and Schulman 2001).  
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Fig. 3.6. Inhibition of CaMKII activity blocks L-Lactate induced increase in ERK1/2 

phosphorylation. Representative immunoblots and their quantification for levels of ERK 1/2 

phosphorylation normalized to a -tubulin in control condition or addition of L-Lactate for 5 

min and 10 min, in the presence or absence of tat-CN21 (1 µM) or the scrambled peptide (1 
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µM). (-) indicates that tat-CN21/tat-Scr were not added while (+) indicates tat-CN21/tat-Scr 

were added. n=3, independent experiments. The data is expressed relative to the respective 

controls without the drugs, specified here as Ctrl (-). The values are Mean ± SEM *P ≤ 0.05 

with respect to control using one-way ANOVA. # P≤ 0.05 between two conditions using two-

way ANOVA, followed by Bonferroni’s multiple comparison test. 

 

 

Several studies have coupled the GluN2B-containing NMDARs to ERK1/2 activation 

(Chen et al. 2007b; Melgarejo da Rosa et al. 2016), including in hippocampal neurons 

(Gao et al. 2010). The expression of GluN2B is high prenatally while GluN2A expression 

begins during the first postnatal weeks and gradually increases until mature synapses 

contain both GluN2A and GluN2B (Flint et al. 1997) (Sheng et al. 1994). The interaction 

between GluN2B and the α isoform of CaMKII has also been reported to have a role in 

long-term plasticity by controlling the ERK1/2 signaling pathway (El Gaamouch et al. 

2012) 

 

For my studies, I used 12-14 DIV cortical neurons, these are representative of a 

developing circuit model, a period during which the expression of GluN2B is higher. 

Based on the mentioned studies and the results I observed with use of different blockers 

of CaMKII, it can be hypothesized that the effect of L-Lactate on the NMDAR-dependent 

increase in ERK1/2 phosphorylation requires GluN2B binding to CaMKIIα. Fig. 3.7 

illustrates the modes of action of different blockers on activity of CaMKII and their 

proposed effect on CaMKII-GluN2B binding. Further experiments targeting this 
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interaction will provide definite insight into the molecular events by which L-Lactate 

potentiates NMDAR signal. 

 

 

Fig. 3.7. Modes of action of different blockers on activity of CaMKII and their proposed 

effect on CaMKII-GluN2b binding. The figure shows the catalytic domain along with the 
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regulatory domain (green) of one CaMKII subunit. In the inactive state, the regulatory α-

helix (ribbon) interacts with the T-site and prevents access to the substrate binding S-site. (A) 

Binding of Ca2+/CaM displaces the regulatory domain, exposing the catalytic cleft for 

substrate binding at S-site.  The regulatory domain can be autophosphorylated by a 

neighboring subunit at the T286 site, which prevents it binding back to the T-site, keeping 

CaMKII constitutively active, leading to a Ca2+ independent activity even after calcium levels 

fall to basal state. (B) KN-93 binds to the CaM binding site and prevents Ca2+/CaM 

association with CaMKII autoregulatory domain, thus preventing the displacement of the 

regulatory domain. Hence, GluN2B cannot bind to the CaMKII T-site. (C) CN21 interacts 

with activated CaMKII and binds at the T-site after the displacement of the regulatory 

domain, thus, occupying the T site, and preventing binding of GluN2B. 
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CHAPTER FOUR- PHARMACOGENETIC CHARACTERIZATION 

OF L-LACTATE ENHANCEMENT OF NMDAR RESPONSES VIA 

INTERACTION WITH CAMKIIa 

 

4.1. INTRODUCTION 

In the previous chapter, I studied the possible involvement of CaMKII in the L-Lactate-

mediated potentiation of the NMDAR current using primary neuronal cultures. The 

neuronal cultures were used at DIV 12-14 which represents a developing circuit model 

during which the expression of GluN2B is higher, which leads to a higher contribution of 

GluN2B towards promoting LTP (Yoshimura et al. 2003). Also, the pharmacological 

inhibitors of CaMKII used in the previous chapter act on both CaMKIIa and CaMKIIb. 

In order to understand the molecular mechanism through which L-Lactate potentiates 

NMDAR, we developed a simple model using HEK cells, which do not endogenously 

express NMDAR or CaMKII. To exogenically express NMDAR in HEK cells, we 

transiently transfected HEK cells with a plasmid encoding GluN1 and GluN2B subunits 

of NMDA receptor. Using the HEK cell model offered us several advantages. These cells 

are easy to transfect with high transfection efficiency which is an important requirement 

for us since we transfect them with three types of proteins- GluN1, GluN2B and 

CaMKIIa. We can also express variants subunits bearing mutations to identify possible 

sites on NMDAR that are directly or indirectly involved in the potentiation of NMDAR 
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responses by L-Lactate. HEK cells grow quickly and are easy to maintain too. These cells 

express MCT1, an isoform of monocarboxylate transporters (MCT), which are required 

for transporting L-Lactate into the cell (Ahlin et al. 2009; Halestrap and Wilson 2012). 

Since HEK cells do not express CaMKIIa, we constitutively expressed CaMKIIa and 

transiently expressed GluN1 and GluN2B receptors in them.   

 

This chapter begins with the optimization of conditions for transfection of HEK cells 

along with the constitutive expression of CaMKIIa. We then characterized this model 

and used it to perform electrophysiology recordings. Finally, we mutated the GluN2B 

subunit plasmid by introducing two point mutations within the cytoplasmic tail of 

GluN2B. Mutant#1 had Leucine (L)1298 replaced by Alanine (A) and Arginine (R)1300 

by Glutamine(Q) whereas Mutant#2 had R1300 replaced by Glutamine(Q) and Serine 

(S)1303 to Aspartic Acid(D) (Fig. 4.1). These mutations were created on the basis of in 

vitro studies which demonstrated that these sites inhibit binding to CaMKII (Strack et al. 

2000). We used these mutants in order to study if the effect of L-Lactate is via the 

CaMKIIa-GluN2B interaction. Each mutation individually blocks CaMKIIa binding to 

GluN2B (Halt et al. 2012).  
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Fig. 4.1. Sites of mutation in GluN2B. We mutated the GluN2B subunit plasmid by 

introducing two point mutations within the cytoplasmic tail of GluN2B. Mutant#1 had 

Leucine (L)1298 replaced by Alanine (A) and Arginine (R)1300 by Glutamine(Q) whereas 

Mutant#2 had R1300 replaced by Glutamine(Q) and Serine (S)1303 to Aspartic Acid(D) 

 

 

4.2. MATERIALS AND METHODS 

4.2.1. Growth and maintenance of HEK cell cultures 

The HEK 293 cell line was purchased from ATCC (CRL11268) and cultured in complete 

DMEM medium (31966, Thermo Fisher) supplemented with 10% Heat-Inactivated-Fetal 
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Bovine Serum (HI-FBS) and 1% penicillin/Streptomycin (Life Technologies, Europe) at 

37°C in an atmosphere of 5% carbon dioxide (CO2) / 95% air in a humidified growth 

incubator. 

 

4.2.2. Transient transfection and expression of GluN1 and GluN2B and in 

HEK 293 cells 

The cationic lipid-based transfection reagent, Lipofectamine 2000 (Life Technologies, 

CA) was used to transiently transfect HEK 293 and HEK 293+ CaMKIIa cells. Plasmid 

DNA was diluted in a media without glutamate, glutamine or FBS (D5030, Sigma) and 

vortexed gently to mix. Lipofectamine was also diluted in the same media. The 

lipofectamine: DNA ratio used was 2:1. DNA and lipofectamine were mixed and 

incubated for 20 mins at RT and then added dropwise to cells in culture. To block 

activation of NMDAR, 200 μM ketamine was added. Plasmids used for transfection, 

GluN1(Accession Number NM_008169.3/Clone ID OMu21895) and GluN2B (Accession 

Number NM_00817.3/Clone ID OMu22276) in the pcDNA 3.1+ vector, were purchased 

from GenScript (NJ, USA). 

 

4.2.3. Constitutive expression of CaMKIIa in HEK cells 



 90 

Plasmid containing CaMKIIa gene was purchased from Origene in the pCMV6-Entry 

vector (gene accession number NM_177407). HEK 293 cells were transfected with 

CaMKIIa plasmid using lipofectamine. Cells were split twice, after which the media was 

replaced with selective media containing G418. This antibiotic, which is toxic to cells, is 

used to screen for resistant mammalian cells which have incorporated the plasmid in their 

DNA and express the neo and the CaMKIIa genes. The neo gene encodes the amino-

glycoside 3’-phosphotransferase; an enzyme which renders the cell resistant to G418. The 

media was changed every 2 days to replenish the antibiotic. After 10 days, healthy 

coloniesin the petri dish resulting from single cells were isolated using cloning cylinders. 

Trypsin was added to the cloning cylinders to detach the cells and cells were grown in 

new plates and maintained with G418 antibiotic. When the cultures reached 80-90% 

confluency, mRNA and protein were extracted to check for the expression of CaMKIIa.  

 

4.2.4. Introducing targeted mutations into the GluN2B plasmid 

To introduce the point mutations L1298A/R1300Q in Mutant#1 and R1300Q/S1303D in 

Mutant#2, I used a PCR-mediated site-directed mutagenesis strategy. I designed forward 

primers containing the targeted mutations and performed PCR reaction to incorporate 

these mutations using the pcDNA plasmid containing the WT GluN2B as the template. 

All primers for cloning were obtained from Sigma. Primers were salt-free. Primer stock 

solutions of 100 μM were stored at -20 °C. 
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Table 4.1. Sequence of primers used for introducing target mutations 

Name Sequence (5’ -3’) 

 

For/rev Use 

GluN2B 

LR/AQ 
Fwd 

GCGCGCCAGCAGCACTCC
TACGACACCTTCGTG 

 

for Introduction of mutations 
L1298A/R1300Q 

GluN2B 

LR/AQ 
-Rev 

TTTGTTCCGATTCTTCTTCT
GGGCCTTG 

 

rev The other set for 
L1298A/R1300Q 

GluN2B 

RS-QD 
Fwd 

CAGCAGCACGACTACGAC
ACCTTCGTGGACCTGC 

 

for Introduction of mutations 
R1300Q/S1303D 

GluN2B 

RS-QD 
Rev 

GCGCAGTTTGTTCCGATTC
TTCTTCTG 

 

rev The other set 
R1300Q/S1303D 

 

 

For PCR amplification using KOD polymerase (Novagen), 10 ng of DNA was mixed 

with 0.3 µM each of forward and reverse primers, 0.2 mM each dNTPs and 0.02 U/ µL of 

KOD DNA polymerase in 1X KOD Hot Start DNA Polymerase Buffer. The buffer was 

supplemented with 1.5 mM MgSO4. The reaction volume was 25 µL. Amplification was 

performed using the cycling conditions mentioned in Table 4.2. 
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Table 4.2. KOD polymerase PCR conditions 

Step Temp  Time No. of cycles 

Polymerase 

activation 

95 °C 2 min 1 

Denaturation 95 °C 20 sec 30 

Annealing Tm- 5°C 10 sec 

Extension 70 °C 3 min 

 

 

The PCR product was treated with Dpn I endonuclease which is specific against digesting 

methylated and hemi-methylated DNA (produced by Dam+ E.coli), in order to digest the 

parental DNA template and keep only the mutated copies. The mutated plasmid was gel 

purified. The target vector was self-ligated using T4 DNA Ligase (NEB). 100 ng of 

vector DNA was mixed with 1.5 units of T4 DNA Ligase and 1 µL 10 mM ATP in 1X 

Ligation buffer in a total volume of 10 µL. The ligation reaction was incubated overnight 

at 16°C.The plasmid was transformed into Top10 competent E.coli cells.  

 

4.2.5. Transformation of bacteria 

OneShot TOP 10 Chemically Competent E.coli cells (ThermoFisher Scientific) were 

transformed with 2 µL of the ligation mix. To begin with, the competent cells were 
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thawed on ice and mixed gently with the plasmid. DNA. The cell/ DNA mixture was 

cooled on ice for 15 min. After which, the cell/DNA mixture was heat shocked at 42°C 

for 45 seconds. The cells were then chilled on ice for 2 minutes and then mixed with 250 

µL of SOC media. The bacteria were then incubated 37°C for 1hr with shaking at 500 

rpm. The cells were streaked on LB plates containing 25 mg/L ampicillin for selection.  

 

4.2.6. Purification of plasmid DNA 

For the purification of plasmid DNA, Qiagen Plasmid Miniprep kit (ThermoFisher 

Scientific) was used according to the manufacturer´s instruction. A volume of 3 mL of 

bacterial miniculture was lysed. The lysate was cleared by centrifugation and applied on 

the silica column to selectively bind DNA molecules at a high salt concentration. The 

adsorbed DNA was then washed to remove contaminants, and the pure plasmid DNA was 

eluted in water. 

 

4.2.7. Analysis of the plasmid DNA and sequencing for verifying the presence 

of targeted mutations 

The concentration of DNA was determined by spectrophotometry using the Nanodrop 

spectrophotometer. The mutant plasmids were sent for Sanger Sequencing to the KAUST 

Bioscience Core labs (KAUST, Thuwal, KSA) in order to verify the presence of desired 

mutations as well as to check if there were not any random mutations. Sequencing 
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primers were designed to cover the entire GluN2B gene along with the mutation. The 

sequencing results were analyzed using SnapGene software (GSL Biotech,USA). 

 

4.2.8. Glutamate stimulation time course 

HEK 293 and HEK 293+ CaMKIIa cells were plated at 1 million per well in 35 mm 

dishes. The cells were transfected with 2 μg of plasmid DNA coding the GluN1+GluN2B 

subunits along with 200 μM ketamine. After 24 hours, the media was changed twice to 

wash away the ketamine. The cells were left for 30 min in the incubator to habituate them 

with the fresh media. After 30 min, 1 μM glutamate and 100 μM glycine was applied to 

stimulate the NMDAR. Protein was harvested at different times post stimulation. 

 

4.2.9. Cell lysis conditions for extracting membrane protein 

For the Co-Immunoprecipitation (Co- IP) experiments, since the goal was to study the 

functional interaction between GluN2B subunit containing NMDAR and CaMKIIa, I 

first set out to enrich the cellular membrane fraction from the lysate. Cells transfected 

with NMDAR subunits were harvested and homogenized in Sucrose Fractionation Buffer 

and spun at 200 g for 5 min. The resulting pellet was dissolved in 1% NP-40 Lysis 

Buffer. Buffers containing non-ionic detergents (NP-40 and Triton X-100) are less likely 

to disrupt protein–protein interactions. We also avoided vortexing or sonicating the cells 

to preserve protein–protein interactions.  
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4.2.10. Immunoprecipitation (IP) 

The membrane fraction dissolved in 1% NP-40 buffer was pre-cleared by incubating with 

50 uL Dynabeads® Protein G (Invitrogen) for 30 min at 4°C under constant rotation. The 

lysate was then incubated overnight with 3 μg of anti- GluN2B antibody (Millipore, 06-

600) or Isotype Control IgG (Rabbit IgG, Millipore) and 50 μl of Dynabeads® Protein G 

at 4°C under constant rotation. The beads, antibody-antigen complex was washed three 

times with 1% NP-40 lysis buffer containing 150 mM NaCl and three times with 1% NP-

40 containing 300 mM NaCl (200ul/wash) to mitigate unspecific binding. The beads 

were resuspended in 30 ul ice-chilled phosphate buffer saline. 2X Laemmli buffer 

containing 10% β-mercaptoethanol were added to the beads-antibody-antigen 

complexand incubated 10 minutes at 70°C. The resulting samples were subjected to SDS-

PAGE, transferred to PVDF membrane, and immunostained with 1:1000 dilution 

GluN2B antibody (4207, CST) or 1:4000 dilution CaMKIIa antibody (MA1-048, 

Thermo Scientific).  

 

4.2.11. Western Blot 

Western blotting was performed as described in Section 3.2.3. The antibodies used for 

immunostaining were P-ERK 1/2 (dilution 1:2000, ThermoFisher-MA5-15174), GluN2B 

antibody (dilution 1:1000, CST-4207), CaMKIIa (dilution 1:4000, Thermo Scientific- 

MA1-048) and  a-tubulin (dilution 1:50,000 Abcam-ab11304). 
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4.2.12. Whole cell patch clamp recordings 

HEK 293 cells expressing or not CaMKIIa were plated on 35 mm dish containing 5 poly-

D-lysine coated coverslips at a density of 250,000 cells per dish. After 24 hours, the cells 

were transfected with 2 ug GluN1, 2 ug GluN2B and 0.5 ug GFP plasmids to visualize 

the transfected cells. The recordings were performed 24 hours after transfection. During 

the recordings, cells were perfused in a modified Hank’s buffered saline solution (HBSS) 

containing 135 mM NaCl, 3 mM KCl, 5 mM D-glucose ,10 mM HEPES, 2 mM CaCl2, 

and 1 mM MgCl2 at pH 7.4 and 310 ± 5 mOsm (adjusted by adding sucrose). Pipettes 

used for recording were pulled from glass capillaries (B 150-110-10 HP, Sutter 

Instrument) using a flaming/brown micropipette puller (Model P-1000 Sutter Instrument, 

USA). The pipettes (resistance 3-5 MΩ) were filled with intracellular solution containing 

0.3 mM Na2-GTP, 2 mM Na2-ATP 130 mM CsCl, 10 mM HEPES, 10 mM EGTA, 1 mM 

CaCl2 and 1 mM MgCl2 at pH 7.30 and at 280 ± 5 mOsm (adjusted by adding sucrose).  

Cells were stimulated using a Picospritzer III (Parker) with repetitive puffs (xx psi, 20 ms 

duration, 30 sec interval) from a glass micropipette placed 50 μm away from the cell 

body and filled with a mixture of 50 uM glutamate and 100 uM glycine in HBSS. 

Perfusion with HBSS was used for the control and washout while 10 mM sodium L-

lactate was substituted for 10 mM NaCl for the lactate condition.  

 

Cell selection and patch-clamping was done using an inverted microscope (Zeiss AX10). 

GFP fluorescence was used for selecting transfected cells. For all experiments, cells were 

patched and clamped at a resting potential of −30 mV. Signals were amplified by 
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Multiclamp 700B amplifiers (Axon Instruments) and digitized by 1550 DigiData from 

Axon Instruments to a PC computer running Clampex 10.6. All currents (sampling 

interval 10 kHz) were low-pass filtered at 0.2 kHz. Recordings that had an unstable 

baseline or drifting >−200 pA were not included. Peak current responses and decay time 

were recorded while cells were voltage-clamped at +40mV for repetitive outward 

responses and from -40 to +60 mV for the I-V curves. The analysis and statistics were 

performed using the pCLAMP software (Axon Instruments.). All summary data are 

represented as mean ± standard error mean. 

 

4.2.13. Statistical Analysis 

Statistical analysis was performed using GraphPad Prism version 8.01 (GraphPad 

Software, Inc.). Means and SEMs were calculated. Statistical significance was calculated 

using one-way or two-way analysis of variance (ANOVA). 

 

4.3. RESULTS 

4.3.1. Expressing functional NMDAR and CaMKII in HEK cells 
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The first step to generate a pharmacogenetic model expressing functional NMDAR was 

to cotransfect pairs of NMDAR subunits in HEK cells. The main advantages of this cell 

line is that it does not express endogenous NMDAR subunits. Moreover, HEK cells can 

be transfected with high efficiency with plasmids and express large amount of protein 

from transgene under the control of CMV promoter. The transfection reagent used was 

lipofectamine 2000 which facilitates the delivery of DNA into the cells. Optimization of 

transfection conditions is essential for the highest-efficiency transfections and the lowest 

toxicity.  

 

I used two methods for transfection-Lipofectamine and CaPO4. In order to determine the 

efficiency of transfection using Lipofectamine versus CaPO4, I used two vectors 

expressing fluorescent proteins so that I could evaluate the transfection efficiency based 

on the number of cells showing expression of those fluorescent proteins. The vectors used 

for transfection in this experiment were pcDNAGluN1 and pCAG-GFP and pcDNA 

GluN2B and pCAG-tdTomato in a 1:1 ratio. I found that Lipofectamine 2000 gives a 

higher transfection efficiency as shown in Fig. 4.2. 
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Fig. 4.2. Transfection of HEK cells with NMDAR subunits. Fluorescent images showing 

the expression levels of GluN1-GFP and GluN2B-tdTomato proteins 24 hours after 

transfection with Lipofectamine 2000 or CaPO4. 

 

 

Following the transfection of GluN1 and GluN2B subunits into HEK cells, I verified the 

expression of NMDAR subunits at the mRNA as well as protein levels at different time 

points. I saw that the expression of mRNA and protein of both the subunits increased 

with time. Based on this data, I chose to perform our stimulations between 20-24 hours in 

the subsequent experiments (Fig. 4.3). 
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Fig. 4.3. Expression of NMDAR subunits in HEK cells upon transfection. The expression 

of NMDAR subunits- GluN1 and GluN2B at (A) mRNA and (B) protein levels after 0 to 24 

hours post- transfection 

 

 

We were interested in studying the interaction between CaMKIIa and GluN2B. Since 

HEK cells do not express CaMKIIa, we generated and maintained a HEK cell line that 

constitutively expressed this protein (as described in section 4.2.3). We chose to 

constitutively express CaMKIIa, since we were already transiently transfecting HEK 

cells with two plasmids containing NMDAR subunits and adding a third plasmid 

(CaMKIIa) to cotransfect with would reduce the transfection efficiency. In this thesis, 

the stable cell line expressing CaMKIIa  is referred to as HEK 293+ CaMKIIa  while the 

cell line without CaMKIIa is referred to as HEK 293. We checked the constitutive 

expression of CaMKIIa protein in HEK cells by Western blot after a few passages. Fig. 
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4.4 shows that we could successfully maintain CaMKIIa expression in the HEK 293+ 

CaMKIIa cell line. 

 

 

 

Fig. 4.4.  Constitutive expression of CaMKIIa in HEK cells upon transfection. Western 

blot showing constitutive expression of CaMKIIa protein in HEK 293+ CaMKIIa cell line 

compared to HEK 293 line. 

 

4.3.2. Validating that the model is functional  

In neurons, overactivation of NMDARs results in a large excitotoxic increase in 

intracellular calcium concentration, leading to cell death (Choi et al. 1987). Hence, co-

expression of GluN1 and GluN2B subunits in HEK cells is known to cause cell death 

unless the NMDAR ion channel activation is blocked by inhibitors (Anegawa et al. 
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1995). I compared viability of HEK cells expressing NMDAR with and without the 

NMDAR blocker ketamine. I observed that in cultures without ketamine, 61.5± 8.2% of 

the cells died compared to the cells with ketamine. This provided us with evidence that 

our transfected cells indeed expressed functional and active NMDAR.  

 

We also confirmed the activity of NMDAR in our two HEK cell lines by performing 

patch clamp recordings. On binding of glutamate and glycine to NMDAR, the channel 

opens, leading to an influx of Na+ and Ca 2+ ions. At rest this leads to an inward current 

which can be recorded by performing whole cell patch clamp experiments. Hence, these 

experiments can provide detailed characterization of the ion channel function.  

 

Upon stimulation with puffs (20 ms duration) of 50 μM glutamate and 100 μM glycine 

(20ms), when cells were voltage-clamped at + 40mV, we detected outward currents.  We 

observed similar response profiles in HEK 293 cells and in HEK 293+CaMKIIa, 

indicating that the heterologous expression of CaMKIIa in this cell line does not affect 

the nature of the NMDAR responses. (Fig. 4.5). The I-V relationship shows rectification 

at negative holding voltages, which is typical of NMDA receptors. This voltage-

dependent effect on the conductance of the ion channel is due to the presence of 

extracellular magnesium ions blocking the channel pore at negative voltages (Mayer et al. 

1984; Nowak et al. 1984). As shown in Fig. 4.5, large currents on both cell types were 

induced by rapid application of glutamate and glycine.  
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Fig. 4.5. I-V curves on expressing WT NMDAR subunits. I-V curves showing current 

peak responses elicited by stimulation with glutamate (50 μM) and glycine (100 μM) at 

various voltages in (A) HEK293 or (B) HEK293+CaMKIIa  cells. Insets show typical 

outward current traces recorded at a holding potential of +40 mV. Recordings were 

performed by Fouad Lemtiri-Chlieh. 

 

4.3.3. Glutamate stimulation time course on HEK 293 and HEK 293+ 

CaMKIIa cells 
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As was observed in the previous chapter of this thesis, L-Lactate stimulated the ERK1/2 

phosphorylation pathway and induced the expression of plasticity related genes. Here, I 

investigated whether phosphorylation of ERK1/2 is affected by the presence of CaMKIIa   

in HEK293. I stimulated HEK 293 and HEK 293+ CaMKIIa  cell lines transfected with 

NMDAR with 50 μM glutamate and 100 μM glycine and studied the changes in ERK1/2 

phosphorylation. I did not see any changes in ERK 1/2 phosphorylation in either cell line 

on stimulating from 5 min to 30 min (Fig. 4.6. A). There can be several reasons for this. 

HEK cells are highly glycolytic, releasing lactate in the media which could also 

potentiate NMDAR and already increase the levels of p-ERK 1/2 in the control condition. 

Also, the culture media contains 0.4 mM glycine, which is a NMDAR co-agonist. Due to 

these reasons, on addition of glutamate and glycine during the time course, no changes in 

p-ERK1/2 were observed compared to the control. To circumvent this, I used D5030 

media (Sigma), which does not contain glucose or L-glutamine, supplemented with 5 mM 

glucose, 44 mM NaHCO3 and 10% FBS. Two hours prior to stimulation, the media was 

changed to this customized media. The glutamate and glycine stimulation were done in 

this media. However, even in these conditions, no changes in p-ERK1/2 levels were 

observed compared to the control (Fig. 4.6. B). There could be some cells that respond to 

the stimulation and show increase in p-ERK 1/2, but since we are collecting protein from 

all the cells, these effects might be diluted by the non-responding cells. Since we cannot 

select the cells responding to the stimulation and harvest protein only from them in our 

experimental set-up, we are limited by our design.  
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Fig. 4.6. Glutamate Stimulation Time course in HEK cells transfected with NMDAR. 
Representative Western blots and their quantification for ERK1/2 phosphorylation time 

course after application of 50 μM glutamate and 100 μM glycine (A) Experiments conducted 

with HEK 293 and HEK293+CaMKIIa cells in high glucose (20mM) culture media. (B) 

Experiments conducted with HEK 293 and HEK293+CaMKIIa cells in low glucose (5 mM) 

customized culture media (n= 3, independent experiments). 

 

 

4.3.4. Checking the expression of GluN2B mutants on transfecting HEK cells 

As I had previously checked the transfection and expression of wild type (WT) GluN2B 

subunits, I validated and confirmed the expression of the mutated GluN2B subunits by 

Western blot analysis using the same conditions as described earlier for the wild type 

subunit. Fig. 4.7 shows the expression of the wild type and mutated subunits. These cells 

constitutively express CaMKIIa which is shown here as a loading control. 
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Fig. 4.7. Expression of WT and mutant GluN2B subunits. Western Blot images showing 

the expression of WT GluN2B and the Mutant#1, Mutant#2 GluN2B subunits in HEK cells. 

 

 

4.3.5. GluN2B mutants are functional 

Next, we verified that the double mutations in GluN2B in both plasmids Mutant#1 and 

Mutant#2 did not interfere with the activity of NMDAR. For this purpose, using patch-

clamp recordings, we measured currents evoked by stimulation with glutamate and 

glycine in HEK 293+ CaMKIIa cells co-transfected with plasmids encoding GluN1 and 

one of the two GluN2B double mutants. As seen in Fig. 4.8, we found that these cells 

displayed an I-V curve that was identical to that of stimulated HEK expressing WT 

GluN2B. Hence, the mutations in GluN2B did not affect the excitability and conductivity 

of NMDAR. 
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Fig. 4.8. I-V curves using mutants. Current-voltage relationship following brief co-

application of glutamate (50 μM) and glycine (100 μM) in HEK293 cells expressing 

NMDAR containing (A) Mutant#1 and (B) Mutant#2 of the GluN2B subunit. Inset shows 

representative outward current trace in response to the co-agonist when voltage was held at 

+40 mV. Recordings were performed by Gabriel Lopez. 

 

 

4.3.6. L-Lactate effect on HEK cells with CaMKIIa and on mutants 

 L-lactate has been previously shown to potentiate the NMDAR-dependent current 

evoked by brief applications of glutamate and glycine in primary cultures of mouse 
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cortical neurons (Yang et al. 2014). We decided to test the effect of L-Lactate on the 

potentiation of NMDAR in HEK 293 and HEK 293+ CaMKIIa cell lines. As shown in 

Fig. 4.9, HEK 293 cells did not show any L-Lactate mediated enhancement of current on 

application of glutamate and glycine. In contrast, we observed a strong potentiation of the 

amplitude of INMDA in HEK 293+ CaMKIIa cells. To further investigate the intracellular 

mechanisms involved in the L-Lactate enhancement of INMDA amplitude, we used 

NMDAR containing mutant GluN2B subunits known to interfered with CaMKIIa 

binding (Halt et al. 2012; Strack et al. 2000). The results showed that expressing GluN2B 

mutants prevented the increase in INMDA amplitude induced by L-Lactate. This indicates 

that the enhancement of the INMDA amplitude requires interaction between CaMKIIa and 

GluN2B. 
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Fig. 4.9. L-Lactate potentiates NMDAR current via CaMKIIa. The figure shows 

representative V-I curve recorded from different HEK cell lines in the absence or presence of 

L-Lactate. Baseline represents co-application of glutamate (50 μM) and glycine (100 μM) in 

the absence (baseline, black line) or presence of L-Lactate (Lactate, blue dashed line). 

Recordings were performed by Fouad Lemtiri-Chlieh and Gabriel Lopez. 
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4.3.7. CaMKIIa is associated with GluN2B 

We performed Co-Immunoprecipitation (Co-IP) experiments to study the binding 

between GluN2B and CaMKIIa. Co-IP helps in identifying physiologically relevant 

protein–protein interactions by using target protein-specific antibodies to indirectly 

capture proteins that are bound to the specific target protein. These protein complexes can 

then be precipitated to a beaded support and probed to identify proteins bound to the 

target. We immunoprecipitated GluN2B and analyzed the Co-IP of CaMKIIa (Fig. 4.10). 

Ideally, it would be better to do vice-versa since the size of monomeric CaMKIIa  is 50 

kDa, and the heavy chain of IgG is 55 kDa in size, the heavy chain of the 

immunoprecipitating antibody could potentially obscure or affect the CaMKIIa signal. 

To avoid this, we chose antibody for IP and for detecting western blot from different 

species. Also, we optimized the washing steps until the non-specific band reduced. The 

first blot in Fig 4.10 shows a WB of HEK293 cells extracts immunoprecipitated with a 

rabbit anti-GluN2B probed with a different anti-GluN2B antibody raised in mouse.  The 

immunoprecipitation of GluN2B was performed in cells either transfected or not with 

GluN1 and GluN2B. Columns 2 and 3 represent cells without GluN2B, hence we did not 

immunoprecipitate GluN2B protein in these columns. Column 4 shows cells in which 

isotype-matched control rabbit IgG antibody was added to check if there is any non-

specific binding to the antibody. The last column shows that we could successfully IP 

GluN2B using the GluN2B antibody. The bottom blot shows if CaMKIIa could be Co-

IPed along with GluN2B. As expected, we could co-IP CaMKIIa along with GluN2B as 

shown in the last column.  
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Fig. 4.10. Binding of CaMKIIɑ with GluN2B. Membranes from HEK293 and 

HEK293+CaMKIIa cells either transfected or not with GluN1+GluN2B NMDAR subunits 

were immunoprecipitated with GluN2B antibodies or isotype control, separated via SDS-

PAGE and probed using antibodies for GluN2B and CaMKIIa. 

 

 

4.3.8. GluN2B mutations reduce CaMKIIa binding 

To confirm that the mutations negatively affected the binding of CaMKIIa to NMDAR, 

we coexpressed GluN1 WT and GluN2B mutant subunits in HEK 293+ CaMKIIa cells, 

immunoprecipitated GluN2B mutant proteins and checked the bound CaMKIIa protein 

to it. Fig. 4.11 shows that significantly less CaMKIIa was associated to both the GluN2B 
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mutants. We also loaded 10% of the lysate input for each IP. This showed that the lysates 

expressed nearly equal amounts of GluN2B and the reduced Co-IP of CaMKIIa with 

GluN2B was not due to reduced transfection and expression of GluN2B subunit in the 

cells with mutants. Since we saw reduced CaMKIIa binding to the GluN2B mutants, 

these experiments indicate that the GluN2B cytoplasmic tail facilitates in the binding of 

CaMKIIa to GluN2B, in agreement with previous experiments done in cultured neurons 

and in vivo (Halt et al. 2012). This data also suggests that blocking the CaMKIIa-

GluN2B binding does not completely abrogate the interaction between CaMKIIa and the 

receptor, indicating that there are other binding sites for GluN2B outside the region 

mutated. This is consistent with previously reported binding studies which proposed two 

sites in GluN2B cytoplasmic tail which exhibit CaMKIIa binding under different 

conditions. For GluN2B-C (sites within residues 1120 to 1482 of GluN2B) to bind to 

CaMKIIa, Calcium /calmodulin stimulation is enough to initiate binding whereas the 

GluN2B-P (sites within residues 839 to 1120 of GluN2B) requires the stimulation of 

CaMKIIa  by calcium/ calmodulin as well as the autophosphorylation of CaMKIIa  at 

T286 for binding to occur (Bayer et al. 2001). Hence, the residual binding of CaMKIIa to 

the GluN2B mutants can be explained by binding of CaMKIIa to GluN2B-P which was 

unaltered in the mutants. 
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Fig. 4.11. Co-IP of CaMKIIɑ using WT GluN2B and mutant GluN2B subunits. 
Membranes from HEK293+CaMKIIɑ cells transfected with GluN1+WT GluN2B, 

GluN1+GluN2B Mutant#1 and GluN1+GluN2B Mutant#2 subunits were 

immunoprecipitated with GluN2B antibodies, separated via SDS-PAGE and probed using 

antibodies for GluN2B and CaMKIIɑ. The point mutations in GluN2B subunits reduced the 

binding of CaMKIIɑ to GluN2B.  

 

 

4.3.9. L-Lactate effect on binding of CaMKIIa to GluN2B 

To test whether lactate increased the binding of CaMKII to GluN2B, thereby potentiating 

NMDAR responses, we stimulated HEK293+CaMKIIa cells with 50 μM glutamate and 

100 μM glycine for 10 min as well as 10 mM L-Lactate and checked the binding of 

CaMKIIa to GluN2B. We did not see any changes in binding in these conditions (Fig. 

4.12). There could be several possibilities for this. As stated in section 4.2, we are 

overexpressing NMDAR and CaMKIIa in our cells. There could be some cells in which 
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the binding of CaMKIIa to GluN2B increases on stimulation with glutamate/glycine and 

lactate but since we are collecting protein from all the cells, these effects might be diluted 

with the non-responding cells. Also, the precise mechanism by which Ca2+ influx via 

opening of NMDAR stimulation increases binding between GluN2B and CaMKIIa is not 

known. Since this increase in binding on NMDAR activation has been observed in 

neurons, there could be some other proteins involved in this mechanism that are not 

expressed in HEK cells. Taking these factors into consideration, we cannot infer 

conclusively whether L-Lactate increases the binding of CaMKIIa  to GluN2B from 

these experiments. Performing these Co-IP in neurons could provide more insight into 

this. 
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Fig. 4.12. L-Lactate effect on binding between CaMKIIa and GluN2B in HEK 293+ 

CaMKIIa cells. Membranes from HEK293 and HEK293+CaMKIIɑ cells transfected with 

GluN1+GluN2B NMDAR subunits and stimulated with 50 μM glutamate and 100 μM 

glycine (Glut+Gly), 10 mM L-Lactate (L-Lac) and 50 μM glutamate +100 μM glycine +10 

mM L-Lactate (Glut+Gly+L-Lac) were immunoprecipitated with GluN2B antibodies, 

separated via SDS-PAGE and probed using antibodies for GluN2B and CaMKIIɑ. There was 

no difference in binding of CaMKIIɑ to GluN2B in any of the stimulation conditions. 
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CHAPTER FIVE-EXPLORING THE EVOLUTIONARY ORIGIN OF 

GLUTAMATERGIC NEUROTRANSMISSION USING HYDRA AS 

MODEL ORGANISM  

 

5.1. INTRODUCTION 

In the previous chapters, I used neurons and HEK cell cultures to elucidate the molecular 

mechanism of the potentiation of NMDAR signaling by L-Lactate. L-Lactate was 

considered merely as a by-product of energy metabolism. However, studies have 

expanded its role as a signaling molecule in the brain (Magistretti and Allaman 2018). L-

Lactate has been shown to play a role in long term memory (LTM) formation (Gao et al. 

2016; Suzuki et al. 2011) as well as neuroprotection (Jourdain et al. 2016; Jourdain et al. 

2018). Another study showed that L-Lactate released by astrocytes can trigger the release 

of norepinephrine from Locus coeruleus (LC) neurons, thus modulating the activity of 

neurons (Tang et al. 2014). The development of a signaling system requires the evolution 

of a mechanism for producing signals, receptors for the signal and finally, adaptive 

reactions to the signal (Harris and Zahavi 2013). The putative receptor for L-Lactate is 

unknown.  Experiments in this dissertation as well as some other studies suggest that L-

Lactate could be directly or indirectly acting on the ionotropic glutamate receptor, 

NMDAR (Yang et al. 2014). Another study showed that L-Lactate interacts directly with 

a G protein coupled receptor called HCAR1 (Bozzo et al. 2013). An approach to 

understand the evolution of lactate from a metabolite to a signaling molecule, would be to 
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study the evolution of a canonical metabolite to signaling molecule. Neurotransmitters 

like glutamate and GABA were first described as metabolites and later emerged as 

neurotransmitters.  

 

Glutamate is a key metabolite and amino acid contributing its nitrogen to the production 

of several important molecules, including glutathione, polyamines and amino sugars 

(Nedergaard et al. 2002). In addition, glutamate has an important role in signaling, being 

the principal excitatory neurotransmitter in the central nervous system (CNS) of nearly all 

animals, involved in most aspects of normal brain function including cognition, memory 

and learning (Fonnum 1984). At some point in evolution, glutamate became a signaling 

molecule as receptors for it arose. The evolution of glutamate as a signaling molecule in 

multicellular organisms may serve as a model for evolution of metabolites like lactate 

into signaling molecules. In this chapter, I aim to trace the advent of the role of glutamate 

as a neurotransmitter by exploring the evolutionary origin of glutamatergic 

neurotransmission. I chose to focus on studying the evolution of glutamatergic 

transmission in particular since lactate has some effect on glutamate receptors 

(NMDAR). For this purpose, I used the model organism Hydra, which belongs to phylum 

Cnidaria, evolutionarily one of the first phyla to have a nervous system. Hydra is easy to 

maintain in the lab, since it reproduces quickly by budding. It is optically transparent 

which makes certain visualization experiments possible. The Hydra Genome Project 

revealed the presence of 20,000 genes in Hydra (Chapman et al. 2010). Many of these 

genes and signaling pathways are also present in vertebrates. This makes Hydra an ideal 

organism for studying the evolutionary origin of glutamatergic neurotransmission. 
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Phylogenetic analyses using sequence homology has revealed the presence of glutamate 

receptors in all species of metazoans, including Hydra (Anctil 2009).  A recent study 

showed the presence of NMDA receptor-like genes in Cnidarians (Ramos-Vicente et al. 

2018). However, bioinformatics studies cannot prove whether these receptors are 

expressed at the synapse and are functional as neurotransmitter receptors. Also, their 

presence in non-neuronal cells cannot be ruled out.  

 

In order to explore whether glutamate receptors, particularly, NMDAR are functionally 

expressed in Hydra and are localized in neurons, we created a line of transgenic Hydra 

expressing a calcium indicator (GCaMP6s) in neurons. Using it, we attempted to measure 

the in vivo response of neurons in Hydra to glutamate.  

 

5.1.1. Evolution of glutamate receptors 

Studies have shown that glutamate binding sites of ionotropic receptors in animals have 

sequence homology with bacterial periplasmic amino acid transporters and plant proteins 

that are sensitive to glutamate (Tikhonov and Magazanik 2009). This indicates the long 

evolutionary history of glutamate receptors.  A recent comprehensive phylogenetic study 

revealed the evolution of glutamate receptors within the metazoan kingdom (Ramos-

Vicente et al. 2018). This study showed the presence of ionotropic GluRs across all 

species of metazoans and proposed the division of iGluRs into four subfamilies: Lambda, 

Epsilon, NMDA and AKDF (AKDF contains classes AMPA, Kainate, Delta, Phi). Based 
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on sequence homology, the authors of this study proposed the presence of specific 

NMDA receptors in Cnidarians and termed them as NMDA-Cnidaria. The presence of 

metabotropic GluRs is also documented in Cnidarians (Altschul et al. 1990; Pin et al. 

2003). Collectively, these studies hint that glutamate receptors found in vertebrates are 

just a fraction of all the types that exist in nature. Phylogenetic analyses has revealed that 

before present-day metazoans emerged, the part of the genome that holds the ionotropic 

glutamate receptor genes duplicated three times. This formed four receptor subfamilies, 

and our ancestors had all of them. But only two subfamilies of ionotropic and three out of 

four metabotropic receptor classes are still present in vertebrates today (Ramos-Vicente 

et al. 2018). 

 

5.1.2. Hydra as a model organism 

Hydra is a fresh water metazoan of the phylum Cnidaria, which is the sister clade to 

Bilateria (Philippe et al. 2009) (Fig. 5.1). Besides the Porifera (sponges) and the 

Ctenophora (comb jellies), the Cnidaria belong to the most basal metazoan animals. 

Phylum Cnidaria is one of the most species rich in the animal kingdom containing about 

9000 species, which is comprised of seawater as well as fresh water organisms. The 

presence of stinging cells (cnidocytes) is the distinct feature of phylum Cnidaria. 
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Fig. 5.1. Phylogeny of Cnidarians.  Phylum Cnidaria is the sister group of Phylum 

Bilateria (Augustin et al. 2010). 

 

Cnidarians are diploblastic i.e., composed of two germ layers, the ectoderm and 

endoderm, which are separated by a gel-like basement membrane called the mesoglea. 

The body plan of Hydra is radially symmetrical which can be divided into the head 

containing the hypostome (mouth) and tentacles, the body column and the foot (Fig. 5.2). 

The endodermal layer comprises epithelial cells as well as secretory gland cells that 

secrete digestion enzymes into the gastric cavity. The ectodermal layer contains epithelial 

cells, nematocytes and sensory neurons.  
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Fig. 5.2. Body plan of Hydra. The two germ layers contain epithelial cells as well as 

interstitial stem cells that give rise to neurons, nematocytes, gland cells and germline 

cells (Technau and Steele 2011). 

 

 

Hydra possesses three stem cell lineages. Endodermal and ectodermal epithelial stem 

cells divide constantly to produce new epithelial cells. Interstitial stem cells (i-cells) are 

multipotent stem cells (Fig. 5.2) that gives rise to specialized cells like neurons, 

nematocytes, gland cells and germline cells (Nishimiya-Fujisawa and Sugiyama 1993) 

(Campbell and David 1974). Around 60% of interstitial cells proliferate whereas the rest 

differentiate into somatic cells (Bosch et al. 1991).  
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Cnidarians were the first animals to develop a nervous system, they possess a diffused 

nerve net which is a simple nervous system that spans their whole body. The nerve net is 

comprised of two populations of nerve cells- sensory neurons projecting to the surface of 

the epithelial cell layer and ganglion neurons located at the base of epithelial cells and 

running parallel to muscle processes (Yu et al. 1986). The cnidarian nerve net is very 

dynamic and not homogeneously distributed along the body. There is a higher 

concentration of nerve cells in the head (30%), forming the nerve ring around the 

hypostome (Koizumi 2007). The foot region is also rich in neurons (Bode et al. 1973). 

The nerve net of Hydra shows coordinated movement, which could be mediated by the 

synchronized activity of neurons. Cnidarian neurons form an overall conducting system 

through gap junctions. Ganglion nerve cells lie parallel to muscle processes at the basal 

end of epithelial cells; they are interconnected by synapses with lucent- and dense-core 

vesicles (Davis et al., 1968; Kinnamon and Westfall, 1981; Westall and Kinnamon, 1978, 

1984). Nerve cells in in the peduncle of Hydra have been shown to exhibit coordinated 

behavior due by the formation of innexins, which are proteins that form gap junctions in 

invertebrates (Takaku et al. 2014). The nerve net is plastic, with synaptic remodeling 

occurring.  

 

5.1.3. Neurotransmission in Hydra 

Neurotransmission in cnidarians is predominated by neuropeptides (Grimmelikhuijzen 

and Hauser 2012). Pioneering work done in the 80’s showed the presence of 

neuropeptides in different cnidarians including Hydra. The Hydra peptide project shed 
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more light into peptide signaling in Hydra (Fujisawa 2008) . This project identified most 

of the peptides in Hydra as neurotransmitters and/or neuromodulators, which may act 

directly or indirectly (via other neurons) on epithelial muscle cells. Depending on the 

peptide and the cell type, the processing and signal transduction pathways may vary. A 

peptide signal is relayed via cell surface receptors, which for peptide ligands, are mainly 

G-protein coupled receptors (GPCRs) (Gründer and Assmann 2015). Receptors to most 

Hydra neuropeptides are unknown. The Hydra peptide project revealed the presence of 

around 100 putative genes coding for GPCRs (Fujisawa 2008). 

 

A number of studies done in the 1960s and 70s suggested the presence of small molecule 

transmitters like epinephrine, norepinephrine, acetylcholine in Hydra (Table 5.1). 

However, there is not clear proof whether these identified molecules are localized in 

neurons. Similarly, there are many studies documenting the presence of ionotropic and 

metabotropic receptors in Hydra. However, physiological evidence for the functional 

occurrence of these receptors is still lacking. 

 

Table 5.1.  Experimental approaches providing evidence of small molecule 

transmitters in Hydra (Adapted from:(Kass-Simon and Pierobon 2007)) 

Acetylcholine Glutamate GABA Glycine E/NE Peptides Nitric 
oxide 

HPM IBPM IBMP BP HBP IBMP BP 

H=histochemistry, P=Physiological/Behavioral effects, M=Molecular biology 

I=immunocytochemistry, B=Biochemistry, E/NE= Epinephrine/Norepinephrine 
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A number of studies using electrophysiological recordings have shown that cnidarian 

neurons fundamentally work like neurons of higher organisms and the mechanisms of 

chemical neurotransmission in cnidarians are similar to those of bilaterians (Anctil 2009; 

Anderson and Spencer 1989; Kass-Simon et al. 2003). 

 

5.1.3.1. Glutamate as a neurotransmitter in Hydra 

Using polyclonal antibodies, immunoreactivity to GluN1,  a subunit of NMDA receptor,  

has been reported in nerve cells, epitheliomuscular cells and nematocytes of Hydra 

(Kass-Simon and Scappaticci 2004). Rapid binding of L-[3H] glutamate to crude 

membrane fractions of Hydra has also been observed. It was also observed that 65% of 

the binding was inhibited by glutathione (GSH). Since GSH modulates feeding response 

in Hydra, it could be that glutamate might bind to a putative GSH receptor. Glutamate 

receptor agonists, kainate and quisqualate, could displace the remaining 35% bound 

glutamate (Bellis et al. 1992). Hence, there is some indication that there is a putative 

glutamate receptor in Hydra. Evidence of excitatory action of glutamate through 

AMPA/kainate receptors in the ectodermal pacemaker system of Hydra has been found 

(Kass-Simon et al. 2003). NMDA, an agonist of the NMDA subtype of glutamate 

receptors seems to increase tentacle activity but inhibits the endodermal pacemaker 

system in Hydra (Kay and Kass-Simon 2009). Since NMDA receptors transport calcium 

when activated, in order to check if these receptors are present and functional in Hydra, 

we decided to use calcium imaging using GCaMP6s sensor.  
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5.1.4. GCaMP6s 

We subcloned the GCaMP6s gene under the actin promoter of Hydra. GCaMPs are 

widely used genetically encoded protein calcium sensors that measure the concentration 

of intracellular free calcium ions (Nakai et al. 2001). Chemically synthesized calcium 

sensors like Bapta-1-AM, Fluo-4, Fura-2 are also available but these cannot target 

specific cells. GCaMPs contain circularly permutated enhanced GFP (cpEGFP) which 

has greater fluorescence than other Ca2+ probes. The fragment M13 of myosin light chain 

kinase, which is a target of calmodulin (CaM) is connected to the N terminus of cpEGFP. 

whereas the C terminus is connected to calmodulin (Fig. 5.3). Calmodulin is a calcium 

binding messenger protein that binds to four calcium ions via E-F motifs (Chen et al. 

2013).  

 

The CaM-M13 complex is inside the cpEGFP barrel. In the absence of calcium, the 

cpEGFP is protonated and has poor absorbance at the excitation wavelength. When a 

neuron is activated by a neurotransmitter, it causes depolarization and leads to the influx 

of calcium ions due to the opening of voltage-gated calcium channels (Nakai et al. 2001). 

As the calcium enters the cell containing GCAMP, it binds to CaM leading to 

conformational changes in the CaM-M13 complex subsequently leading to a 

conformational change in cpEGFP. This leads to a change in the fluorescent intensity of 

GFP which can be visualized (Akerboom et al. 2009). 
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Fig. 5.3. Crystal structure of GCaMP. Interaction of CaM-M13 complex with cpEGFP in 

the presence (bound state) and absence (free state) of calcium. Figure adapted from 

(Akerboom et al. 2009). 
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5.2. MATERIALS AND METHODS 

5.2.1. Subcloning of GCAMP6s  

In order to introduce GCaMP6s into Hydra, we subcloned GCaMP6s from hoT plasmid 

into the vecG plasmid under Hydra actin promoter. Subcloning of GCaMP6s from hoT 

vector to vecG Hydra vector was done as follows: We performed PCR on hoT-vector 

containing the full length MmGCaMP6s to amplify GCaMP6s. The primers amplified a 

product containing the GCaMP6s coding sequence, with primer-designed flanking 

restriction enzyme sites: XbaI in the 5' end, and EcoRI in the 3' end. The resulting 1373 

bp amplification product was column purified and digested with XbaI and EcoRI 

restriction enzymes. The vecG vector was sequentially digested with NheI and EcoRI. 

Both the digested vecG vector and the PCR product were gel purified and ligated. The 

resulting vecG plasmid with MmGCaMP6s was transformed into bacterial cells, purified 

and sequenced. The sequencing results indicated that the cloning process had proceeded 

as intended, and without any mutations. 

 

5.2.2. Culturing Hydra 

The sexual Hydra vulgaris strain AEP was used for the creation of transgenic animals. 

AEP cultures were maintained in the laboratory at 18°C in 150 mm polystyrene dishes 

containing Nova (Saudi Arabia) drinking water as the culture media. Polyps were fed 



 129 

every alternate day with shrimps (Artemis nauplii) (Biomarine, USA) which had been 

hatched the same day. Each Hydra was fed individually using a dropper. The media was 

changed three hours after feeding. Almost five hours post-media change the Hydra media 

was cleaned to remove the egested waste. Animals used for imaging were starved for 24 

hours. 

 

5.2.3. Induction of gametogenesis 

In order to induce fertilization, male and female AEP that had viable testis and eggs were 

kept in the same petridish for 2 hours. The female strains with viable eggs would 

constantly be monitored since the eggs have to be used within six hours of production. As 

the sperm would be released in the media, they would fertilize the eggs. Fertilized eggs 

were recognized by the embryo dividing to the two-cell stage giving the egg a heart 

shaped appearance due to the formation of cleavage furrow, which could be seen under 

the microscope. For injection, the fertilized eggs were separated from the female polyp so 

that the tentacles of the parent do not interfere with the egg during injection. This was 

done by gently excising the eggs from the polyp using a scalpel and a blade.  The excised 

eggs were placed in Hydra culture media containing 3% Ficoll solution (Ficoll 400, 

Sigma-Aldrich). Ficoll is a nonionic synthetic polymer of sucrose. This solution is denser 

than water and since the plasmid is diluted in water, using this while injection makes it 

easy to visualize the injection solution due to difference in density. 
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5.2.4. Microinjection of plasmid DNA  

The injection of embryos with the plasmids was done according to the protocol listed in 

(Wittlieb et al. 2006) with modifications. The needles were prepared from borosilicate 

glass capillaries using a dual- stage micropipette puller with a filament (Narishige, 

Tritech Research, USA). We used a stereomicroscope (Nikon SMZ 800, USA) with a 

microinjector on a magnetic stand. The microinjector, which holds the injection needle 

was manipulated using a joystick manipulator (NT- 88-V3, Nikon).  1 µL of the plasmid 

was placed on a clean parafilm and uptaken by the injection needle. The injection dish 

with 30-50 embryos in it was placed under the microscope. The injection pressure was 

created with 100% nitrogen gas. The injection pressure was first adjusted until a steady 

stream of injection solution could be observed leaving the injection needle and entering 

the media containing the embryos. In our case, the pressure was 11 psi and duration 0.5 

seconds while filling the needle with the plasmid while the pressure while injecting 

varied from 5 to 30 psi depending on the width of the needle opening.  Once the 

appropriate pressure parameters were observed, each two-celled embryo was injected 

once in both the cells. The embryo was held in position in the center of the dish using a 

pipe to create suction by mouth. The duration of injection was 0.05 seconds.  

 

5.2.5. Culturing of injected embryos 

After injection, the injected embryos were placed for three days at 18°C in the same 

Hydra media containing 3% Ficoll. They were then placed in Hydra media and 
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transferred for two weeks to 12°C. The embryos advance to the cuticle stage in the first 

three days. After two weeks, the embryos were transferred back to 18°C and monitored 

every few days to check if the hatching has occurred. The hatched animals were cultured 

in separate dishes than the embryos and fed regularly with shrimp larvae.  

 

5.2.6. Bath stimulation of transgenic Hydra with glutamate  

Hydra were placed in 20 µL culture media and were visualized with a fluorescent 

microscope (Nikon SMZ 800, USA). For stimulation, glutamate was added to the media 

such that the final concentration of glutamate in media was 1 mM or 10 mM.  Video was 

recorded and the images visualized and analyzed using Fiji (Image J). 

 

5.2.7. Injection of glutamate into the foot region of Hydra 

Needles used for injection were pulled from glass capillaries using a flaming micropipette 

puller (Model P-1000 Sutter Instrument, USA). Trypan blue was mixed with the injection 

solution (either water or glutamate) in 1:5 ratio. A stereoscope (Leica) equipped with a 

fluorescence module was used for visualization of the GCaMP6 signal from transgenic 

Hydra. The injection was performed with a picospritzer. The injection pressure was 

adjusted, so that we dispersed around 0.5 µL of liquid through the needle. For either 

condition (control or glutamate), 6 injections were performed for each organism at times 
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(T=2 sec, 6 sec, 10 sec, 14 sec, 18 sec and 22 sec) and a 24 second movie was recorded 

with 5 images being taken per second. Video was recorded and the images visualized and 

analyzed using Fiji (Image J). For calculating the fluorescent intensity after stimulation, 

an area of the foot was visually selected as Region of Interest (ROI). ROI was maintained 

as a circle of diameter 80 pixel for all measurements.  

 

5.2.8. Identification of genes coding for members of NMDAR families in 

metazoan genomes 

Mouse glutamate receptors sequences, used as search queries (Grin1, Grin2A and 

Grin2B), were obtained from GenBank. The orthologs in metazoan species and their 

amino acid sequences were identified using the BLASTP tool with default parameters 

(Altschul et al. 1990). Protein sequences with the lowest E-Value were selected as 

candidate homologs. Protein sequences with an E-value more than 1e-10 and pairwise 

homology less than 20% of the query protein sequence were excluded. The complete lists 

of species genes used for phylogenies as well as their GenBank accession numbers from 

the National Center for Biotechnology Information online database is listed in Appendix 

Table A2. 

 

5.2.9. Phylogenetic tree construction 
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All protein sequences for phylogenetic analysis were aligned using the clustal alignment 

algorithm called CLUSTALW included in the software package of Molecular 

Evolutionary Genetic Analysis (MEGA7) software with default parameters (Tamura et al. 

2013). Trees were constructed using the Neighbour Joining Method in MEGA7. The 

branch support was obtained after 1000 iterations of bootstrapping. 

 

5.3. RESULTS 

5.3.1. Phylogenetic analyses to check for NMDAR orthologs in Hydra 
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Fig. 5.4. Phylogenetic tree of the NMDA subtype of glutamate receptors (A) Grin1, (B) 

Grin2a, (C) Grin2b. Protein sequences for nine species were aligned using CLUSTALW in 

MEGA7 and the tree was constructed using neighbor joining and 1000 bootstrap replicates. 

Numbers indicate bootstrap support for the node.  

 

 

We investigated the presence of NMDAR subunit proteins in Hydra by looking for 

homologs of mouse GluN1 (Grin1), GluN2A (Grin2a) and GluN2B (Grin2b) protein 

sequences in Hydra. Even though there are 18 different kinds of iGluRs and more than 20 

kinds of mGluRs in mammals, we limited ourselves to three subunits of NMDAR since 

our main interest is in these three subunits. Also, a recent study conducted a thorough 

phylogenetic analysis of ionotropic and metabotropic glutamate receptors within the 

metazoan kingdom, including Hydra (Ramos-Vicente et al. 2018). We decided to validate 

their studies by performing our own phylogenetic analysis for these three receptors. 

Based on our criteria to define homology (E value below 1e-10), we found amino acid 

sequences in Hydra showing 54% similarity to mouse Grin1 and 28% and 27% to Grin2a 

to Grin2b respectively. Using these sequences for Hydra, as well as the homologs for 

seven other organisms that are regarded as model organisms of their phyla, we 

constructed phylogenetic trees of the NMDAR receptors. Sequences were included from 

two major Bilaterian lineages: Deuterostomia (Homo sapiens, Mus musculus, Gallus 

gallus and Danio rerio) and Ecdysozoa (Drosophila melanogaster and Caenorhabditis 

elegans) and two Cnidarian classes: Anthozoa (Nematostella vectensis and Acropora 

digitifera) and Hydrozoa (Hydra vulgaris). Our analyses showed that all the species 

examined contain homologs for Grin1 and Grin2 subunits as has been reported in earlier 
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studies (Ramos-Vicente et al. 2018). From the tree for Grin2a and Grin2b, we can see 

that genes for these receptors in Hydra share a common ancestor with the Bilaterian 

organisms. Since Hydra belongs to phylum Cnidaria which is the sister group of Bilateria 

and the three cnidarian species examined here (Nematostella vectensis, Acropora 

digitifera and Hydra vulgaris) show homologs of NMDAR proteins, this shows that the 

common ancestor of Bilateria and Cnidaria, expressed homologs of genes. This suggests 

that the signaling by excitatory amino acids in humans has evolved from a primitive 

signaling mechanism that existed prior to the divergence of Bilaterians and Cnidarians.  

 

5.3.2. Creation of transgenic Hydra expressing GCaMP sensor in neurons. 

From the phylogenetic analyses, we found homologs of NMDA receptor subunits in 

Hydra. However, from these analyses, we cannot infer if these receptors are expressed in 

neurons or whether they are functional. In order to explore whether the glutamate 

receptors in Hydra are neuronal and functional, we expressed a calcium sensor, 

GCAMP6s, in neurons of Hydra. This allowed us to monitor neuronal activity in vivo on 

stimulation with glutamate. 

 

To generate the transgenic line, we subcloned the GCaMP6s gene under the actin 

promoter of Hydra using the embryo microinjection protocol (Wittlieb et al. 2006). We 

took advantage of the ability to stably integrate transgenes into the genome of Hydra. To 

induce gametogenesis in AEP strain of Hydra, we reduced the frequency of feeding the 
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animals from alternate days to twice per week. This method gave us a regular supply of 

Hydra eggs that could be fertilized and the resulting embryos were used for injection. For 

inducing fertilization, we kept male strains of Hydra AEP bearing matured testis with 

female strains having viable eggs together for two hours, leading to fertilization of most 

eggs. The fertilized eggs were recognized by the presence of cleavage furrow in the 

embryonic two-celled stage. The embryo undergoes several mitotic divisions to form 

clusters of cells within one day post fertilization.  

 

 

Fig. 5.5. Gametogenesis and fertilization in Hydra. (A) Female AEP polyp with viable egg. 

(B) Male Hydra of AEP strain with testis. (C) Embryo in the two-cell stage with cleavage 

furrow 
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We injected 111 embryos (Fig. 5.6. A, B) with the actin-GCaMP6s plasmid over a span 

of four weeks. Out of those nearly 50% hatched (Fig. 5.6. C). We checked the expression 

of GCaMP6s in the hatchlings by checking the fluorescence using a microscope. Out of 

the hatchlings, 33 were positive for the transgene, expressing GCaMP6s. However, on 

maintaining them for four months, some of the hatchlings did not survive due to 

undeveloped tentacles or other deformities. Some other hatchlings that were positive for 

the transgene died a few weeks after culture. Finally, we got seven hatchlings that grew 

into adult polyps stably expressing the transgene. 

 

 

  

Fig. 5.6. Microinjection of Hydra embryos.  (A) Two-celled embryos excised from the 

female polyp prior to injection (B) Two-celled embryo being held in place by mouth-held 

suction pipe for injection (C) Young hatchling thirty days post injection. 
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Since GCaMP6s expression is driven by an actin promoter, it is expressed in both 

epithelial cells and neurons of transgenic Hydra. Transgenic animals were mosaic with 

the transgenic stem cells and epithelial cells randomly scattered throughout the body with 

some neurons expressing GCaMP6s (Fig. 5.7). At this stage, neurons can be 

distinguished from epithelial cells based on their size and morphology. Neurons are small 

compared to Hydra epithelial cells. The transgenic Hydra were allowed to clonally 

propagate by budding and the offsprings also expressed the transgene in different regions 

of the polyp. By repeatedly selecting buds that formed on a region of the parent that had a 

higher concentration of transgenic stem cells than the rest of the body of the parent, we 

progressively increased the percentage of transgenic neurons in our colony. We got 

transgenic Hydra expressing the GCaMP6s sensor in most of the neurons in the foot 

region and tentacles and some around the rest of the body. We maintained these animals, 

letting them reproduce sexually and used the offsprings to perform stimulation 

experiments. 
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Fig. 5.7. Expression of GCaMP6s in transgenic Hydra. (A) Stably positive actin-

GCaMP6s transgenic Hydra showing fluorescence in epithelial cells and few neurons. (B) 

Two Hydra polyps with GCaMP6s expressed in the neurons along the body column as well 

as the foot region. 

 

 

5.3.3 Bath stimulation of transgenic Hydra with glutamate  

The activation of glutamatergic receptors like NMDAR and metabotropic receptors leads 

to influx of calcium ions into the neuron, which can be visualized by the genetically 

encoded GCaMP6s sensor.  GCaMP6s reflects the concentration of intracellular free 

calcium ions and the changes in fluorescent intensity of GFP can be visualized. In order 

to study the response of transgenic Hydra to glutamate, we added different concentrations 

of glutamate (1 mM and 10 mM) to the culture media of Hydra. We recorded the GFP 

fluorescence intensity of neurons in the whole animal to signify a response to our 

treatment. During imaging, Hydra were exposed to intense blue light from the mercury 

lamp. The photic stimulation induced muscle contraction and neuronal activity in Hydra. 

To reduce this, we kept Hydra under blue light for 10 minutes to habituate them to the 

light. This led to a significant reduction of activity due to blue light stimulation indicating 

that the imaging conditions did not affect the activity of the neurons to a noticeable level. 

We then added glutamate and observed the global changes in fluorescence intensity for 

the next 1 min. Water was added to the control animals. Any increase in calcium was 

noted as a response to the treatment. On addition of glutamate to the culture media, we 
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did not see any difference in the number of responses between control and treated 

samples.  

 

5.3.4. Injection of glutamate into the foot region of transgenic Hydra  

In our previous experiment, we did not see any changes in neuronal activity of transgenic 

Hydra on bath application of glutamate. A possibility is that the applied glutamate did not 

cross the epithelial layer of Hydra and was not accessible to neurons. To circumvent this, 

we injected glutamate into the body of Hydra. Since the foot region has a higher number 

of neurons and we also see more expression of GCaMP6s in this region, we tried to 

position the injection needle so that we were injecting in the foot region. Since the body 

of Hydra is transparent, in order to ensure we were injecting glutamate into the body, we 

diluted the glutamate in Trypan Blue Dye. The presence of blue dye in the body indicated 

that the injection was successful (Fig. 5.8). 
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Fig. 5.8. Injection of trypan blue dye into the foot region of Hydra. (A) The figure shows 

the diffusion of the dye (gray darker color) from the foot region, where it was injected, to the 

body column. (B) The Hydra on the left is uninjected while the one on the right has been 

injected with Trypan blue dye.  

 

For each organism, either control injections of water or glutamate were performed and 

the recording was done over a period of 24 seconds with repetitive injections at 4 second 

intervals. The changes in fluorescence intensity were checked from the injection to 2 

seconds post injection. Five images were taken per second. The injection added 

mechanical stress to Hydra, which caused them to contract and expand their body in 

addition to changes in calcium signal in neurons due to basal neuronal activity. The 

changes in calcium signal in response to injection were evaluated at the whole organism 

level. Control experiments were performed to assess the response corresponding to the 

mechanical stress associated with the injection before any conclusions could be drawn 
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about the effect of glutamate on fluorescence intensity. A response to the injection was 

defined as a percentage of those positive responses occurring within 2 seconds post 

injection to the total number of responses including those due to basal neuronal activity. 

Comparing the percentages between control and glutamate-treated Hydra did not show 

any significant difference (Fig. 5.9).  

 

 

 

 

Fig. 5.9. Whole organism-level changes in calcium signal. The percentage of positive 

response to the total changes in fluorescence intensity upon control or glutamate 

injection.   
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In the above experiments, glutamate was injected into the foot region of Hydra since it 

has a higher concentration of GCaMP6s expressing neurons. We explored the possibility 

that the response could be localized to the site of injection. To probe this, we measured 

the fluorescence intensity of the response in the foot for the glutamate-treated versus the 

control. The foot region was visually identifiable and an area of the foot (ROI) was 

selected. The pixel size of ROI was kept fixed for all measurements. Based on these 

parameters, on comparing, we did not see any changes in the fluorescence intensity of 

neurons in the foot region between control and glutamate-treated Hydra (Fig. 5.10). 

 

 

Fig. 5.10. Fluorescence intensity post-injection at the foot level. The fluorescence intensity 

in the foot post-injection for control and glutamate-treated Hydra.  
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Our phylogenetic analyses using sequence homology as well as previously reported 

studies (Ramos-Vicente et al. 2018) suggested the presence of glutamate receptors in 

Hydra, which probed our in vivo investigations. It is worth noting that due to the early 

divergence of glutamate receptor genes in Cnidarians, it is difficult to predict their 

function based on sequence homology studies.  In order to explore whether glutamate 

receptors, particularly, NMDAR are functionally expressed in Hydra and are localized in 

neurons, we created a line of transgenic Hydra expressing a calcium indicator 

(GCaMP6s) in neurons. In our transgenic Hydra, we could see changes in calcium signal 

in response to basal neuronal activity. This indicated that our construct was functional 

and the sensor was sensitive to changes in intracellular calcium in neurons of transgenic 

Hydra and gave us confidence in our technical approach. The transgenic Hydra showed 

changes in calcium signal in response to their movement. Those changes in calcium 

signal suggest that Hydra neurons express receptors that allow influx of Ca2+ ions, but the 

nature of these receptors is elusive. These receptors could be glutamate receptors, 

receptors for neuropeptides or receptors for other neurotransmitters probably specific to 

Hydra.  

 

This prompted us to investigate the existence of functional glutamate receptors in Hydra 

neurons. To that end, we set out to measure the in vivo calcium signal changes in Hydra 

neurons upon stimulation with glutamate. We used bath application as well as injection to 

stimulate the neurons with glutamate as described earlier. These sets of experiments 

showed that stimulation by glutamate did not significantly change the calcium signal 

beyond the basal signal witnessed without glutamate. Our observation that calcium signal 
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in Hydra does not change as a response to a glutamate stimulation could stem from 

limitations in the temporal and spatial resolution of the technical approach or could have 

several inferences should this finding be validated as discussed below. 

 

We would like to emphasize that in both bath application as well as injection 

experiments, we measured the calcium signal at a whole-organism level or foot-level and 

not a single neuron-level, which draws the attention to the possible limitations of the 

imaging technique and its applicability to follow the existence of glutamate receptors in 

Hydra. To follow the changes in calcium signal, we used an epifluorescence-based 

imaging technique, which has spatial limitations. Additionally, there are limitations to the 

temporal resolution of our technical approach. At ~200 ms temporal resolution we might 

be overlooking or unable to access the dynamic changes expected from the response to 

glutamate and subsequent influx of Ca2+, which occurs at much faster time scale (few 

milliseconds). While our technical approach is useful as a quick survey for overall 

characterizations, getting deeper understanding and confirming whether glutamate 

receptors do exist in Hydra neurons will require further investigations with imaging 

techniques that offer better spatial and temporal resolutions, such as confocal or two-

photon microscopy. 

 

Another tactic to pin point whether glutamate receptors are at play in Hydra neurons is to 

switch from using an agonist to an antagonist approach. In other words, instead of 

assessing the effect of glutamate stimulation, we could use an NMDAR-specific blocker 
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such as AP5 or MK801 and follow the calcium signal.  Not only would this approach 

confirm or refute the existence of NMDA receptors in Hydra neurons, but it could also 

reveal NMDAR-induced calcium fluctuations that would be otherwise obscured by other 

endogenous factors that contribute to the overall calcium signal upon glutamate 

stimulation.  

 

However, if the finding that functional glutamate receptors do not exist in Hydra neurons 

is validated, one can consider the following possible explanations. Firstly, putative 

glutamate receptors in Hydra identified by phylogenetic analyses could be possibly 

localized in non-neuronal cells. Secondly, even if the glutamate receptors are present in 

neurons in Hydra, it is possible that they are not functional. This could be addressed in 

future studies by performing a bioinformatic comparative analysis of the ligand-binding 

domains of NMDAR in higher organisms versus Cnidarians. Finally, since 

neurotransmission in Cnidarians is predominated by neuropeptides (Grimmelikhuijzen 

and Hauser 2012), it is possible that in Hydra, glutamate merely serves as a metabolite 

and only evolved as a neurotransmitter later in the animal kingdom.  

 

The prevalence of peptides as neurotransmitters as opposed to single amino acids (such 

as glutamate) in Hydra is puzzling from an evolutionary perspective. The high energy 

synthesis cost of peptides as compared to single amino acids, that already exist as energy 

metabolites in cells, begs the question of why Hydra did not evolve to take advantage of 

the simpler amino acids for its neurotransmission. In addition, utilizing single amino 
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acids for neurotransmission could offer rapid dynamics. It is possible, however, that 

Hydra could survive the higher energy cost and slower dynamics due to its simple nerve 

net. This is in contrast with higher metazoans with complex nervous systems where the 

fast dynamics offered by small molecule neurotransmitters could possibly be an 

essentiality.   
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CHAPTER SIX- DISCUSSION 

6.1. CONCLUSIONS 

The role of L-Lactate was underestimated and it was considered only as a byproduct of 

metabolism. However, studies spanning three decades have highlighted its role as an 

energy source for neurons. The peripheral administration of L-lactate has been shown to 

produce antidepressant-like effects in different animal models of depression (Carrard et 

al. 2018). In addition to this, L-Lactate has been recently shown to play a role as a 

signaling molecule involved in synaptic plasticity through the regulation of NMDAR. 

Nonetheless, our understanding of the mechanisms and the role of L-Lactate in 

modulating NMDAR signal is still lacking. In this dissertation, I aimed to characterize 

the mechanism by which L-Lactate potentiates NMDAR signal. To serve this purpose, I 

employed a multidisciplinary approach utilizing protein biochemical, molecular/cell 

biological, electrophysiological as well as phylogenetic tools. 

 

In the general aim to characterize the role of L-Lactate as a signaling molecule, I opted to 

follow the time-dependent changes in the phosphoproteome of cortical neuronal cultures 

as a response to L-Lactate. This approach underlined the role of L-Lactate in regulating 

the phosphorylation of several cytoskeletal proteins, which influence the structural 

changes and dynamics of the synapse. The phosphoproteomics analysis also showed an 

L-Lactate-dependent increase in the phosphorylation of proteins in the MAPK pathway. 

This study confirms some of the roles already characterized for L-Lactate and 
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underscores its role in regulating several signaling cascades through the induction of 

various proteins phosphorylation (Chapter 2). 

 

L-lactate has been previously shown to potentiate the NMDAR-dependent current and 

calcium influx evoked by brief applications of glutamate and glycine in primary cultures 

of mouse cortical neurons (Yang et al. 2014). In the same study, it was shown that L-

Lactate increased the levels of ERK1/2 phosphorylation. Here, I confirmed through mass 

spectrometry and western blot the involvement of MAPK pathway and showed an 

increase in phospho-ERK on application of L-Lactate.  

 

Additionally, members of the calcium/calmodulin-dependent protein kinase (CaMK) 

family such as CaMKI, CaMKII and CaMKIV have been proposed to transduce elevated 

intracellular Ca2+ into ERK1/2 phosphorylation (Agell et al. 2002; Schmitt et al. 2004; 

Wayman et al. 2008).  Among these members, CaMKII has been implicated to play a role 

in learning and memory via interaction with NMDA receptor subunits (Foster et al. 2010; 

Halt et al. 2012; Lisman et al. 2012). Furthermore, CaMKII has been reported to be 

involved in triggering the ERK1/2 pathway following NMDAR activation in cultured 

cortical neurons (El Gaamouch et al. 2012).  Hence, CAMKII appeared to be an 

interesting candidate in mediating the L-Lactate-dependent potentiation of NMDAR. To 

investigate the involvement of CaMKII, I blocked its activity by using two types of 

CaMKII inhibitors- KN-93 and CN21. Using either of these inhibitors abrogated the L-
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Lactate-mediated activation of ERK1/2 signaling pathway. I am confident that the loss of 

L-Lactate-mediated activation of ERK1/2 pathway was a result of the CaMKII inhibitors 

(tat-CN21 or KN-93) since the control peptide (tat-Scr) as well as the inactive kinase 

analog KN-92 did not block the effect in parallel experiments (Chapter 3).  

 

KN-93 and CN21 block all isoforms of CAMKII. Among the CaMKII isoforms, 

CAMKII a and b are predominantly expressed in the brain with CaMKIIa being the 

most abundant (McGuinness et al. 1985). Moreover, CaMKIIa has been shown to be 

specifically involved in ERK1/2 activation (El Gaamouch et al. 2012). Hence, I shifted 

my focus to the a isoform of CaMKII. 

 

In my experiments, I used 12-14 DIV cortical neurons, which is a prototype of a 

developing circuit in which the expression levels of GluN2B is high (Sheng et al. 1994). 

In addition, studies have shown that early during development, GluN2B contributes 

greatly to the induction of LTP (Yoshimura et al. 2003). It has also been shown that the 

binding of CaMKIIa and GluN2B is important for the induction of LTP (Bayer et al. 

2001). Hence, it seems logical to investigate the role of the interaction between CaMKIIa 

and GluN2B in transducing the L-Lactate-mediated effect on NMDAR.  

 

Investigating this interaction between CaMKIIa and GluN2B in neurons poses certain 

technical challenges. For instance, neurons express other isoforms of these proteins, 
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which might or might not be redundant and could alter the overall results. Additionally, 

other proteins expressed in neurons could possibly interfere in the same or other signaling 

pathways rendering a conclusive inference about the role of the interaction of interest 

difficult.  Therefore, I resorted to a system where potential interferences that could 

complicate our findings were minimized. I developed a simple model using HEK cells, 

which do not endogenously express NMDAR or CaMKII. To exogenically express 

NMDAR in HEK cells, I transiently transfected HEK cells with a plasmid encoding 

GluN1 and GluN2B subunits of NMDA receptor. We verified that the NMDAR in our 

model was functional by checking the glutamate-induced inward NMDA current (INMDA) 

in these cells. The I-V relationship showed rectification at negative holding voltages, 

which is typical of NMDA receptors (Nowak et al. 1984). However, in HEK cells 

expressing only NMDAR, we did not observe any L-Lactate-mediated enhancement of 

current on application of glutamate and glycine. We posited that the L-Lactate-mediated 

enhancement requires the functional interaction between NMDAR and CaMKIIa. 

Therefore, we constitutively expressed CaMKIIa in these cells. This led to a strong 

potentiation of the amplitude of INMDA by L-Lactate (Chapter 4).  

 

To further characterize the interaction between CaMKIIa and GluN2B and its role in 

transducing the L-Lactate-mediated effect on NMDAR, I conducted mutational analysis. 

I created two GluN2B mutants (Mutant #1 and Mutant #2) each with double point 

mutations within GluN2B cytoplasmic tail. Mutant#1 had Leucine (L) 1298 replaced by 

Alanine (A) and Arginine (R) 1300 by Glutamine (Q) whereas Mutant#2 had R1300 

replaced by Glutamine (Q) and Serine (S) 1303 by Aspartic Acid (D). I opted for these 
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mutations since in vitro and in vivo studies have demonstrated that these sites inhibit 

binding of GluN2B to CaMKIIa (Halt et al. 2012; Strack et al. 2000). I confirmed that 

these mutations negatively affected the binding of CaMKIIa to NMDAR by co-

expressing the GluN2B mutants along with CaMKIIa in HEK cells followed by co-

immunoprecipitating GluN2B mutants and CaMKIIa. The Co-IP showed a significant 

inhibition of binding to CaMKIIa by either of GluN2B mutants as compared to the wild 

type.  Having established that the mutants negatively influenced the binding to CaMKIIa, 

we then moved to examining the effect of L-Lactate on the potentiation of NMDAR 

using these mutants. Our results showed that expressing GluN2B mutants prevented the 

increase in INMDA amplitude induced by L-Lactate. This strongly suggests that the 

enhancement of the INMDA amplitude requires the functional interaction between 

CaMKIIa and GluN2B (Chapter 4). 

  

Taken together, the data obtained using CaMKII inhibitors and GluN2B mutants 

demonstrate that blocking CaMKII and inhibiting the CaMKIIa-GluN2B interaction 

drastically influences the transduction of the L-Lactate-mediated effect on NMDAR, thus 

highlighting the importance of the interaction between CaMKIIa and GluN2B in 

modulating the L-Lactate-mediated potentiation of NMDAR signal.  

 

Yet, the exact mechanism by which L-Lactate does this is unknown. Bayer et al. (Bayer 

et al. 2006) proposed a two-step model for binding of CaMKII to GluN2B. The influx of 

Ca2+ via NMDAR activates CaMKII, thereby removing the pseudosubtrate region of the 
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autoregulatory domain from the S site of the kinase. GluN2B tail can thus bind to the S 

site. This interaction is transient and reversible. However, upon longer stimulation (5 min 

to 25 min), a persistent interaction between the GluN2B-C and the available T site is 

observed. With GluN2B occupying the T site, there would be major structural clashes 

and the autoregulatory domain cannot bind back, overall keeping the kinase in an active 

conformation independent of Ca2+/CaM. Hence, this binding further maintains catalytic 

activity of CaMKII (Bayer et al. 2006). The region of GluN2B that binds to the T-site 

shows high sequence homology to the autoinhibitory segment around T286 of CaMKII. It 

has a Serine (S1303) that is a high-affinity substrate for CaMKII and can be 

phosphorylated by CaMKII (Omkumar et al. 1996). Bearing this in mind, I postulate the 

L-Lactate-mediated potentiation of NMDAR could possibly stem from a mechanism in 

which L-Lactate could presumably promote the switch from transient to persistent 

binding of GluN2B to CaMKII through an indirect influence of the S1303 

phosphorylation at the T-site. It follows then, that this transition from an initially 

transient Ca2+/CaM-dependent interaction to a more stable Ca2+/CaM-independent 

binding would also prolong an active state of CaMKII and might play a role in learning 

and memory. Yet, further investigations are required to confirm or invalidate this 

hypothesis. 

 

I could also envision another possibility to elucidate the mechanism of L-Lactate-

mediated potentiation of NMDAR. By changing the redox environment, L-Lactate could 

indirectly have an effect on CaMKIIa  or NMDAR subunits. L-Lactate enters neurons 

via MCT2 where it can be converted to L-pyruvate by an enzyme called L-Lactate 
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dehydrogenase. L-Lactate dehydrogenase uses NAD+ as a cofactor, resulting in the 

production of NADH. Studies have shown an increase in intracellular NADH/NAD+ ratio 

on extracellular application of L-Lactate in neurons (Jourdain et al. 2018). Furthermore, 

Yang et al. showed that the MCT inhibitor (UK5099) could block the effect of L-Lactate. 

Notably, NADH, but not pyruvate, reproduced the effects of Lactate on gene expression 

(Margineanu et al. 2018; Yang et al. 2014). Since NADH production is the only specific 

process that differentiates L-lactate and L-pyruvate metabolism, we and others have 

postulated that the effect of L-lactate could be mediated by a change in the redox state of 

the cells. Production of NADH creates a more reducing environment in the neuron. This 

suggests a redox-dependent mechanism of action of L-Lactate.  

 

Previous studies have shown that the activity of CaMKII can also be affected by the 

redox environment (Bodhinathan et al. 2010; Shetty et al. 2008). An oxidative 

environment leads to the formation of disulphide bridges between cysteine residues of 

CaMKII leading to CaMKII aggregation and an overall decline in kinase activity (Shetty 

et al. 2008). Furthermore, the addition of DTT (dithiothreitol), a reducing agent, to 

neurons enhanced NMDAR responses and inhibiting CaMKII activity abrogated this 

effect (Bodhinathan et al. 2010; Jourdain et al. 2018).  These studies support a role for the 

redox environment in modulating CaMKII activity and NMDAR responses. Building on 

this, we hypothesize that L-Lactate by creating a more reducing environment, through the 

production of NADH, might perhaps enhance the activity of CaMKII and potentiate 

NMDAR response. The results point to CaMKII as a critical link between the 

intracellular redox state and the increase in the NMDAR response.  
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The redox environment may also influence NMDAR subunits. Studies published over 

two decades ago reported that GluN1 subunit of the NMDA receptor has extracellular 

cysteine residues, which make it potentially sensitive to redox changes (Kohr et al. 1994; 

Sullivan et al. 1994). In support of this, studies showed that application of DTT, induced 

potentiation of NMDAR activity whereas application of DTNB (5,5’-dithio-bis-(2- 

nitrobenzoic acid)) an oxidizing agent, blocked the L-Lactate-induced potentiation. Since 

DTNB is membrane impermeable, these results suggest a possible extracellular action on 

the NMDAR redox-sensitive sites (Jourdain et al. 2018). NADH can be transported 

across the plasma membrane via the purinergic P2X7 receptor (Lu et al. 2007; Munoz et 

al. 2017). It would be intriguing to see what future examinations of this possibility lead 

to. 

 

I have also entertained the possibility that the signaling effect of L-Lactate could be 

linked to the recently identified L-lactate receptor HCAR1 (Liu et al. 2009). HCAR1 is a 

G-protein coupled receptor, expressed at relatively high levels in adipose tissue and at 

lower levels in the brain, intestine, kidney, and many other tissues. Furthermore, at the 

mRNA and protein levels, HCAR1 was detected in hippocampus and cerebellum and at a 

lower level in the cortex (Lauritzen et al. 2014). L-Lactate is a ligand of HCAR1, binding 

of which leads to its activation (Cai et al. 2008; Liu et al. 2009). HCAR1 couples to Gi 

proteins, leading to adenylate cyclase (AC) inhibition and reduced cAMP production. 

Using calcium imaging in primary cortical cultures, a study found that L-Lactate 

decreases the spontaneous calcium spiking frequency in neurons in a concentration-
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dependent manner (Bozzo et al. 2013). They implicated this effect of L-Lactate to 

HCAR1 based on their results when pertussis toxin was used. Pertussis toxin is a blocker 

of Gi protein, and when used, the inhibitory effect of L-Lactate was abolished.  However, 

they were able to re-establish the inhibitory effect of L-Lactate when they used 3,5 

dyhydroxybenzoic acid, a specific agonist for HCAR1 (Bozzo et al. 2013; de Castro 

Abrantes et al. 2019). Our current work shows that the signaling effect of L-Lactate in 

neurons involves NMDAR and CaMKIIa. In contrast to the reported negative effect of 

L-Lactate, we witnessed a positive modulation of activity by L-Lactate suggesting a 

possible direct role on the NMDA receptor without a contribution of HCAR1. This is 

further supported by our results in HEK cells, which do not express HCAR1, yet the 

positive modulation of L-Lactate is preserved.   

 

6.2. FUTURE PERSPECTIVE 

6.2.1. Redox sensitivity of CaMKII and NMDAR 

6.2.1.1. Cysteine mutations 

To explore a potential L-Lactate-induced redox-mediated regulation of NMDA receptor 

or CaMKII, mutational analysis of the possible CaMKII and NMDAR cysteines 

coordinating disulfide bridges could be implemented. Mutating these cysteines to 

alanines or other residues would be aimed at eliminating its sensitivity to redox changes. 
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Here, I set up the ground work for such future investigation by establishing a good 

working model for NMDAR in HEK cells. Creating CaMKII/NMDAR cysteine mutants 

and transfecting them into HEK cells, is made feasible and reproducible by the protocols 

established in this current work. Therefore, I propose that performing electrophysiology 

as well as calcium imaging experiments with such mutational analysis in our system will 

shed light into the possible mechanism by which L-Lactate mediates its effects on 

NMDAR signal potentiation, and would assess the contribution of a redox-mediated 

regulation.  

 

6.2.1.2. Application of NADH 

Previous studies showed that the effect of L-Lactate on NMDAR signal potentiation and 

gene expression could be mimicked by NADH (Jourdain et al. 2018; Margineanu et al. 

2018; Yang et al. 2014). Hence, it would be intriguing to examine the effect of NADH in 

parallel experiments to those described in this thesis. Particularly interesting would be an 

investigation into the role of NADH in mediating an NMDAR signal potentiation 

especially in comparison to those results presented here using L-Lactate. This approach 

could take advantage of our established electrophysiology experimental protocols and our 

HEK cell model expressing NMDAR and CaMKII. A confirmation that NADH could 

mimic L-Lactate in this perspective would support our hypothesis that L-Lactate effects 

are indirectly due to redox changes. Further verifications of such findings could also be 

approached by using reducing and oxidizing agents such as DTT and DTNB to alter the 
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redox environment and to ascertain the effects of this altered redox environment on 

GluN2B-CaMKIIa  interaction.  

 

6.2.2. Other modes of CaMKII inhibition due to side effects of Cell-

Penetrating Peptides (CPP) 

The CaMKII inhibitor CN21 used in our studies is a hydrophilic peptide, which cannot 

propagate through the plasma membrane of neurons. To alleviate its hydrophilicity and 

support its propagation through the plasma membrane, it is commonly fused to a TAT 

peptide. The TAT peptide (YGRKKRRQRRR) is a cell-penetrating peptide derived from 

the trans-activator of transcription (TAT) protein of human immunodeficiency virus-1 

(HIV-1) (Vives et al. 1997). Cell-penetrating peptides (CPPs) are used to overcome the 

lipophilic barrier of the cellular membranes and deliver particles inside the cell with 

intact biological activity. TAT peptide is cationic with a highly positive net charge at 

physiological pH due to its arginine (R) and lysine (K) amino acid composition (Guidotti 

et al. 2017). CPPs offer a way to study acute physiological effects, without dealing with 

potential compensatory problems correlated with protein overexpression or knockdown. 

However, they can have unintended side effects.  It has been shown that TAT peptides 

bound to their cargo are more toxic than the 11 amino acid TAT transporter sequence 

alone, when used at concentrations above 10 μM and that the level of cytotoxicity at a 

certain peptide concentration depends on the length of the peptide (Cardozo et al. 2007). 

However, it has been shown that maximum cell internalization occurs around a length of 

15 amino acids (Wender et al. 2008). Generally, if using CPP-conjugated peptides, these 
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should be designed with the shortest possible sequence and the highest possible affinity 

to allow the use of concentrations below 10 μM or optimally at 1 μM. Therefore, caution 

should be exercised when choosing the right cell-penetrating peptide sequence and TAT 

sequences of shorter lengths are recommended. In the current study, we performed our 

tat-CN21 blocker experiments in parallel with a control scrambled sequence peptide 

fused to the same TAT peptide (tat-Scr).  However, due to the high cytotoxicity of these 

peptides and the challenge to design them and devise an optimal experimental approach, 

which ensures that their side effects do not significantly affect the experimental 

observations, we recommend using a different approach. Genetic mice models have 

provided alternative CaMKII inhibition mechanisms such as those confirmed by creating 

a knock in mutant through point mutation in CaMKII (T286A) (Giese et al. 1998; Kimura 

et al. 2008; Ohno et al. 2006). Such inhibition mechanisms can be adopted instead of 

pharmacological CaMKII blockers. 

 

6.2.3. Potential downstream substrates of CaMKII 

NMDARs can be found within the post-synaptic densities (PSD) and extrasynaptic 

spaces in neurons. As discussed in Chapter 1, CaMKII is recruited to the PSD following 

the activation of NMDAR and the subsequent Ca2+ influx. A large number of different 

CaMKII substrates are abundant in the PSD. Since CaMKII is composed of 12 

holozymes, it can simultaneously bind to multiple PSD proteins, leading to the formation 

of macromolecular complexes (Colbran 2004; Robison et al. 2005; Walikonis et al. 

2001). Investigating the role of other binding partners of CaMKII may shed light into the 
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mechanism by which its binding to GluN2B might be affected. In particular, CaMKII 

interaction with GluN1-C0 domain is of interest, since it is a compulsory subunit to form 

a functional NMDAR and its interaction site with CaMKIIa overlaps with CaM and a-

actinin binding domains. It would be intriguing to see what future investigations can 

reveal about the versatility and plasticity of CaMKII interactions with partner proteins 

and their downstream consequences.  

 

6.2.4. L-Lactate localization 

Yang et al. proposed that L-Lactate localization to inside the cell is a prerequisite for the 

detection of its modulatory effect on NMDAR. The researchers used an MCT blocker 

(UK5099), which inhibits L-Lactate transport to the inside of the cell (Yang et al. 2014). 

Using this blocker, the modulatory effect of L-Lactate on NMDAR was abrogated. 

However, the discovery of the novel L-Lactate receptor (HCAR1) questions whether L-

Lactate transport to inside the cell is mandatory for mediating the NMDAR potentiation 

signal. It is possible that L-Lactate might mediate some of its effects by acting 

extracellularly as a direct agonist of NMDAR or HCAR1. It would be intriguing for 

future work to examine the impact of L-Lactate localization on NMDAR and elucidate 

whether L-Lactate extracellular or intracellular localization is at play when NMDAR 

potentiation is considered. Such investigations could employ our HEK cell model with 

MCT blockers. 
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APPENDIX 

Table A1. List of proteins denoted by their gene names, differently regulated by L-

Lactate treatment in neuronal cultures. 

 

Protein 
 

Fold change relative to control 
 

Gene ID T=2 min T=5 min T=10 min T=15 min T=30 min 

Marcks 400.0524565 359.9394982 401.7470629 216.063309 450.9535521 

Chgb 288.0220729 96.16846777 212.3554546 155.4760539 1.590667 

Map4 266.038488 245.7110096 170.4497197 197.9311563 0.562529927 

Wdr33 209.3923412 255.0771772 173.6807106 209.393462 1.437417109 

Hnrnpd 90.95080509 99.8867522 62.80422908 78.57052607 44.81121717 

Apba1 64.04099658 47.34590955 50.53450757 63.98345847 22.01746747 

Add1 48.60980848 58.8688688 332.69969 338.78878 443.6886 

Mapre2 45.58986145 41.41490749 22.60388431 41.39597763 0.140834234 

Arvcf 44.62403631 29.08427922 63.3756083 47.23374062 2.48858 

Matr3 33.24732345 38.90249777 45.28388536 38.90157687 0.436566097 

Slc6a17 4.698005909 4.043115789 2.21284526 4.645735956 1.554794753 

Mapk3 4.450095047 3.156933755 3.222003544 3.420820414 3.424547154 

Clasp2 3.129373148 0.452267477 4.863381951 0.516590287 1.416456209 

Champ1 2.736318299 2.360575864 1.34863271 2.367608231 2.250908755 

Abl2 1.760749344 1.645360211 2.147413968 2.603840891 1.398513013 

Mapk1 1.728891571 1.545715182 2.214721481 2.192571693 2.518961102 

lrfn4 1.627274597 0.763189036 1.093395996 1.222094128 0.031494181 

Pclo 1.449258594 1.33113778 1.318269535 1.942721044 1.371010719 

Safb 1.448966573 1.514234567 0.96378163 0.922412441 1.410976969 



 181 

Efnb2 1.392014937 0.966594976 0.701813678 1.013840064 1.020782442 

Ccdc88a 1.391443008 1.079901899 0.75857663 1.099964321 1.439814654 

Mapt1 1.357591453 0.90090949 0.980137212 0.71925043 1.103682267 

Ncoa5 1.258866023 1.422754027 0.743216926 0.79459249 1.315225357 

Dis3l2 1.245428812 0.678811179 1.045834197 1.161500853 1.409751104 

Klc4 1.229913249 1.103142653 0.665064811 0.711696247 0.936962932 

Ap3d1 1.219400356 1.083301989 0.787832674 0.895367313 1.291101461 

Camsap2 1.214825242 1.18274593 0.749572211 1.137891256 1.335061797 

Tp53bp1 1.212758706 1.122490798 0.7524619 0.848120066 1.261115752 

Rap1gap 1.208023571 0.875034406 0.77740263 1.208067349 0.636413282 

Rbmx 1.206156372 1.040497208 0.64874552 0.7658993 1.223913588 

Aak1 1.200814652 0.731831732 1.191179028 1.905829869 1.230953522 

Larp1 1.185721894 1.087000418 0.820034881 0.84296869 1.302221703 

Slc2a13 1.179226962 1.253113407 0.712356398 0.793580175 1.206863037 

Hsp90ab1 1.158164821 1.455129492 0.910301907 1.442754038 1.238360199 

Srrm2 1.156932228 0.933829036 0.584630799 0.634941921 1.121829808 

Safb 1.155785985 1.175887918 0.757767896 0.850436419 1.139708016 

Slc7a8 1.153434445 1.024953068 0.751250518 0.884077592 1.201997997 

Fam171b 1.145711014 1.011188507 0.640183444 0.773050936 1.283960491 

Adcy1 1.126884689 1.053445723 0.589389659 0.859288187 1.576322839 

Dyrk1b 1.125863115 1.132338621 0.688639887 0.841054235 1.26658187 

podxl2 1.123425536 0.855134427 0.705391219 1.094617856 1.119369375 

arhgap39 1.103005206 1.028124407 0.618606393 0.845799507 1.318136881 

Rph3a 1.097681169 1.118955713 0.65970519 0.765445441 1.239066998 

Wdr47 1.09656486 1.207159644 0.593695548 0.714259727 1.242129932 

Slc4a8 1.091202412 0.877447936 0.658515269 0.60250833 0.980794277 

Psma3 1.068530433 1.078587283 0.644777388 0.861234385 1.186379164 
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Wipi2 1.063555091 0.062193095 0.522945004 0.432167732 0.675472443 

Atrx 1.061943475 1.260128122 0.823462039 0.814858477 1.139347669 

Fryl 1.061466307 1.013434979 0.603327477 0.711992561 1.040016624 

Psd3 1.057270196 0.955672503 0.699286641 0.620607433 0.962345371 

Plppr3 1.053670716 1.047753943 0.579345075 0.687015036 1.051766221 

Fnbp1l 1.052152147 0.9588496 0.606917308 0.754260389 1.132700234 

hmgcs1 1.049113577 0.883738321 0.91127825 1.000543066 1.396191167 

Dnajc6 1.040783485 1.115597861 0.7032645 0.722897291 1.041512087 

Palm 1.04026635 0.888442751 0.672724611 0.722859554 0.881513898 

Map1b 1.038425611 0.953274519 0.533490513 0.7729854 1.236634801 

Rmdn3 1.036589233 0.879834315 0.66798989 0.717024101 1.156015019 

Dclk1 1.029759213 0.885132693 0.679436005 0.646668449 1.001726832 

Mdh1 1.029747306 1.095712701 0.600597859 0.641424148 0.847853501 

Akt1 1.029488054 0.944335617 0.854873923 0.990432389 1.200404048 

Ap1ar 1.026970103 1.069235763 0.633085279 0.7213105 1.298369666 

Carhsp1 1.002440214 0.848933487 0.600710458 0.669418267 0.998092061 

Nbea 1.002440214 0.848933487 0.600710458 0.669418267 0.998092061 

Thrap3 1.000422115 0.887319381 0.637221278 0.856394675 1.040154415 

Slc4a10 0.986251111 0.882108401 0.685629387 0.781305195 1.196443505 

Ablim1 0.984212283 0.825421931 0.825306647 1.040479468 1.008828557 

Src 0.97848182 1.112191935 0.635640785 0.710245723 1.368958873 

Bin1 0.976709126 0.82259399 0.579535597 0.58902916 0.834425002 

Vps26b 0.973660893 0.670638773 0.835196499 0.786897372 1.159499165 

Sptan1 0.97334539 1.044548498 0.631072989 0.613587982 1.182968406 

Rpl23a 0.973154365 0.907570938 0.557574567 0.60594824 1.16532343 

Plxna4 0.972371698 0.92682058 0.543084625 0.644232825 1.071402161 

Tmx1 0.966845741 0.976821649 0.666614432 0.793634856 1.293781158 
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Hecw2 0.961673383 1.011444341 0.549619646 0.635969223 1.123320401 

Clip2 0.961350259 1.152671542 0.810558948 0.689675101 0.961077928 

G3bp1 0.957358274 0.801313819 0.589808431 0.726070655 0.991911124 

Ndrg3 0.952724425 0.861774618 0.562603899 0.523991272 0.902815131 

Gpsm1 0.943983828 0.948307795 0.609414658 0.757575233 0.975946244 

Epb41l3 0.942404327 0.991771106 0.653458134 0.65333056 1.004471801 

Syngap1 0.940820006 1.044066496 0.458273822 0.890971816 1.650982437 

Pi4ka 0.935811671 1.045863367 0.396617636 0.602513692 0.777493169 

Dync1i1 0.932923083 0.840418202 0.567735933 0.555529017 1.051321402 

Dbn1 0.923117121 0.875724963 0.51310286 0.671028933 1.030077145 

Map4k4 0.922214721 1.081758663 0.683002328 0.698893205 0.955881337 

Macf1 0.913728948 0.965094682 0.589722653 0.632971821 1.004050856 

Gps1 0.900756663 0.961013658 0.671208049 0.73313892 1.072271907 

Rtn4 0.898292925 0.961579326 0.61990729 0.857606648 1.212435373 

Arhgap21 0.896183236 1.083102118 0.52785487 0.957619679 1.254570196 

Braf 0.895731443 0.848578082 0.566340553 0.617314889 0.839532643 

Wdr20rt 0.895592946 0.819951619 0.617152482 0.648892065 0.835738212 

Ndrg2 0.894812217 0.776623923 0.484210366 0.481707726 0.928313105 

Prkce 0.891605004 1.03301306 0.591538881 0.738483596 1.159501314 

Eif4g1 0.891267958 0.912103158 0.591715566 0.626063425 1.024972596 

Sorbs1 0.8852178 1.070168665 0.460708678 0.825958352 1.291959283 

Agfg1 0.876720401 0.824583601 0.76715028 0.759500814 1.046799333 

Dclk1 0.876476691 0.884105743 0.612688888 0.740961846 0.868214749 

Syn1 0.871310932 1.244455281 1.534685171 1.100774407 0.308117916 

Ank2 0.868457911 1.114667872 0.527962453 0.788645807 1.434096044 

Huwe1 0.857560862 0.831088945 0.506414884 0.509937381 0.961281612 

Synj1 0.85162049 0.69717394 0.544077747 0.781157511 0.758501634 
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Rims1 0.848883582 0.898340124 0.569973129 0.553182827 0.878037605 

Smarcc2 0.837227336 0.936493336 0.558632638 0.590560012 1.050989453 

Rab11fip5 0.837219031 0.879647018 0.475129732 0.537569307 1.157700505 

Clasp1 0.834628756 0.892496793 0.601369943 0.612276714 0.876362897 

Dlgap2 0.823862478 1.074919427 0.612632831 0.675367368 1.104416632 

Cdk1 0.82241352 0.696648504 0.351349165 0.723734324 0.997728601 

Sort1 0.819929612 0.84932855 0.507011092 0.544177249 1.070664291 

Gmps 0.819054509 1.293352145 0.559277624 0.605812428 0.93435573 

Akap1 0.817250962 0.753771142 0.536914777 0.593318248 0.905242427 

Ralgps1 0.812995227 0.870947584 0.535990606 0.531616543 0.900780809 

Pacs1 0.812478341 0.663203555 0.59263612 0.608589081 0.866748996 

Plh2 0.808769452 0.869071952 0.618274196 0.562641099 1.052498892 

Gap43 0.808225344 0.820983613 0.632866662 0.656679422 0.839386391 

Erc1 0.808122094 0.674227515 0.60545552 0.572243013 0.870713488 

Eif3b 0.802286233 0.743024505 0.606350498 0.684260865 0.966913954 

Ppfia2 0.794752813 0.716021717 0.524152492 0.538274511 0.806878822 

Specc1l 0.790590868 0.858952523 0.614256077 0.596183442 0.842972503 

Epb41l1 0.788714409 0.984525095 0.556818604 0.67904711 1.089244144 

Arhgap23 0.787780918 0.861992376 0.517151717 0.585787793 1.00999847 

Hnrnpa1 0.785297899 0.808555084 0.600985366 0.551393617 0.828184576 

Rbm39 0.779667819 0.915274641 0.604064869 0.653748179 0.786468139 

Ctnnd1 0.778972528 0.699080696 0.446820777 0.576506358 0.714792675 

Hdgf 0.776168439 1.031288405 0.679577593 0.888863108 1.111457685 

Srcin1 0.755984293 0.690711388 0.394041123 0.524000413 0.79488671 

Afdn 0.743734538 0.900388987 0.512235272 0.569757501 0.783369947 
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Table A2. Genes used for phylogenetic tree construction along with their accession 

numbers.  

 

Grin1 Grin2a Grin2b 

 
Species NCBI Reference NCBI Reference NCBI Reference 

 
Mus musculus NP_032195.1 NP_032196.2 NP_032197.3 

 
Homo sapiens NP_015566.1 NP_000824.1 NP_000825.2 

 
Gallus gallus NP_996862.1 XP_015150065.1 XP_015144845.2 

 
Danio rerio NP_001137603.1 NP_001121809.1 XP_017210501.1 

 
Drosophila melanogaster NP_730940.1 NP_001014715.1 NP_001284788.1 

 
Caenorhabditis elegans NP_498887.2 XP_001256640.1 NP_001256640.1 

 
Nematostella vectensis XP_001627645.1 XP_001627645.1 XP_001627645.1 

 
Acropora digitifera XP_015776787.1 XP_015776787.1 XP_015776787.1 

 
Hydra vulgaris XP_012553484.1 XP_012566745.1 XP_012558426.1 

 

 

 

 


