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Abstract 

N-methyl-d-aspartate glutamate receptors (NMDARs) are fundamental to many normal 

brain functions such as cognition and memory; however, NMDAR over-activation can cause 

neuronal death as a result of excitotoxicity. Although the mechanisms underlying these 

paradoxical roles of NMDARs remain unclear, accumulating evidence from both in-vitro and in-

vivo studies suggested that GluN1/GluN2B-NMDAR subtypes mediated signaling may 

contribute cell death, while GluN1/GluN2A-NMDARs signaling promote pro-survival outcomes.  

Employing an extensive drug discovery pipeline process, we identified and characterized a class 

of novel small molecules that specifically potentiate GluN1/GluN2A NMDARs in an allosteric 

manner. This new class of molecules is referred to as NMDAR positive allosteric modulators 

(Npams) with the Npam43 being the lead compound. Mutational analysis demonstrates that 

Npam43 binds to a novel binding site on the N-terminal domain (NTD) at the interface between 

the GluN1 and GluN2A subunits. Functional characterizations in in-vitro show that Npam43 

activates cell survival signaling, increasing phosphorylated CREB levels, and thereby protects 

neurons against NMDAR-mediated excitotoxicity and NMDA-independent H2O2 oxidative 

stress. Moreover, Npam43 potentiates GluN1/GluN2A-mediated synaptic currents, and 

facilitates the induction of long-term potentiation (LTP) in hippocampal slices acutely prepared 

from mouse brain. Using a rat focal ischemia model of stroke in-vivo, we show that systemic 

administration of Npam43 not only modulates GluN1/GluN2A containing NMDARs but also 

substantially reduces neuronal damage and improves behavioral outcomes. Together, our study 

not only develops a novel class of Npams for GluN1/GluN2A NMDARs, but also demonstrates 

their therapeutic potential as novel neuroprotectants for stroke. In addition, the
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present work also provides strong evidence supporting a critical role of GluN1/GluN2A subtype 

of NMDARs in promoting cell survival. 
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Chapter 1: Introduction  

 

1.1 Overview of the N-methyl-d-aspartate glutamate receptors (NMDAR s) 

1.1.1 NMDARs as calcium channels 

N-methyl-D-aspartate receptors (NMDARs) are sub-family of ionotropic glutamate 

receptors in the brain that have critical roles in mediating brain functions such as learning and 

memory (Tang et al., 1999), and also in the pathogenesis of disorders including acute brain 

insults such as stroke (Y. Liu et al., 2007), brain trauma (Shohami & Biegon, 2014), chronic 

brain degenerative diseases such as Alzheimerôs disease (Paoletti, Bellone, & Zhou, 2013), 

Huntingtonôs disease (M. M. Fan & Raymond, 2007), and Parkinsonôs disease (Schmidt, 

Hochman, & MacLean, 1998). The NMDARs are described as tertrameric transmembrane 

channels composed of combinations of the obligatory GluN1 (previously also known as NR1) 

subunit with GluN2 (A-D; previously also known as NR2 A-D) and/or GluN3 (A & B) subunits 

(Collingridge, Olsen, Peters, & Spedding, 2009).  

 

The principal excitatory NMDAR in the central nervous system is composed of two 

obligatory GluN1 subunits and two GluN2 subunits (A-D), which could be di-heteromeric (2 

parts GluN1 & 2 parts GluN2A) or tri-heteromeric (ie. 2 parts GluN1 & 1 part GluN2A & 1 part 

GluN2B) (Hansen, Ogden, Yuan, & Traynelis, 2014). Activation of NMDARs requires the two 

co-agonists; L-glutamate and D-serine or glycine to bind to the different subunits of the receptor; 

two of each are thought to be necessary for maximum activation of the receptor, where each of 

the two GluN1 subunits are occupied by one molecule of D-serine or glycine, and each of the 

two GluN2 subunits associate with one molecule of L-glutamate (Chang & Kuo, 2008; Papouin 
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et al., 2012). Different GluN2 subunits (GluN2A ï D) confer distinct electrophysiological and 

pharmacological properties on the receptor complexes and couple them with different signaling 

machineries (T. Bliss & Schoepfer, 2004; Seeburg, 1993a, 1993b). 

 

NMDARs are ionotropic receptors which allow Na
+
 and Ca

2+
 ions to influx and let K

+
 

ions to efflux (MacDermott, Mayer, Westbrook, Smith, & Barker, 1986; Voglis & Tavernarakis, 

2006). Ca
2+

 influx through NMDARs is thought to be essential in synaptic plasticity, a cellular 

mechanism for learning and memory (MacDermott et al., 1986; Voglis & Tavernarakis, 2006). 

Under basal conditions, their high capacity for Ca
2+

 permeability (Jahr & Stevens, 1993) 

contributes strongly to the triggering of Ca
2+

-dependent intracellular signaling pathways 

downstream that ultimately control different forms of synaptic plasticity (Luscher & Malenka, 

2012) (L. Liu et al., 2004) such as long-term potentiation (LTP) and long-term depression (LTD) 

(Shipton & Paulsen, 2014). Conversely, under certain pathological conditions, the over-

activation of NMDARs causes an excessive influx of Ca
2+

 triggering apoptotic death signaling 

pathways which ultimately contributes to neuronal damages during acute brain insults such as 

ischemic stroke (Lai, Zhang, & Wang, 2014) and chronic neurodegenerative conditions such as 

Huntingtonôs disease (L. Li et al., 2003).   

 

1.1.2 NMDAR channel properties 

Unarguably one of the most important physical properties of NMDARs, namely the one 

that confers its role upon learning and memory (Tang et al., 1999), is the tonic blockade of  

NMDARs in the channel pore by Mg
2+

 ions in a voltage-dependent manner (Blanke & 

VanDongen, 2009; Mayer, Westbrook, & Guthrie, 1984; L. Nowak, Bregestovski, Ascher, 
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Herbet, & Prochiantz, 1984). At resting potential, NMDARs are blocked by Mg
2+

 but during 

excitatory synaptic input depolarization of the neuron ultimately releases the Mg
2+

 blockade 

(Mayer et al., 1984; L. Nowak et al., 1984; Voglis & Tavernarakis, 2006). Accordingly, those 

NMDARs which have L-glutamate and glycine or D-serine bound in the appropriate binding 

sites, will open and allow Ca
2+

 to pass through the channel (Blanke & VanDongen, 2009; 

Papouin et al., 2012). 

 

Importantly, NMDARs can act as coincidence detectors of both pre- and post-synaptic 

excitation (Luscher & Malenka, 2012). The GluN2 subunits are responsible for controlling the 

biophysical properties and characteristics of NMDA receptors, including their responsiveness to 

Mg
2+

 cations, channel conductance, decay time or deactivation kinetics, developmental 

expression levels, and subcellular distribution in neurons for instance extrasynaptic or synaptic 

regions (Evans et al., 2012). When the two co-agonists (D-serine/glycine and glutamate) are bind 

to their binding sites on NMDARs the receptor exhibits a relatively high single channel 

conductance approximately (~50pS) when compared to other glutamate receptor subtypes like Ŭ-

amino-3-hydroxy-5-methyl-4-isoazole-proprionic acid (AMPAR) (~2-20pS) but show slow 

kinetics with a rise times of (5-15ms) versus (0.2-0.8ms) for AMPAR (Cheffings & Colquhoun, 

2000; Gebhardt & Cull-Candy, 2006; Hestrin, Sah, & Nicoll, 1990; Howe, Cull-Candy, & 

Colquhoun, 1991; Kleppe & Robinson, 1999; Papouin et al., 2012; Wyllie, Livesey, & 

Hardingham, 2013). NMDARs also deactivate with a much slower time course when compared 

to AMPARs (Pilati et al., 2016; Vance, Simorowski, Traynelis, & Furukawa, 2011; Wyllie et al., 

2013). It has been suggested that the quick decay time attributed to GluN2A-containing 

NMDARs, make them superior as coincidence detectors of pre- and post- synaptic excitation, 



4 

 

whereas GluN2B-containing NMDARs have a more gradual decay time and therefore are more 

important for excitatory postsynaptic potential (EPSP) summation, which permits neurons to 

reach the firing ceiling more quickly (R. Li, Huang, Abbas, & Wigstrom, 2007; Tong & 

MacDermott, 2014). 

 

1.1.3 NMDAR composition and structure 

The GluN1 subunit gene expresses eight functional splice variants, while separate genes 

produce four types of GluN2 (A-D) and two types of GluN3 (A & B) (Wyllie et al., 2013). It is 

known that the type of splice variant of GluN1 controls the type of pharmacological properties of 

NMDARs, such as the inhibitory effects from proton (H
+
) binding to the receptor (Masuko et al., 

1999). The structural architecture of NMDARs can be characterized as having an extracellular 

N-terminal domain (NTD), three transmembrane domains (M1, M3, M4) with a pore channel-

forming ñre-entrantò loop, a bi-lobed ligand-binding domain (LTD) formed by a distal fragment 

after the NTD (named the S1 domain) and a large extracellular loop linking M3 and M4 (named 

the S2 domain) plus the intracellular C-terminal domain (CTD) (Paoletti et al., 2013; Traynelis et 

al., 2010). The pair of S1 and S2 regions together are characterized as D-serine or glycine 

binding sites on GluN1 and the S1 and S2 regions of GluN2, constituting of the L-glutamate 

binding sites (Blanke & VanDongen, 2009; Papouin et al., 2012). The M2/p-loop is defined as 

the pore-facing region that contains an extremely important asparagine residue that endows 

NMDARs with the properties of Mg
2+

 blockade and Ca
2+

 flux (Blanke & VanDongen, 2009; 

Mayer et al., 1984; L. Nowak et al., 1984). The C-terminus of NMDARs contains areas that are 

recognized by a plethora of proteins that in turn act as channel modulators, enhancers and 

scaffolding proteins that stabilize the receptor to the synaptic and extrasynaptic sites for instance 
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(Ryan, Emes, Grant, & Komiyama, 2008). It has been shown that the CTD truncation in 

NMDARs did not change the subunit rise time but increased the decay time of glutamate-

activated currents and stipulated that the CTD of GluN2 has a modulating role in NMDAR 

gating (Punnakkal, Jendritza, & Kohr, 2012). The similarity between GluN2 (A versus B) is 

quite high of 70% due to highly similar secondary structure but most of the differences come 

from the CTD (X. M. Zhang & Luo, 2013) and may suggest that the CTD-mediated intercellular 

signaling endows the differences seen for GluN2A versus GluN2B in synaptic plasticity (Massey 

et al., 2004). 

 

1.1.4 NMDAR distribution  

Unlike GluN1 mRNA, which is expressed in the majority of central neurons, the GluN2 

subunits display distinct patterns of expression in the developing and adult brain (T. Bliss & 

Schoepfer, 2004), (Seeburg, 1993a), (Seeburg, 1993b). In the early postnatal and immature brain, 

the GluN2B subunit is the predominant subtype with the highest expression levels but as the 

brain matures GluN2B decreases and becomes largely confined to the forebrain (Ewald & Cline, 

2009; Lohmann & Kessels, 2014). In contrast, in early development the expression of GluN2A is 

low and gradually increases as the brain matures at post-natal day 15 and expression levels 

GluN2A subunits overtakes GluN2B subunits in the adult brain (mainly forebrain; called the 

ódevelopmental switchô) (Ewald & Cline, 2009; K. Williams, Russell, Shen, & Molinoff, 1993). 

This transformation has been explained by three proposed paradigms: 1) dramatic surge in 

synaptic GluN2A in conjunction with a decrease of GluN2B subunits (X. B. Liu, Murray, & 

Jones, 2004) (K. Williams et al., 1993); 2) extrasynaptic shift of GluN2B away from synapses 

with an augmentation in GluN2A levels (Dupuis et al., 2014); 3) increase in protein population 
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of GluN2A subunits overwhelming the effect GluN2B NMDARs without decreasing the 

absolute number of GluN2B receptors (X. B. Liu et al., 2004). As in the case with GluN2A, in 

early development the GluN2C subunits are extremely sparse, but as the brain reaches adulthood 

GluN2C subunit expression is augmented in the cerebellum (Wenzel, Fritschy, Mohler, & 

Benke, 1997). Similar to GluN2B, the GluN2D subunit is more prominent in the immature brain 

than the adult brain, and these receptors are mostly confined to the diencephalon and midbrain 

(Wenzel, Villa, Mohler, & Benke, 1996). As for the GluN3 class subunits of NMDARs, they 

have distinct properties that set them apart from their GluN2 counterparts (Low & Wee, 2010). 

The GluN3-containing NMDARs show several differences in receptor properties compared with 

the conventional GluN2 counterparts (Henson, Roberts, Perez-Otano, & Philpot, 2010). 

 

 In contrast, recombinant receptors composed of GluN1 and GluN3A or GluN3B are 

glycine sensitive channels, but lack glutamate binding sites, and thus can be activated by glycine 

alone (Henson et al., 2010). They are classified as glycine-gated cation-permeable ion channels 

but are insensitive and thus impermeable to Ca
2+

, insensitive to Mg
2+

 blockade and do not 

respond to traditional NMDAR antagonists such as ifenprodril; the GluN2B selective antagonist 

(Henson et al., 2010). Regions with the highest levels of GluN3A are spinal cord, thalamus, 

hypothalamus, brainstem, CA1, amygdala, and certain parts of the cortical area (Henson et al., 

2010). On the other hand, GluN3B expression is confined to a few regions such as the spinal 

cord, brain stem, cerebellum, and hippocampus (Henson et al., 2010). NMDARs were considered 

to be expressed exclusively in neurons but more recent findings have demonstrated functional 

NMDARs in brain microglia, astrocytes, and in oligodendrocytes (Dzamba et al., 2015; Henson 

et al., 2010; Jimenez-Blasco, Santofimia-Castano, Gonzalez, Almeida, & Bolanos, 2015; Kaindl 
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et al., 2012). In neurons, the NMDARs are found at both pre- and post-synaptic sites and in the 

post-synaptic membrane of excitatory neurons (Luscher & Malenka, 2012) and in this study we 

will mainly focus on studying NMDARs in hippocampal and cortical neurons.  

 

1.2 NMDAR pharmacology 

1.2.1 Agonists of NMDARs 

Early structure-activity relationship (SAR) studies established that L-glutamate is very 

efficient and effective for activating NMDARs demonstrated by its low EC50 (0.4-1.8 µM). 

(Cserep et al., 2012; Monaghan & Jane, 2009). It also was observed that excitatory activity needs 

one positive charge coming from the amino group (NH3
+
) from L-glutamate and two negative 

charges coming from the two end termini carboxylic acid groups (COO
-
) (Monaghan & Jane, 

2009; Traynelis et al., 2010). Furthermore, the positive charge amino group (NH3
+
) should be 

attached Ŭ to the carboxyl group and the two negative charged terminal ends (COO
-
) need to be 

separated by four aliphatic carbon-carbon bond lengths for proper and efficient binding as longer 

or shorter carbon chains lose considerable affinity (Monaghan & Jane, 2009; Traynelis et al., 

2010). Moreover, the Ŭ carbon to the carbonyl group should have an L or S (stereochemistry) 

geometry (the most predominant in the body) as its counterpart (D or R: stereochemistry) lost 

activity from EC50 of 3.30 to 249 µM for the GluN2A NMDAR which was similar to the 

GluN2B NMDAR complex (2.86 to 156 µM) (Erreger et al., 2007; Monaghan & Jane, 2009).  

 

These findings were later confirmed by co-crystallized GluN1/GluN2A structure with the 

two co-agonists L-glutamate and glycine in their respective binding sites in the ligand-binding 

domain (LBD) in between the S1 & S2 domains, with glycine binds to GluN1 and L-glutamate 
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interacts with GluN2 subunit (Storey, Opitz-Araya, & Barria, 2011; Traynelis et al., 2010). The 

discovery of NMDAR arise from the synthesis and study of a molecule called NMDA and 

different closely related antagonists such as D-AP5 (a phosphate derivative of NMDA) (Watkins, 

1981). NMDA is a small molecule that mimics L-glutamate and is also known to activate the 

NMDAR selectively but with lower affinity than glutamate (30-100 µM vs 2.86-3.30 µM) 

(Erreger et al., 2007; Monaghan & Jane, 2009). The difference between glutamate and NMDA is 

that it is one carbon shorter and has a methylated amino group (-NH-CH3) making it selective for 

NMDAR. This particular molecule is commonly used to study NMDAR pharmacology as it 

selectively activates NMDAR in the µM range whereas glutamate is known to be unspecific as it 

activates other glutamate receptors such as AMPA/kianate receptors (Clements, Feltz, Sahara, & 

Westbrook, 1998; Monaghan & Jane, 2009) . However, the potency of NMDA is significantly 

weaker than L-glutamate and the selectivity to NMDARs seems to be attributed to an aspartate 

residue of GluN2 subunit which is able to engage with glutamate molecule within the binding 

site through H-bonding interactions (P. E. Chen & Wyllie, 2006; Monaghan & Jane, 2009). 

However, in AMPAR the corresponding residue is a glutamate and therefore unable to engage 

with NMDA due to the charge repulsion from two negative charges coming from NMDA and 

glutamate therefore prevents it from binding (Monaghan & Jane, 2009). This difference is 

enough to allow NMDA, which is one methylene group shorter than glutamate, to fit easily into 

the GluN2 subunit while also providing sufficient area to accommodate the -NH-CH3 from 

NMDA (Monaghan, Irvine, Costa, Fang, & Jane, 2012; Monaghan & Jane, 2009; Traynelis et al., 

2010).  
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1.2.2 GluN2 subunit selectivity of glutamate binding site ligands 

The only structural feature that separates the NMDAR subtypes comes from the GluN2 

subunit; as the GluN1 subunit is characterized as obligatory among all NMDARs (Wyllie et al., 

2013). Therefore, subtype selective pharmacological targeting, would to a large degree come 

from the GluN2 subunit rather than from the GluN1 subunit (Ogden & Traynelis, 2011). 

Furthermore, a pharmacological intervention can also be aimed at interfaces that make up the 

GluN1/GluN2A complex versus GluN1/GluN2B combination that could be structurally diverse, 

or alternatively the area in between the interface of the subunits which are spatially different 

(Traynelis et al., 2010; Wyllie et al., 2013). This spatial difference may arise due to the 

differences on how the two subunits (GluN1 and GluN2A compared to GluN1 and GluN2B) 

would assemble together (Traynelis et al., 2010; Wyllie et al., 2013). This group of subunits are 

all formed by four unique genes, each coding for slight differences in their glutamate binding 

sites and in the N-terminal domain (NTD) regulatory sites (Marchand et al., 2012; Monaghan & 

Jane, 2009; Wyllie et al., 2013). As, GluN2 subunits also confer distinct physiological and 

biochemical properties to NMDARs, the selective blockade of differing GluN2 subunit types 

should yield compounds with distinct therapeutic and pharmacological profiles (Paoletti et al., 

2013; Wyllie et al., 2013). In this subunit, glutamate binds in between the S1 and S2 domains 

and physiological studies have demonstrated that both co-agonists glutamate and D-serine or 

glycine-binding sites must be occupied at the same time to allow the receptor to be completely 

activated (Monaghan & Jane, 2009; Papouin et al., 2012; Wyllie et al., 2013).  

  

Agents that target the NTD would regulate activity via domain-domain interactions, and 

therefore their actions may be dependent on the specific complex or alternatively, the subunit in 



10 

 

the heteromeric assembly may alter the pharmacological specificities of the nearby subunits 

(Krieger, Bahar, & Greger, 2015; Traynelis et al., 2010). For example, the glycine-site antagonist 

CGP 61594 has a ~10-times higher efficacy in a receptor containing GluN2B subunits than those 

containing GluN2A, which advocates that the adjacent GluN2 subunit may alter the 

pharmacological specificity of the GluN1 subunit (Honer et al., 1998; Monaghan & Jane, 2009; 

Tu & Kuo, 2015). Since glutamate binding sites in the GluN2 subunit have a highly conserved 

area of residues among all the subtypes, there are currently no glutamate-binding site antagonists 

that display a significant degree of GluN2-subunit selectivity (Monaghan & Jane, 2009; Wyllie 

et al., 2013). D-APV (a L-glutamate mimic composed of a phosphate terminal group) would be 

one of these antagonists that targets the glutamate binding site but is completely unselective 

towards any particular NMDAR subunit but it is used regularly as a tool to study NMDAR 

pharmacology in-vitro (Strong, Jing, Prosser, Traynelis, & Liotta, 2014) and will be used in this 

study. 

 

On the other hand, antagonists that incorporated several ring topologies have shown 

varied selectivity patterns confirmed by recombinant receptors (Monaghan & Jane, 2009). For 

instance, LY233536, a bicyclic decahydroisoquinline, showed a preferential selectivity for 

GluN2B over GluN2A containing NMDAR (Buller & Monaghan, 1997; Monaghan & Jane, 

2009; Morley et al., 2005). However, this selectivity was too low and consequently limi ted their 

pharmacological use to achieve inhibition for a particular subunit composition as this 10-times 

selectivity would be hard to control towards GluN2B NMDARs (Monaghan & Jane, 2009) 

(Wyllie et al., 2013)(Monaghan & Jane, 2009; Morley et al., 2005). The multitude of chemical 

alterations of the ring backbone and continued SAR studies have led to the identification of an 
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inhibitor that showed 100-times selectivity for the GluN2A-containing NMDARs over GluN2B-

containing NMDARs (Irvine et al., 2012; Monaghan & Jane, 2009). A quinoxaline 2-3 dione 

based antagonist (NVP-AAM007), which has been used extensively to study the 

pharmacological intervention of blocking GluN2A-containing NMDARs (de Marchena et al., 

2008; Wu, Xu, Ren, Cao, & Zhuo, 2007). NVP-AAM077 also has high efficacy for GluN2C 

subunits and lower affinity for GluN2D-containing receptors and thus is modestly selective for 

GluN2A and GluN2C subunits (He, Shao, Wang, & Bausch, 2013; Monaghan et al., 2012; 

Monaghan & Jane, 2009). Overall, the major challenge in developing agents to distinguish 

between GluN2 subunits is attributed to the highly conserved regions among GluN2 subunits, 

especially if the area of interest is the glutamate binding site core (a highly conserved area 

among all subtypes). As a result of their careful analysis described above, many groups have 

started to postulate that selective targeting for a particular subunit composition will most likely 

come from distal regions of the glutamate binding site core (Monaghan et al., 2012; S. Zhu & 

Paoletti, 2015). This was deducted due to the fact that the glutamate and D-serine or glycine 

binding site residues are highly conserved among all NMDARs and thus difficult to target a 

particular subtype and therefore has forced the pharmacologist to target other distal regions from 

the core LBD. Therefore distal sites away from these regions were explored as interesting targets 

for modulation for NMDARs and will be explored in this study. 
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1.2.3 Glycine GluN1 subunit agonists for NMDARs 

Similar to glutamate binding to the S1 & S2 site on the GluN2 subunit; D-serine or 

glycine binds to the S1 & S2 site on the GluN1 subunit and is an obligatory co-agonist for 

activation of NMDARs (Furukawa & Gouaux, 2003; Papouin et al., 2012; Wyllie et al., 2013). 

Initially, it was postulated that endogenous levels of extracellular glycine is enough to saturate 

the D-serine/glycine binding site on NMDARs; however, later studies report that extracellular 

glycine levels are not adequate to saturate the D-serine/glycine binding sites (Collingridge et al., 

2013; Papouin et al., 2012). This stimulated interest in the development of positive modulators of 

NMDAR function via an interaction of the D-serine/glycine binding sites (Papouin et al., 2012; 

Strong et al., 2014). Amino acids such as D-alanine or D-serine display high affinities for the 

glycine site and behave as full agonists and recently Papouin et al. have showed that the more 

potent D-serine versus glycine might be the major agonist for synaptic NMDARs whereas the 

glycine agonist is the major species for extrasynaptic sites (Blanke & VanDongen, 2009; 

Papouin et al., 2012). It was also found that compounds that were geometrically constrained 

cyclic mimics of the glycine molecule such as ACPC, a cyclopropyl analogue, and ACBC, a 

cyclobutane mimic, were partial agonists with different ranges of potency (Erreger et al., 2007; 

G. Nowak, Li, & Paul, 2000).  

 

1.2.4 Allosteric modulatory sites for NMDARs 

A surprising number of pharmacological agents bind and inhibit NMDAR activity 

specifically at GluN2B-containing receptors but they mostly fall within the same subclass 

(Karakas, Simorowski, & Furukawa, 2011). This family of inhibitors have a characteristic 

phenylethanolamine backbone which are known to bind at sites distinct from the glutamate- and 
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D-serine/glycine-binding sites (Amico-Ruvio, Paganelli, Myers, & Popescu, 2012). One of these 

prototypes, ifenprodil (IF) which is comprised of this phenylethanolamine pharamcophore 

exhibits greater selectivity for GluN2B over GluN2A containing receptors and very low affinity 

at GluN2C and GluN2D-containing receptors (Monaghan et al., 2012; Paoletti et al., 2013; K. 

Williams, 2009). The ifenprodil binding site is located on the NTD region and involves amino 

acid residues distinct from (to some extent overlapping) residues that contribute to polyamine 

binding (Mony, Kew, Gunthorpe, & Paoletti, 2009; Perin-Dureau, Rachline, Neyton, & Paoletti, 

2002). The GluN1 insert (exon 5), which alters polyamine modulation of NMDARs has no effect 

on ifenprodil inhibition of NMDAR activity (Williams 2009)(Wyllie et al., 2013)(Kasawar & 

Farooqui, 2010; Mony et al., 2009). This advocates that the glycine-independent polyamine 

binding sites on NMDARs are located in a separate area when compared to the ifenprodil 

binding site (Perin-Dureau, Rachline et al. 2002). A variety of other compounds show GluN2B 

selectivity, including haloperidol, CP-101,606, and Ro 25-6981 which are all ifenprodril mimics 

(Karakas et al., 2011; Mutel et al., 1998). These compounds display the highest degree of 

subtype selectivity among the different classes of NMDAR antagonists (Mutel, Buchy et. al 

1998). SAR analysis of ifenprodil-like compounds has been explored extensively and multiple 

series of compounds have been optimized for selective high affinity binding (Mony, Triballeau, 

Paoletti, Acher, & Bertrand, 2010). A lot of work has already gone into modifying these 

ifenprodril-like drugs structurally to avoid any interactions with the Ŭ-1 adrenergic receptor 

and/or human ether-a-go-go (hERG) K
+
 channel as blocking these receptors unintentionally can 

lead to serious side effects including cardiac arrhythmias (Monaghan & Jane, 2009; Traynelis et 

al., 2010). Several lead compounds provided new preclinical insights regarding the role of 

GluN2B subunits in neuropathic pain and excitotoxicity (Qu et al., 2009); (Y. Liu et al., 2007). 
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The pharmacophore structure of the ifenprodil can be described by two aromatic rings 

separated by a linker with a basic nitrogen in the middle. Commonly, each ifenprodil-like 

compound has a 4-benzyl-piperidine group that is connected to one aromatic ring and the basic 

nitrogen atom (Borza & Domany, 2006). This moiety is then linked to a second aromatic ring 

system that optimally has a hydrogen bond donor such as an hydroxyl group (-OH)(Borza and 

Dormany 2006). Thus, the potency of ifenprodil is reduced by removal of its phenol hydroxy 

group (Borza & Domany, 2006; Masuko et al., 1999). This general structure is similar to those of 

the well-characterized GluN2B antagonists, Ro-25,6981 (Fischer et al., 1997) and CP-101,606 

(Layton, Kelly, & Rodzinak, 2006). Medicinal chemistry efforts of the initial pharmacophore 

structure showed that the removal of an aromatic ring or nitrogen is tolerable (Monaghan & Jane, 

2009)(Ma, Yeo, Farooqui, & Ong, 2011). The phenol ring was able to be translated to 

heterocyclics such as a benzimidazole (McCauley et al., 2004), benzimidazolone (Wright et al., 

2000), benzoxazole-2(3H)-one (Wright et al., 2000), indole-2-carboxamides (Borza et al., 2003), 

and aminotriazole (Gregory et al., 2000), especially if they contain an H-bond donor substituent 

(Gurusamy et al., 2011). Of particular note, the nitrogen within the linker was not deemed to be 

critical towards the activity for GluN2B NMDARs (Gurusamy et al., 2011; Tamiz et al., 1999). It 

was found that the incorporation of an acidic nitrogen helped to reduce hERG and Ŭ-1 NE 

activity (Tamiz et al., 1999). Taken together all these modifications on the pharmacophore 

structure has helped to understand the structure-activity relationships (SARs) and has also helped 

to define the structural determinants that are responsible to NMDAR binding. 
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1.2.5 Zinc (Zn
2+

) as a NMDAR modulator 

Zinc (Zn
2+

) ion displays subunit-specific actions at recombinant NMDARs (Paoletti, 

Ascher, & Neyton, 1997). It displays a voltage-dependent inhibition of NMDAR responses in 

heteromeric GluN1/GluN2A and GluN1/GluN2B receptors (Paoletti et al., 1997). At lower 

concentrations (IC50 in the nM range), it shows a voltage-independent inhibition of 

GluN1/GluN2A receptors compared to IC50 in the µM range for GluN1/GluN2B (Amico-Ruvio, 

Murthy, Smith, & Popescu, 2011); (Christine & Choi, 1990; Paoletti et al., 1997). The GluN2A 

selectivity accounts for observations that the addition of heavy metal chelators significantly 

potentiates GluN1/GluN2A but not GluN1/GluN2B receptor responses (Paoletti et al., 1997). 

This result may be due to chelation of contaminant traces of heavy metals in solutions that 

tonically block GluN1/GluN2A NMDAR responses (Paoletti, Ascher et al. 2011). Two effects 

were observed for Zn
2+

 in cultured cortical neurons (Christine & Choi, 1990) where it induced a 

voltage-independent reduction in channel open probability at lower concentrations (Brouns et al., 

2010; Ong et al., 2010) and conversely in the presence of Zn
2+

 at a high amounts (10 to 100 ɛM) 

caused a voltage-dependent reduction in single channel amplitude which accompanied an 

increase in channel noise and showing a relatively quick channel block (Paoletti, Ascher et al. 

2011). Since Zn
2+

 is co-released with glutamate from pre-synaptic terminals, Zn
2+

 modulation of 

NMDARs may be physiologically relevant (Aniksztejn, Charton, & Ben-Ari, 1987) (Assaf & 

Chung, 1984). 

 

A combination of in-silico molecular modeling and experimental site-directed 

mutagenesis indicated that the NTD region forms a bi-lobed structure with a binding cavity in 

the center, which is geometrically similar to the D-serine/glycine or glutamate binding S1 & S2 
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domains (Paoletti et al., 2000). In GluN2A, specific histidine residues are located in this region 

and are the main residues engaged with Zn
2+

 blockage (Paoletti, Ascher et. al. 2011). 

Interestingly, these sites contour both sides of the binding pocket in the NTD structure, 

suggesting that Zn
2+

 binding may cause the domain to turn into its closed conformation geometry 

and this rearrangement can be transmitted downward towards the S1 and S2 domains in the LTD 

as a signal that would inhibit the receptor (Paoletti, Ascher et. al. 2011). 

 

1.2.6 Final remarks for the pharmacology of NMDARs 

 Selective NMDAR antagonists for a particular subtype have been used as tools over the 

years to study the receptor-related physiological and pathological processes (Neyton & Paoletti, 

2006; Paoletti & Neyton, 2007). The traditional and most used inhibitors for NMDARs would be 

MK801 and D-APV (Ogden & Traynelis, 2011). MK801 blocks NMDARs by blocking the 

channel pore in an activity-dependent manner (Sobolevsky & Yelshansky, 2000), whereas D-

APV is a glutamate mimic and a competitive inhibitor for NMDA molecule at the L-glutamate 

binding site of the GluN2 subunit (M. Benveniste & Mayer, 1991). For GluN2A subunit 

selectivity, NVP-AAM007 can be used (Shipton & Paulsen, 2014), which also binds to the 

glutamate binding site on GluN2 (Auberson et al., 2002; Feng et al., 2004; B. D. Lee et al., 

2005). TCN201 has been recently discovered to be a GluN2A selective antagonist that employs 

its effect via a novel modulation site located near glutamate or D-serine/glycine binding sites of 

the ligand-binding domain (LBD) (Hansen, Ogden, & Traynelis, 2012). Moreover, ifenprodril 

and its derivatives selectively target GluN1/GluN2B by binding to near the polyamine site 

located in the N-terminal domain (NTD) in a non-competitive manner and these are used 

extensively for selective inhibition GluN2B NMDARs (Shipton & Paulsen, 2014). 
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 However, to date, there has been very little advancement in pharmacological 

enhancement of the function of NMDARs using a strategy of positive modulation of the receptor 

channel to study its effects on downstream signaling pathways. The pharmacology of NMDARs 

can be highly diverse mainly due to the involvedness of the different types of subunit 

composition of NMDARs (Paoletti et al., 2013). Despite many years of discovery efforts in the 

development of drugs that interact selectively with NMDAR complexes, only memantine, a low 

molecular weight and low affinity channel blocker, has successfully made it through clinical 

trials and onto the market due its fast kinetic binding which helps to reduce adverse effects by 

inhibiting NMDARs (Perng et al., 2006; Rainer et al., 2011; Rammes, Danysz, & Parsons, 2008). 

Nevertheless, recent advances in solving the X-ray crystal structures of drug binding towards 

GluN1 and GluN2 subunits will greatly assist in the development of selective agonists, 

antagonists, negative and positive modulators for NMDARs (Hackos & Hanson, 2016; Volgraf 

et al., 2016; S. Zhu & Paoletti, 2015). These discoveries of subunit-selective pharmacological 

modulators for NMDARs will facilitate the understanding of NMDAR function and their subunit 

selective roles they mediate in the CNS such as LTP and LTD in learning and memory 

paradigms or their roles in Alzheimerôs diseases (Hackos & Hanson, 2016; Regan, Romero-

Hernandez, & Furukawa, 2015; S. Zhu & Paoletti, 2015). Therefore, these developments are 

likely to generate new prospects for treating a variety of CNS pathologies in which NMDARs 

might play important roles (Hackos & Hanson, 2016, Regan, Romero-Hernandez, & Furukawa, 

Zhu & Paoletti, 2015). 
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1.3 NMDAR and its relationship with excitotoxicity  

Excitotoxicity is defined as the collateral damage caused by a pathological over-

activation and an over-accumulation of intercellular calcium (Ca
2+

) ions in neurons due to 

abnormal release of excitatory neurotransmitters such as glutamate (Kristian & Siesjo, 1998; Lo, 

Dalkara, & Moskowitz, 2003). Excitotoxicity neurotransmitters like glutamate accumulate in the 

extracellular space (Dong, Wang, & Qin, 2009; Mark et al., 2001). The build-up of glutamate 

results in an over-activation of AMPAR and NMDAR-type glutamate receptors on other 

neurons, which will cause an influx of Na
+
, Cl

-
 and Ca

2+
 ions through the channels gated by these 

receptors (Dong et al., 2009; Kristian & Siesjo, 1998; Lo et al., 2003; Mark et al., 2001). 

Consequently, these neurons will become depolarized, which will cause a further increase of 

intracellular Ca
2+

 and more glutamate release triggers the initial step of a local ischemic event 

(Dong et al., 2009; Kristian & Siesjo, 1998; Lo et al., 2003). A consequence of this accumulation 

of intracellular Ca
2+

 ions would be that water passively follows the ion influx, resulting in 

cytotoxic swelling and the increased Ca
2+

 levels initiates a series of cytoplasmic and nuclear 

pathological actions, among which generation of free radicals and activation of Ca
2+

-dependent 

enzymes are common events intracellularly (Dong et al., 2009; Kristian & Siesjo, 1998; Lo et al., 

2003). 

 

This change in intracellular Ca
2+

 is the primary causal factor for the activation of a 

plethora of destructive enzymes such as proteases, lipases and endonucleases that release 

inflammatory cytokines and other mediators, causing a significant loss of cellular integrity 

(Jaffer, Morris, Stewart, & Labhasetwar, 2011). These include proteolytic enzymes that degrade 

the integrity of cytoskeletal proteins and extracellular matrix proteins, as well as phospholipase 
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A2, calpains, endonucleases, adenosine triphosphatase, cyclooxygenase, and nitric oxide 

synthase type 1 resulting in a detrimental effect to the integrity of the cell and consequently 

releasing free radicals formed by the mitochondria (Brouns & De Deyn, 2009; Kalogeris, Baines, 

Krenz, & Korthuis, 2012). The formation and the release of free radicals/nitrogen-containing 

species and activation of degradative enzymes leads to acute cell death through necrosis but 

excitotoxic mechanisms can also initiate molecular paths that lead to apoptosis (Dong et al., 

2009; Elmore, 2007; Festjens, Vanden Berghe, & Vandenabeele, 2006; Kalogeris et al., 2012). 

Finally, the intracellular signaling pathways activated during the excitotoxic event will initiate 

gene expression that can trigger inflammation, which is another mechanism that contributes to 

ischemic injury (Brouns & De Deyn, 2009; Lakhan, Kirchgessner, & Hofer, 2009; Lo et al., 

2003). 

The NMDAR is fundamental to many normal brain functions such as cognition and 

memory (T. V. Bliss & Collingridge, 1993; Collingridge, Isaac, & Wang, 2004). However, as 

already noted, its overactivation can cause neuronal death as a result of excitotoxicity (Collins, 

Dobkin, & Choi, 1989; S. A. Lipton & Nicotera, 1998). Although NMDAR-mediated 

excitotoxicity is thought to be a common pathological event leading to neuronal injury in many 

neurological disorders (Choi, 1988; S. A. Lipton & Nicotera, 1998), the evidence for their 

destructive roles in ischemic neuronal damage has been particularly strong (M. Chen et al., 2008; 

Dong et al., 2009; Lai et al., 2014; Sattler & Tymianski, 2000). Prolonged NMDA stimulation 

results in both necrotic and apoptotic neuronal death and NMDAR blockade protects neurons 

from ischemic neuronal injuries in-vitro (M. Aarts et al., 2002; Strominger, Slamovits, 

Herskovitz, & Lipton, 1994) (Rothman, 1983) (Rothman & Olney, 1995) (Y. Wang et al., 2004) 

(Y. T. Wang & Linden, 2000) and in-vivo (M. Aarts et al., 2002; Hewitt & Corbett, 1992; S. A. 
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Lipton & Rosenberg, 1994; Palmer, Miller, Cregan, Gendron, & Peeling, 1997; Simon, Swan, 

Griffiths, & Meldrum, 1984; Sorkin & Waters, 1993). Interestingly, NMDARs have also been 

demonstrated to have strong actions in promoting cell survival (Hardingham, Fukunaga, & 

Bading, 2002; Yano, Tokumitsu, & Soderling, 1998). Although the mechanisms underlying these 

paradoxical roles of NMDARs remain unclear, a recent study reports that subcellular localization 

of the receptors (synaptic vs. extrasynaptic) may be a determining factor; activation of synaptic 

NMDARs promotes neuronal survival whereas stimulating extrasynaptic NMDARs leads to 

neuronal death (Dick & Bading, 2010; Hardingham & Bading, 2010; Hardingham et al., 2002). 

However, as detailed below, using a combination of pharmacological and molecular biological 

techniques, it was demonstrated that the subunit composition of the NMDARs may also play a 

critical role of NMDARs in promoting neuronal survival and death. 

 

1.4 Important signaling pathways for NMDARs 

1.4.1 Pro-death signaling pathways downstream of NMDARs 

It is well-established that elevated and prolonged levels of glutamate kill neurons (P. 

Lipton, 1999; Mattson, 2008). This process is initially governed by the over-activation of 

NMDARs but important questions remain including why is it so damaging and which 

downstream signaling pathways are involved? Neuronal cultures can be used to study how 

neurons respond to high activity levels of NMDARs, following their stimulation by application 

of amino acid L-glutamate or small molecule NMDA. These neurons experience delayed Ca
2+

 

deregulation that precedes and causes necrotic cell death (Nicholls, 2009; Ward, Kushnareva, 

Greenwood, & Connolly, 2005; Ward, Rego, Frenguelli, & Nicholls, 2000). Several mechanisms 

are implicated in cell death triggered by Ca
2+

 influx through the NMDAR (Papadia & 
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Hardingham, 2007; Shu, Pei, & Lu, 2014). Firstly, mitochondrial dysfunction occurs in response 

to excessive Ca
2+

 uptake by the mitochondria and this causes the membrane to be depolarized, 

which in turn inhibits ATP production and diminishes cytosolic ATP, due to reversal of the 

mitochondrial ATPase (G. Cheng, Kong, Zhang, & Zhang, 2012; Nicholls, 2009; Ward et al., 

2000). The loss of ATP has detrimental effects to the neuronôs ability to regulate intracellular 

Ca
2+

 levels (Papadia & Hardingham, 2007; Uttara, Singh, Zamboni, & Mahajan, 2009). Most 

notably, the Ca
2+

 uptake in the mitochondrial can stimulate reactive oxygen species (ROS) 

formation and consequently discharge cytochrome c, necessary for the creation of the 

apoptosome and triggering the activation of caspases and consequently producing apoptosis; a 

form of cell death (Circu & Aw, 2010; Tait & Green, 2013; C. Wang & Youle, 2009).  

 

Furthermore, toxic levels of NMDAR activation impairs Ca
2+

 efflux (G. J. Wang, 

Jackson, & Thayer, 2003). In neurons, Ca
2+

 efflux is attained through the plasma membrane Ca
2+

 

ATPase pump and Na
+
/Ca

2+
 exchangers (NCXs) (Nikoletopoulou & Tavernarakis, 2012; Papadia 

& Hardingham, 2007). Furthermore, the rise of Ca
2+

 in the cell leads to activation of calpains 

which consequently cleave a major isoform of the plasma membrane Na
+
/Ca

2+
 exchanger 

(NCX3) thereby affecting the proper function of cerebellar granule neurons (Araujo et al., 2007; 

Bano et al., 2005; Brustovetsky, Bolshakov, & Brustovetsky, 2010; Papadia & Hardingham, 

2007; Parnis et al., 2013). Undoubtedly, an event that is more damaging, the plasma membrane, 

Ca
2+

 ATPase, which depends on the energy from ATP hydrolysis are effected and compromised 

by excitotoxic insults via mechanisms that are associated by caspases and calpains (Brini & 

Carafoli, 2011; Brustovetsky et al., 2010; Zaidi, 2010). Another causal effect from the large 

escalation of Ca
2+

 is the over-activation of the Ca
2+

-dependent nNOS (neuronal nitric oxide 
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synthase) which also affects cytotoxic downstream signaling including mitochondrial 

dysfunction, p38 mitogen-activated protein kinase signaling and consequently the activation 

TRPM (transient receptor potential melastatin) channel (Hardingham, 2009; Lai et al., 2014; 

Papadia & Hardingham, 2007; Soriano & Hardingham, 2007). nNOS activation is closely 

dependent to the nitric oxide (NO) formation, which under high levels can be toxic both by itself 

and when it is combined with other ROS such as superoxides to generate ONOO
-
 (peroxynitrite) 

species (Forstermann & Sessa, 2012; Lai et al., 2014; Pacher, Beckman, & Liaudet, 2007; Uttara 

et al., 2009). 

 

Both NO and ONOO
-
 species are extremely toxic species and detrimental to cellular 

machineries, by inhibition of mitochondrial chain enzymes and triggering mitochondrial 

depolarization (Gao, Laude, & Cai, 2008; Uttara et al., 2009). Another pathway that is affected 

during the over-activation of NMDARs is NO release and its effect on TRPM7 cation channels 

(M. M. Aarts & Tymianski, 2005; Bae & Sun, 2013; Papadia & Hardingham, 2007). During 

excitotoxic conditions Ca
2+

 influx triggers both NO discharge via nNOS activation and 

superoxide formation via an uptake of Ca
2+

, which combines with ONOO
-
 a species capable of 

activating the cation channel TRPM7 which also allows for detrimental Ca
2+

 influx and thus has 

been deemed an interesting new target to block for reducing cell death in cerebral ischemia (M. 

M. Aarts & Tymianski, 2005; Bae & Sun, 2011; Hardingham, 2009; Lai et al., 2014; Papadia & 

Hardingham, 2007; Sun et al., 2009).  

 

Another kinase that is involved due to the detrimental effects of Ca
2+

 in the cell and 

mediate cell death, is stress-activated protein kinases (SAPKs)(Woodgett, Avruch, & Kyriakis, 
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1996; Zanke et al., 1996). In cerebellar granule neurons, NMDAR-dependent cell death depends 

on p38 activation, progressing to caspase-independent cell death (Cao et al., 2004; Hardingham 

& Bading, 2010; Papadia & Hardingham, 2007). This class of SAPK located in cortical neurons 

are the c-Jun N-terminal kinases (JNKs) which have been known to cause death in-vitro and in-

vivo (Irving & Bamford, 2002; Mehan, Meena, Sharma, & Sankhla, 2011; R. S. Morrison et al., 

2002; Papadia & Hardingham, 2007). Other new pathways are implicated during excitotoxic 

conditions which include Rho, a member of the Rho-family of GTPases, which were discovered 

to afflict to p38Ŭ mitogen-activated protein kinase-dependent excitotoxic neuronal death as well 

(Porras et al., 2004; Semenova et al., 2007).  

 

 

1.4.2 Pro-survival signaling pathways downstream of NMDARs 

Ca
2+

 influx through the NMDAR subtype of ionotropic glutamate receptors plays a 

paradoxical role in the CNS (Carvajal, Mattison, & Cerpa, 2016; Traynelis et al., 2010). On the 

one hand it mediates excitotoxic death triggered by stroke and other acute brain traumas, but 

there is also growing evidence that physiological levels of NMDAR activity promote cell 

survival (Hardingham, 2006; Hardingham & Bading, 2010; Papadia et al., 2008). In comparison 

to the destructive effects of over-activation of NMDARs, physiological stimulation of synaptic 

NMDAR activity promotes neuronal survival via the activation of cAMP response element-

binding (CREB) and its co-activator CREB-binding protein (CBP) that triggers gene 

transcription of many CREB-responsive genes (Hardingham, 2009; Hardingham & Bading, 

2002; Papadia et al., 2008). CREB is activated by phosphorylation at the serine-133 (Ser133) 

position which can occur through a plethora of other mechanisms but also through the activation 
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of NMDARs (Hardingham & Bading, 2002; Lai et al., 2014; B. Lee, Butcher, Hoyt, Impey, & 

Obrietan, 2005). This event involves the brief transient calmodulin kinase IV (CaMKIV) and the 

longer-lasting initiation of downstream targets of pERK, mitogen and stress-activated kinase 1/2 

(MSK1/2) and the p90 ribosomal S6 kinase 2 (RSK2), which will translocate in the nucleus after 

phosphorylation by pERK1/2 in the cytoplasm or can be activated by ERK1/2 in the nucleus 

(Bengtson & Bading, 2012; Hardingham & Bading, 2002; Hardingham et al., 2002; Wayman, 

Lee, Tokumitsu, Silva, & Soderling, 2008). The ERK1/2-facilitated CREB phosphorylation 

(pCREB) event potentially are implicated to endow a critical role in extending the 

phosphorylation event of CREB at Ser133 after the brief transient phosphorylation by CaMKIV 

(Hardingham, Arnold, & Bading, 2001; Impey, Obrietan, et al., 1998; Impey, Smith, et al., 1998; 

Lai et al., 2014).  

Overall, the activity-dependent CREB activation through NMDARs depends on the 

CaMKIV pathway within a 1 hour timeframe and the ERK-mediated pathway prolongs the 

CREB activation even longer at greater than 1 hour (Hagenston & Bading, 2011; Hardingham & 

Bading, 2002; Hardingham et al., 2002). It has been demonstrated that NMDAR-mediated CREB 

signaling depends on the ERK pathway and that the NMDAR-mediated ERK survival is highly 

dependent on CREB (Hardingham & Bading, 2010). Moreover, the protective outcomes seen 

after a brief stimulation of synaptic NMDAR activity is long-lived which suggests that 

neuroprotection is dependent on CREB signaling (Dick & Bading, 2010; Hardingham, 2009). 

Co-activator CREB binding protein (CPB) is also susceptible to a persistent increase in nuclear 

Ca
2+

 levels, which transactivates CPB by phosphorylation at serine-301 by a CaMKIV-

dependent pathway and consequently triggers CPB/CREB-mediated transcription (S. C. Hu, 

Chrivia, & Ghosh, 1999; Lonze & Ginty, 2002; West, Griffith, & Greenberg, 2002). The 
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activation of CREB-mediated transcription is a necessary event for NMDAR-mediated neuronal 

survival and other targets such as the neurotrophin brain-derived neurotrophic factor (Bdnf)-

dependent cell survival, which can make neurons more invulnerable to excitotoxic events and 

other types of negative stimuli which can cause cell death mechanisms (Hardingham & Bading, 

2010; Lai et al., 2014; D. Lau, Bengtson, Buchthal, & Bading, 2015). 

 

Among a plethora of nuclear Ca
2+

-regulated genes, a set of genes known as activity 

controlled inhibitors of death (AID) genes, have been shown to provide neurons with a sort of 

ñsafeguardò effect both in vitro and in vivo (Hardingham & Bading, 2010; S. J. Zhang et al., 

2009). More specifically, CREB can not only control its own set of genes, but can also control 

expression of these AID genes like encoding activating transcription factor 3 (Atf3), B-cell 

translocation gene 2 (Btg2), B-cell lymphoma 6 (Bcl6), growth arrest and DNA-damage-

inducible 45 beta (Gadd45b), Gadd45g, inhibin beta A (Inhba), interferon activated gene 

202B (Ifi202B), neuronal PAS domain protein 4 (Npas4), nerve growth factor-induced gene B 

(Nr4a1; also known as nuclear receptor subfamily 4, group A, member 1) and serine protease 

inhibitor B2 (Serpinb2) (Hardingham & Bading, 2010; S. J. Zhang et al., 2009). 

 

These were likely to be deemed the CREB target genes capable of promoting protective 

effects through a process that make the mitochondria less susceptible to stressful and cell-death- 

causing stimuli (Hardingham, 2009; Hardingham & Bading, 2010; Lonze & Ginty, 2002). 

Another piece of evidence that CREB is a key player in the pro-survival signaling is the 

observation that under stressful environments such as oxidative stress and hypoxia, CREB 

becomes phosphorylated, which strongly suggests that it could be a defense mechanism of the 
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cell against an event that is detrimental or unpleasant (Fulda, Gorman, Hori, & Samali, 2010; 

Lonze & Ginty, 2002). Moreover, a similar event was observed in the hippocampus, when a 

temporary ischemia initiated CREB phosphorylation (pCREB) that is transient in CA1 neurons 

but is sustained in dentate gyrus (DG) neurons (Bender, Lauterborn, Gall, Cariaga, & Baram, 

2001; Lonze & Ginty, 2002). These two particular temporal changes in CREB phosphorylation 

between the hippocampus and the DG pushed the idea that the neuroprotective outcome in the 

DG was arbitrated through a CREB-dependent pathway (Bender, Lauterborn et al. 2001, Lonze 

and Ginty 2002).  

 

This protective outcome appears to be dependent on CREB-dependent gene expression 

because administration of CRE decoy oligos, worsened the apoptotic event following the 

excitotoxic stimulation (Kitagawa, 2007; Lonze & Ginty, 2002). Similarly, in PC12 cells, under 

oxygen deprived conditions prompted the expression of the CREB-dependent pro-survival gene 

bcl-2, which is known to help make cells more impervious to the outside stimuli (Beitner-

Johnson, Rust, Hsieh, & Millhorn, 2000; Lonze & Ginty, 2002; Maroto & Perez-Polo, 1997). All 

of these observations strongly suggest that insults are capable of triggering two main signals, one 

that stimulates the cell death pathway and the other activates CREB-directed pro-survival 

mechanism (Hardingham & Bading, 2002; Lonze & Ginty, 2002). It is conceivable to deduce 

that the destiny and the health of the cell depend strongly on which pathway is more dominant at 

a given time point (Lonze & Ginty, 2002; Soriano et al., 2006). 
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1.5 The failure of NMDAR antagonists in clinical trials 

Although molecular and experimental animal studies have consistently demonstrated that 

over-activation of NMDARs is the primary step leading to neuronal injury following insults of 

stroke and brain trauma, (Arundine & Tymianski, 2004; J. M. Lee, Zipfel, & Choi, 1999; S. A. 

Lipton & Rosenberg, 1994; Mattson, 1997), several large-scale clinical trials have completely 

failed to get the necessary efficacy of NMDAR antagonists in reducing brain injuries (Gladstone, 

Black, Hakim, Heart, & Stroke Foundation of Ontario Centre of Excellence in Stroke, 2002; 

Ikonomidou & Turski, 2002; Kemp & McKernan, 2002; J. M. Lee et al., 1999). Plausible 

explanations for this apparent contradiction between basic research results and clinical trials 

have been proposed. These include, but are not limited to, the inability to use the NMDAR 

antagonists at doses necessary for neuroprotection due to side effects, an inability to administer 

these drugs within their neuroprotective windows, inability to use the antagonists at protective 

doses due to potential blocking of normal brain function and neuronal survival, poor 

experimental designs, and also heterogeneity in the patient population (Albensi, Igoechi, Janigro, 

& Ilkanich, 2004; Corbett & Nurse, 1998; Gladstone et al., 2002; Ikonomidou & Turski, 2002; 

Kemp & McKernan, 2002). As mentioned above, it is important to consider the opposing roles 

of NMDAR subtypes in promoting cell survival and cell death. Accordingly, we hypothesize that 

inhibition of NMDAR-mediated cell survival actions by some of the NMDAR blockers used in 

these clinical trials may also be an important contributing factor. 

 

1.6 Opposing roles of GluN2A and GluN2B-containing NMDARs 

Different GluN2 subunits (GluN2A ï D) confer distinct electrophysiological and 

pharmacological properties on the NMDARs, therefore the incorporation of specific GluN2 
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subunits may be responsible for differential functions of NMDARs (T. Bliss & Schoepfer, 2004; 

Seeburg, 1993b; Seeburg et al., 1995). The subunit composition of the NMDAR confers distinct 

channel kinetics, agonist affinity, and sensitivity to inhibitors (C. G. Lau & Zukin, 2007; Paoletti 

et al., 2013). Moreover, NMDARs are expressed in different brain regions depending on their 

subunit composition (Bar-Shira, Maor, & Chechik, 2015). Previous reports, demonstrate that 

GluN2A- and GluN2B-containing NMDAR subtypes have opposing roles in dictating the 

direction of synaptic plasticity where GluN2A-containing NMDARs mediate LTP and GluN2B-

containing NMDARs are mediating LTD (Kaufman et al., 2012; L. Liu et al., 2004). Genetic 

deletion of the GluN1 in mice completely abolishes NMDAR activity, and the animals do not  

survive (Myers, Dingledine, & Borges, 1999). In the case of GluN2A knockout mice, these 

animals survive but show compromised synaptic plasticity with regards to long-term potentiation 

(LTP) of synaptic strength along with an abnormal spatial memory formation (Brigman et al., 

2008). 

 

GluN2B knockout mice are not viable but experiments can be done when the knockout is 

specific to the pyramidal neurons of the cortex and the CA1 hippocampus, in which case they 

show a compromised long-term depression (LTD) and abnormal neuronal development 

(Brigman et al., 2010; C. Chen & Tonegawa, 1997; Lai et al., 2014). In addition, many of the 

physiological roles of the NMDAR subunits are related to unique regions of the cytoplasmic 

tails, and genetic deletion of these C-terminal domains causes many of the cellular features 

observed when the whole receptor is knockout (X. Fan, Jin, & Wang, 2014; Lai et al., 2014; 

Ryan et al., 2008; Wyllie et al., 2013). The protein machinery required for synaptic plasticity, 

including proteins required for LTP and LTD, have been demonstrated to interact directly with 
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the C-terminal domains of the GluN2A and GluN2B subunits of the NMDAR (Collingridge, 

Peineau, Howland, & Wang, 2010; X. Fan, Jin, & Wang, 2014; Lai et al., 2014; Shipton & 

Paulsen, 2014). The subunit composition of NMDARs is specific not only to different regions of 

the brain but also to different subcellular positions (extracellular versus synaptic compartments) 

and changes dynamically during the development of the brain and also during responses to 

different stimuli (Lai et al., 2014; Paoletti et al., 2013; Shipton & Paulsen, 2014). 

 

For instance, the hippocampal and cortical neurons in the neonatal forebrain express 

GluN2B-containing NMDARs in synapses and extra-synaptic compartments, whereas the adult 

brain cortical neurons display an increased amount of synaptic GluN2A-containing NMDARs 

(Paoletti et al., 2013; Papouin & Oliet, 2014; Petralia, 2012). It was observed that when the rat 

brain reaches adulthood between P39ïP92, the hippocampus shows a significant decrease in the 

amount of functional GluN2B-containing NMDARs which was proved by the application of 

GluN2B antagonists to block these receptors (Lai et al., 2014; Magnusson, 2012; Paoletti et al., 

2013; Shipton & Paulsen, 2014). Moreover, the particular localization of NMDAR subunit types 

(GluN2A versus GluN2B) can be a major contributing factor of the distinct mechanistic effects 

from synaptic or extrasynaptic receptors (Hardingham & Bading, 2010; Wyllie et al., 2013). A 

strong example for this observation is that synaptic and extrasynaptic NMDARs have been 

shown to govern different directions of synaptic plasticity where synaptic NMDARs have shown 

to mediate the LTP and extrasynaptic NMDARs mediate the opposing LTD (L. Liu et al., 2004). 

One possible explanation for this observation could be attributed to the different NMDAR 

subtypes that are present in these compartments, with the GluN2A NMDAR-subtype mediating 

the LTP and the GluN2B NMDAR-subtype mediating the LTD (Lai et al., 2014; L. Liu et al., 
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2004; Luscher & Malenka, 2012; Papouin & Oliet, 2014; Shipton & Paulsen, 2014)(Figure 1.1). 

Along the lines with this concept, the differential roles of synaptic and extrasynaptic NMDARs 

in neuronal death and survival can also be described by the existence of distinct NMDAR 

subunits in these sub-cellular locations (Hardingham & Bading, 2002; Hardingham et al., 2002; 

Y. Liu et al., 2007; Luo, Wu, & Chen, 2011). More specifically, GluN2B-containing NMDAR 

specific antagonists like Ro 25-6981 or ifenprodril are highly neuroprotective in models of 

cerebral ischemia particularly pertaining to an excitotoxic event (Y. Liu et al., 2007). They also 

have shown protective effects toward other neurodegenerative diseases (ie. Huntingtonôs disease, 

Alzheimerôs disease)(N. W. Hu, Klyubin, Anwyl, & Rowan, 2009; Verhagen Metman et al., 

2002), whereas selective antagonism toward GluN2A NMDARs are awful and not effective 

neuroprotective agents and in some experimental studies they have actually exacerbated neuronal 

death suggesting blocking the function for these receptors do not block cell death and may have 

implications to cell survival by interfering with the cellsô ability to signal the pro-survival 

pathway (Hardingham & Bading, 2010; Hardingham et al., 2002; L. Liu et al., 2004)(Figure 1.1). 

 

All things considered the finding that GluN2A and GluN2B are the predominant GluN2 

subunits in the adult forebrain, where stroke most frequently occurs, we hypothesize that 

GluN2A- and GluN2B-containing NMDARs may have differential roles in supporting neuronal 

survival and mediating neuronal death (L. Liu et al., 2004; Y. Liu et al., 2007), and hence have 

opposing consequences on excitotoxic brain damage following acute brain insults such as stroke 

and brain trauma, irrespective of the subcellular location of them (Y. Liu et al., 2007). Synaptic 

GluN2B-containing NMDARs appear to be sufficient for the induction of neuronal death, 

whereas synaptic GluN2A-containing NMDARs protects neurons against excitotoxic neuronal 
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death mediated by synaptic GluN2B-containing NMDARs (Hardingham & Bading, 2002, 2010; 

Hardingham et al., 2002; Hetman & Kharebava, 2006; Lai et al., 2014; Y. Liu et al., 2007; Zhou 

& Sheng, 2013)(Figure 1.1). This is also evident by the fact that NMDARs employ their subtype-

specific actions via their unique C-terminus tails, swapping the C-terminal of GluN2B with the 

GluN2A C-terminal stopped greatly GluN2B NMDAR-mediated excitotoxic events both shown 

in-vitro and in-vivo (Martel et al., 2012; Sprengel et al., 1998). On the other hand, exchanging 

the C-terminus of GluN2A with the GluN2B C-terminus transformed the pro-survival GluN2A-

containing NMDAR into a receptor that now instilled an excitotoxic mechanism (Martel et al., 

2012). 

 

Overall, these observations suggest that since expression levels of GluN2A-containing 

NMDARs in the adult brain neurons are substantially increased and consequently play an 

important role in synaptic activity-dependent survival signaling, whereas GluN2B-containing 

NMDAR in extrasynaptic compartments play an important role in excitotoxicity cell death not 

only for under stroke conditions but also for other diseases associated with excitotoxic events 

such as Huntingtonôs disease or traumatic brain injuries (TBI) (Hardingham & Bading, 2002; 

Hardingham et al., 2002; Lai et al., 2014; Wyllie et al., 2013). There are numerous studies have 

found that, in mature cortical cultures, activation of either synaptic or extrasynaptic GluN2B-

containing NMDARs results in excitotoxicity, increasing neuronal apoptosis (Hardingham & 

Bading, 2010; Hardingham et al., 2002; Lai et al., 2014; Papadia et al., 2008; Zhou & Sheng, 

2013). In contrast, activation of either synaptic or extrasynaptic GluN2A-containing NMDARs 

promotes neuronal survival and exerts a neuroprotective action against both NMDAR- and non-

NMDAR-mediated neuronal damage (Hardingham & Bading, 2010; Hardingham et al., 2002; Y. 



32 

 

Liu et al., 2007; Papadia et al., 2008; Zhou & Sheng, 2013). These results strongly suggest that 

the two receptor subpopulations have opposing roles in promoting cell survival (GluN2A 

activation) and cell death (GluN2B activation) (Y. Liu et al., 2007). However, the 

neuroprotective effect of a GluN2B blockade has a relatively narrow window of efficacy as 

GluN2B antagonism and not suitable in a clinical setting (Y. Liu et al., 2007). replacing the C-

terminus of GluN2A with the GluN2B C-terminus made the pro-survival GluN2A-containing 

NMDAR into a receptor that now mediates an excitotoxic mechanisms (Carvajal et al., 2016; 

Davalos, Shuaib, & Wahlgren, 2000). Glutamate is rapidly taken up by the cells and normal 

levels can be re-established in as little as 30 min following stroke insult (H. Benveniste, Drejer, 

Schousboe, & Diemer, 1984). At this time point, GluN2B is no longer to be activated and hence 

blockade of the receptor would not be expected to remain useful and completely ineffective to 

block cell death (X. Fan, Jin, & Wang, 2014; Y. Liu et al., 2007). In comparison, selective 

activation of GluN2A-containing receptors would initiate cell survival promoting signals, 

protecting neurons against ischemic damage irrespective of the time of activation in relation to 

the stroke event, and may therefore be anticipated to have a much wider therapeutic window and 

therefore more clinically relevant at time points greater than 3 hours (X. Fan, Jin, & Wang, 2014; 

Y. Liu et al., 2007).  
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Figure 1.1 Unique subpopulations of the NMDAR mediate neuronal death and survival 

 (a) During basal conditions, synaptic activity sustains neuronal survival via activation of the 

synaptic NMDARs which are mainly GluN2A-containing NMDARs. This pro-survival effect is 

dependent on the Ca
2+

 influx through these receptors. (b) Shortly after stroke or under 

excitotoxic conditions, a massive release of glutamate (glutamate cascade) into the synapses and 

extrasynaptic compartments which causes activation of both subpopulations of NMDARs at both 

synaptic and extrasynaptic sites (Hardingham & Bading, 2002, 2010). This spillover causes 

neuronal death via activation of extrasynpatic GluN2B-containing NMDARs (Hardingham & 

Bading, 2002, 2010; Hardingham et al., 2002; Lai et al., 2014).  

 

1.7 Crystal structure of GluN1/GluN2B NMDARs  

In 2005, Gouaux et al. crystallized the S1 & S2 domains of the GluN1 and GluN2A 

subunits in the ligand-binding domain (LBD), clearly demonstrating the L-glutamate and D-

serine/glycine binding sites (Furukawa, Singh, Mancusso, & Gouaux, 2005; Papouin et al., 2012; 
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Shleper, Kartvelishvily, & Wolosker, 2005). More recently, this domain was used to co-

crystallize a selective antagonist of GluN2A-containing NMDARs (TCN201), which showed an 

ability to bind a modulatory interface in between the S1 & S2 domains of the GluN1 and 

GluN2A subunits (Volgraf et al., 2016). At present there is no known crystal structure for the N-

terminal and C-terminus domains for the GluN2A-containing NMDARs. On the other hand, the 

GluN1/GluN2B combination complex initially was crystallized in 2009, where the N-terminal 

domain was resolved in the presence of the GluN2B antagonist ifenprodril (Karakas, 

Simorowski, & Furukawa, 2009). In 2014, the X-ray crystal structure of the Xenopus laevis 

GluN1/GluN2B NMDAR was obtained with the allosteric inhibitor, Ro25-6981, partial agonists 

and the ion channel blocker, MK801 (C. H. Lee et al., 2014). This structure exposed that 

allosteric antagonist-bound GluN1/GluN2B structure has an overall 2-fold symmetry with a 

layered dimer-of-dimers arrangement of subunits (C. H. Lee et al., 2014). They showed that the 

interlinked connections and linkages of the R2 lobes of the NTDs to the LBDs allows for 

possible molecular paths for transmission of an allosteric signal to the D-serine/glycine and 

glutamate-binding LBD layer (C. H. Lee et al., 2014). This could suggest that NTD could be a 

suitable target that could endow structural rearrangements capable to cause movements that are 

transmitted to the LTD and potentially facilitate glutamate or D-serine/glycine binding and thus 

induce an allosteric signal (C. H. Lee et al., 2014). 

 

It has been demonstrated that even though closure of the LBD óclamshellsô S1/S2 

domains attributed to partial agonists has been observed, the ion channel gate is in a closed-

blocked state, which gave the initial interpretations into the structural makeup for allosteric 

inactivation of a NMDAR complex (C. H. Lee et al., 2014). All the crystallized work completed 
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to this point was focused on crystallizing the NMDAR in the presence of a negative allosteric 

modulator that causes the conformational changes which leads to a closure of the LBD 

clamshell-like structure, consequently causing the receptor to be in its closed/blocked state (C. H. 

Lee et al., 2014). However, the crystal structure of NMDAR in the absence of a negative 

allosteric modulator and co-crystallized with L-glutamate and glycine in their respective binding 

sites, remained unknown and was expected to have different configurations when characterized 

receptor in its active form (C. H. Lee et al., 2014; Traynelis et al., 2010). Very recently, Zhu et. 

al. crystallized such a structure, revealing for the first time the active conformation of the 

activated GluN1/GluN2B structure complex with no inhibitor (S. Zhu et al., 2016). They 

reported the conformational changes in the domains associated to the activation of mammalian 

GluN1/GluN2B NMDARs (C. H. Lee et al., 2014; S. Zhu & Paoletti, 2015; S. Zhu et al., 2016). 

 

Specifically, the activation mechanism requires opening of the bi-lobed architecture of 

the GluN2B NTD and re-positioning of the heterodimeric organization in the GluN1/GluN2B 

NTD (S. Zhu et al., 2016). They also showed that these changes lead to rotated GluN1/GluN2B 

heterodimeric pairs in both the NTD and LBD causing dilation of the gating ring (Zhu, Stein et 

al. 2016). Importantly, this was the first study to show the complexity of the dynamics of these 

receptors with respect to the different activation paradigms or arrangements controlled by the 

conformational changed states that occur when L-glutamate and D-serine/glycine bind to the 

receptor and particularly how the movements of the NTD can transmit down to the LBD and 

potentially cause allosteric effects (S. Zhu & Paoletti, 2015; S. Zhu et al., 2016).  
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1.8 Stroke 

Stroke is the fifth and third leading cause of death for Americans and Canadians 

respectively and the leading cause of disability and cognitive impairment (Ovbiagele et al., 

2013)(Public Health Agency of Canada.(2011) Tracking Heart Disease and Stroke in Canada ï 

Stroke Highlights 2011. http://www.phac-aspc.gc.ca/cd-mc/cvd-mcv/sh-fs-2011/index-eng.php). 

However, the risk of having a stroke is heavily reliant on race, ethnicity and age (Ovbiagele et 

al., 2013; Trimble & Morgenstern, 2008). Approximately 130,000 people die each year from 

stroke which translates 1 out of every 20 deaths (2015; Go et al., 2013; Mozaffarian et al., 2015) 

and approximately annually, 800,000 people in the United States have been diagnosed with a 

stroke episode (Go et al., 2014; Go et al., 2013; Mozaffarian et al., 2015; Writing Group et al., 

2016). Moreover, a vast majority (87%) of all strokes are ischemic which are caused by blood 

clots formed inside the blood vessels and block blood flow to the brain (Haast, Gustafson, & 

Kiliaan, 2012; Mozaffarian et al., 2015; Y. Zhang et al., 2008). This ultimately leads to a rapid 

loss of brain function and a slow cell death caused by lack of oxygen to the cells, programmed 

cell death (apoptosis), free radical formation and potentially an uncontrollable cell death 

(necrosis), all contributing to detrimental effects to the brain tissue (Kalogeris et al., 2012; 

Northington, Chavez-Valdez, & Martin, 2011). In other situations the strokes can be 

hemorrhagic which are characterized by a severe burst of the vessel resulting in the blood being 

poured out into the brain (Jordan & Hillis, 2007). The approximate expenditure in the United 

States associated with stroke are in the billions of dollars annually, which includes costs 

associated with health care services and medications which are needed to reduce the amount of 

injury and to improve recovery from the ischemic episode (Mozaffarian et al., 2015; Writing 

Group et al., 2016). Moreover, stroke is leading cause of disabilities which adds on to the health 



38 

 

care costs long-term (Mozaffarian et al., 2015; Writing Group et al., 2016). Taken together, 

stroke is a global issue, there is a great need to treat stroke and the current therapies are limiting 

(ie. narrow therapeutic therapies) and some cases ineffective and only appropriate to certain 

population demographics (Mozaffarian et al., 2015; Writing Group et al., 2016). The aim of this 

study to find a novel treatment for stroke patients that suffer ischemic strokes but this study 

could be theoretically expanded to test whether the treatment could be used in post-hemorrhagic 

conditions. 

 

1.9 NMDAR -mediated excitotoxicity and its relationship with an ischemic stroke event 

Neurodegeneration following stroke, cardiac arrest, or profound hypotension is a frequent 

and devastating phenomenon that is a major cause of morbidity and mortality in North America 

(Collins, 1986; DeGracia, Neumar, White, & Krause, 1996; Gladstone et al., 2002; S. A. Lipton 

& Rosenberg, 1994). Ischemic stroke is caused by a reduction in blood flow to the brain 

(Kristian & Siesjo, 1998; Uchino et al., 2016). This results in a depletion of oxygen and produces 

impaired energy metabolism and depolarization of cells that leads to excessive release and 

buildup of extracellular glutamate, which consequently leads to a buildup of Ca
2+

 ions in the 

intracellular space, elevated lactate levels, acidosis, formation of free radicals/nitrogen-

containing species and if the disruption is severe enough, predominate cell death occurs which 

can effect nearby cells and causes a ñdominoò effect (Kristian & Siesjo, 1998; Rossi, Brady, & 

Mohr, 2007; Uchino et al., 2016). The mechanisms mediating this neurodegeneration likely 

involve multiple events; however there is increasing evidence that ischemic injury to neurons is 

caused, at least in part, by overactivation of glutamate receptors, particularly the NMDAR 

subtype (Hara & Snyder, 2007; Lai et al., 2014; Mark et al., 2001).  
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Both in-vitro and in-vivo studies have consistently showed that overactivation of 

NMDARs is the initial stage leading to neuronal injury following stroke or traumatic brain injury 

(TBI) (Arundine & Tymianski, 2004; J. M. Lee et al., 1999; S. A. Lipton & Rosenberg, 1994; 

Mattson, 1997). These NMDAR become overactivated by the high levels of extracellular 

glutamate that get released to the synaptic space and their concentration within depend on 

location and timing (Mark et al., 2001). These high levels are observed in the ischemic areas but 

they also remain high in the core region and are sustained well after few hours after an ischemic 

insult. On the other hand in the penumbra region where the damage is not too severe, the 

glutamate concentration would decrease down to normal levels in about 1 hour after the ischemic 

insult (Baron, Yamauchi, Fujioka, & Endres, 2014; Ceulemans et al., 2010; Kiewert, 

Mdzinarishvili, Hartmann, Bickel, & Klein, 2010). Basal extracellular glutamate concentrations 

is about 0.5-5 µM detected by microdialysis coupled with high-performance liquid 

chromatography (HPLC) but when substantial neuronal excitotoxic injury occurs, extracellular 

glutamate can rise to detrimental toxic levels of 30-80 µM and can remain at its peak for up to 3 

hours, causing distraterous results for the cell via a massive amounts of Ca
2+

 influx (Kanthan, 

Shuaib, Griebel, & Miyashita, 1995; Kiewert et al., 2010). At these levels NMDARs would be 

obviously overactivated since EC50 of glutamate towards NMDARs are within the low 2-5µM 

range (Erreger et al., 2007). Consequently, the massive amounts of glutamate in the extracellular 

compartments overactivate NMDARs in adjacent and nearby neurons, triggering apoptotic cell 

death signaling pathways (P. Lipton, 1999). It has been shown in stroke patients and in animal 

stroke models that the consequence of this is that the cortical, CA1 hippocampal and cerebellar 

neurons would be particularly vulnerable to this ischemic insult via the massive release of 
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glutamate and these neurons can degenerate 3-7 days after ischemia insult as the result of process 

called delayed neuronal death which NMDAR seem to play an important role to initiating this 

process (Abe et al., 1995; Bramlett & Dietrich, 2004; DeGracia et al., 1996; S. A. Lipton & 

Rosenberg, 1994; Petito, Feldmann, Pulsinelli, & Plum, 1987; Ribary & Lichtensteiger, 1989).  

 

1.10 The evolution of an ischemic infract damaged area 

To keep the brain functioning normally it needs an uninterrupted supply of oxygen and 

glucose delivered through blood flow but interruption of the cerebral blood supply can and 

frequently causes irreversible brain damage (Iadecola & Anrather, 2011a; Rink & Khanna, 

2011). This damaged area can be evaluated by quantifying and measuring the total volume of the 

infract area, portraying the degree of the damaged brain tissue which can be visualized by 

magnetic resonance imaging (MRI), computed tomography (CT) or staining the infract versus 

undamaged areas (Goldlust, Paczynski, He, Hsu, & Goldberg, 1996; Popp, Jaenisch, Witte, & 

Frahm, 2009; Tatlisumak, 2002). Surrounded around the ischemic area, there are two critical 

well-defined zones that are vulnerable to injury; core ischemic zone and the ischemic penumbra 

zone (Y. Li, Chopp, Jiang, Zhang, & Zaloga, 1995). Interestingly, it has been found that neurons 

are more afflicted to this injury than glia and vascular cells and become quickly compromised 

and eventually become dysfunctional and gradually die when exposed to a stressful stimulus or 

hypoxia-ischemic conditions (Iadecola & Anrather, 2011a, 2011b). An ischemic stroke can be 

produced by occlusion of the middle cerebral artery (MCAo), the most common type of stroke in 

patients and consequently itôs the most commonly used in the animal models (Iadecola & 

Anrather, 2011a; Rink & Khanna, 2011). In this type of stroke the injury is swifter and more 
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pronounced in the center of the ischemic core characterized by the relatively lower blood flow (< 

10-25%)(Iadecola & Anrather, 2011a, 2011b; Rink & Khanna, 2011).  

 

In the periphery of the ischemic region called the ischemic penumbra, neuronal injury 

evolves at a much lower rate because blood flow coming from nearby vascular areas (collateral 

flow) keeps cerebral perfusion above a certain level/ceiling that would stop cells from dying 

instantaneously, providing sufficient oxygen and glucose levels (Kunz & Iadecola, 2009; P. 

Lipton, 1999). Initially, the infract is manifested in the core ischemic zone and then progresses 

into the ischemic penumbra, where ~30 minutes of ischemia causes a diffused amount of cell 

death in the core, whereas increasing the ischemia to ~60 minutes would cause a more 

pronounced injury to the core due to this longer stroke-ischemic event (J. M. Lee, Grabb, Zipfel, 

& Choi, 2000; S. Liu, Levine, & Winn, 2010; Popp et al., 2009). In a severe cases where the 

ischemia lasts for an extended period of more than 6 hours, the infract is quite prominently 

extended into the penumbra and consequently reaches a dire situation in which the damage is not 

salvageable and it underscores the importance of getting a treatment early (Heiss, 2012; 

Hossmann, 2009; P. Lipton, 1999; S. Liu et al., 2010).  

 The progression of the ischemic brain infract has been classified and divided into three 

different levels which are defined by different pro-death mechanisms and based on timing from 

the onset of stroke: acute (~0-7 days), subacute (~1-3 weeks) and chronic (~late stage > 3 weeks) 

(Allen, Hasso, Handwerker, & Farid, 2012; Birenbaum, Bancroft, & Felsberg, 2011; Hossmann, 

2006). The acute stage can be further divided into two phases: early hyperacute (0-6 hours) and 

late hyperacute (6-24 hours) where the early hyperacute is the stage in which therapies are 

administered and the ultimate goal is to achieve a therapy that can be given in the late hyperacute 
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stage (Allen et al., 2012). In the acute phase the ischemic damage is initially produced by 

depletion of adenosine triphosphate (ATP) and a development of an uncontrollable 

depolarization of cell membranes called anoxic depolarization (R. R. Liu & Murphy, 2009; 

Nedergaard & Hansen, 1993), which occurs 1-3 minutes after the stroke onset (Mongin, 2007; 

Welsh, Marcy, & Sims, 1991). This causes a spreading depolarization which is characterized by 

neuronal edema, dendritic spines distortion, an alteration of the slow electrical activity and 

suppressed brain electrical activity (Dreier, 2011). In the subacute stage, molecular cell injury 

occurs and consequently the infract moves from the ischemia core (not salvageable region) and 

extends to the ischemia penumbra which usually is manifested 4-6 hours after the onset of stroke 

(Allen et al., 2012; Q. Wang, Tang, & Yenari, 2007; Woodruff et al., 2011). Depending on the 

severity of the ischemic insult this would be the region in which the cells are deemed as 

salvageable and theoretically targetable to stop the pro-death signaling pathways that are being 

activated (Allen et al., 2012; Q. Wang, Tang, & Yenari, 2007; Woodruff et al., 2011).  

 

The main mechanism underlying this transition is the peri-infract spreading depression or 

depolarizations (Dreier, 2011; Lauritzen et al., 2011; Pettigrew et al., 1996) and myriad of 

cellular death mechanisms caused by excitotoxicity induced by glutamate (Jia, Njapo, Rastogi, & 

Hedna, 2015; Lucas & Newhouse, 1957), formation free radical/nitrogen-containing species that 

cause cytotoxicity (Eliasson et al., 1999; Pacher et al., 2007), Ca
2+

-activated proteases and 

calpains (Machado et al., 2015; Vosler, Brennan, & Chen, 2008), failure and dysfunction has 

been identified for the mitochondria, and endoplasmic reticulum (ER) (Kalogeris et al., 2012; 

Ouyang & Giffard, 2012; Paschen & Frandsen, 2001), which are all causal factors for the 

significant cell death pathology. The late phase or chronic stage which would be the most severe 
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in terms of pathology and in this will encompass brain edema and inflammation and usually 

difficult to treat and may lead to death (Jin, Yang, & Li, 2010; Kalogeris et al., 2012).  

 

In the first stage, the ischemic core undergoes major mechanisms of cell death associated 

with energy failure due to the lack of oxygen and glucose and therefore neurons cannot produce 

enough ATP necessary to energize the ionic pumps that maintain the ionic gradient across the 

membrane, mainly the Na
+
īK

+
 ATPase (Nedergaard & Hansen, 1993). Subsequently, massive 

Na
+
 and Ca

2+
 cytoplasmic buildup leads to neuronal swelling (cytotoxic edema) with damaged 

organelles, deteriorated membranes/nucleus and eventual uncontrollable cell death (necrosis) 

(Elmore, 2007; Fink & Cookson, 2005). In the initial stages, unlike the ischemic core, the flow 

reduction in the ischemic penumbra is not enough to cause energy failure and hence the neurons 

stay alive for a prolonged period of time after the insult and thus the neurons in these regions are 

characterized as being salvageable (J. M. Lee et al., 2000). Nevertheless, these afflicted neurons 

can be stressed and susceptible to other harmful stimuli or pathogenic events as a consequence of 

their compromised weakened state caused by the original insult (P. Lipton, 1999).  

Since, an infract evolves over an extended period of time (slow cell-death) after the blood 

flow has been reinstated or reperfusion, it was noticed that the advancement of the ischemia is 

not only be exclusively attributed by the failure of the energy deficient ATP pumps in the cells 

and therefore has led to the idea that other mechanisms are involved for the resulting delayed cell 

death that is occurring after the insult (Kalogeris et al., 2012). These mechanisms responsible for 

the ischemic damage has been blamed on a plethora of cellular and molecular events elicited by 

the sudden lack of blood flow and even after a situation where the blood has been reperfused 

(Iadecola & Anrather, 2011a; Kalogeris et al., 2012). The primary step and the trigger for these 
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cellular and molecular events has been blamed on the massive amount of extracellular buildup of 

glutamate which has been portrayed as being the main causative factor for the death observed in 

the ischemic penumbra regions (Iadecola & Anrather, 2011a; Moskowitz, Lo, & Iadecola, 2010; 

Xing, Arai, Lo, & Hommel, 2012). These pathways lead to a controlled cell death (apoptosis) or 

even uncontrollable cell death (necrosis) depending on the severity of the stroke insult and the 

metabolic conditions in which the neurons are in (Iadecola & Anrather, 2011a, 2011b; H. Liu et 

al., 2012; Xing et al., 2012). The cells that are injured or in the process of dying are also a 

contributor to inflammation because they expel danger signaling proteins which can trigger 

mechanisms associated with the immune system (Iadecola & Anrather, 2011a, 2011b; Rock & 

Kono, 2008). It is known that blocking glutamate receptors with antagonists, particularly 

NMDARs, produces a significant protective outcomes against ischemic injuries in several animal 

models when given in the first hour of the onset of stroke (Hoyte, Barber, Buchan, & Hill, 2004; 

J. M. Lee et al., 2000; Minnerup, Sutherland, Buchan, & Kleinschnitz, 2012). This blockade of 

NMDARs showed that the protective effects is attributed to the blockade of Ca
2+

 influx through 

these receptors and this strongly supports the idea that the death was correlated to the surplus of 

Ca
2+

 in the cells (Hoyte et al., 2004; Moha Ou Maati et al., 2013; Yu, Wu, & Wang, 2015).  

 

The initial abnormal release of extracellular glutamate overactivates the NMDARs which 

leads to cytoplasmic buildup of Ca
2+

, which in turn activates Ca
2+

-dependent enzymes, including 

the proteases, caspases and calpains, formation of free radicals, synthesis and function of 

arachidonic acid metabolites and enzymes producing species such as NO (Dong et al., 2009; 

Iadecola & Anrather, 2011a, 2011b; Weber, 2012). As a result of this observation there is a high 

degree of evidence that increased amount of intracellular Ca
2+

 is known to be a trigger of the 
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downstream pro-death signaling pathways (Chung, Ryu, Kim, & Yoon, 2015; Fink & Cookson, 

2005). Hippocampal CA1 cells are known to have a high expression levels of functional 

NMDAR protein and that under an ischemic event the intracellular amounts of Ca
2+

 elevates to 

from 0.1 µM to cytotoxic levels of ~30-60 µM (Kristian & Siesjo, 1998). At these detrimental 

concentrations of Ca
2+

, the calpains will be activated and lead to unregulated proteolysis into 

fragments, which can in turn breakdown many different proteins, including axonal cytoskeleton 

proteins such as Ŭ-spectrin, microtuble-associated protein (MAP), tau, and neurofilament 

proteins (NFP) as well as components of the myelin such as myelin basic protein (MBP) and 

myelin-associated glycoprotein (MAG) (Kampfl et al., 1997; Saatman, Creed, & Raghupathi, 

2010; Vosler et al., 2008). The consequence for the degradation of the cytoskeleton and plasma 

membranes has been cell death which can be initially blamed for the excess amounts of 

intracellular Ca
2+

 necessary to activate these degradative components of the cell (ie. calpain-

mediated cleavage) (Elmore, 2007; Kampfl et al., 1997; Vosler et al., 2008).  

Another detrimental effect of the massive buildup of intracellular Ca
2+

 is mitochondria-

mediated oxidative stress and this in turn can elicit the gating of a high-conductance pore in the 

inner mitochondrial membrane called the mitochondrial permeability transition (MPT) (Kristian 

& Siesjo, 1998; Webster, 2012). The MPT causes a collapse of the electrochemical potential for 

H
+
, thereby stopping or diminished ATP production, effecting the electron transport system, 

swelling of the mitochondria and subsequent production of reactive oxygen species (ROS) such 

as superoxide radical (
.
O2

-
.), superoxide anion (O2

-
), peroxide (O2

-2
), hydroxyl ion (OH

-
), 

hydrogen peroxide (H2O2), hydroxyl radical (OH
.
), and singlet oxygen (1O2) (G. Cheng et al., 

2012; Kristian & Siesjo, 1998; M. P. Murphy, 2009). This process would lead to dire cellular 

consequences which include mitochondrial swelling and a breach of the outer mitochondrial 
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membrane followed by a release death factors and certain necrosis of the cell (G. Cheng et al., 

2012). The ROS will  provide the swelling capabilities and help to breakdown of the outer 

membranes, releasing pro-apoptotic molecules such as apoptosis inducing factor (AIF), 

endonuclease G (Endo G), and cytochrome c, which can trigger apoptotic cell death (Cai, Yang, 

& Jones, 1998; Gogvadze, Orrenius, & Zhivotovsky, 2006; Kalogeris, Bao, & Korthuis, 2014). 

The formation and release of ROS is greatly elevated during an ischemic event due to the over-

activation of the arachidonic acid metabolizing enzymes cyclooxygenase and lipoxygenase and 

their effect on the electron transport system (Kalogeris et al., 2014; Kiritoshi et al., 2003; Rink & 

Khanna, 2011). Furthermore, ROS radicals which are known to be extremely reactive that can 

further interact with nitric oxide (NO) which has been shown to increase after an ischemic event, 

can give rise to superoxide anion peroxynitrite (ONOO
-
) or other reactive nitrogen species that 

are deemed extremely toxic due to their ability to cause oxidative damage to cells and to the 

endoplasmic reticulum (ER) and also functional disturbances of the mitochondria, attacking 

proteins/lipids and damaging DNA especially in the ischemic core (Forstermann & Sessa, 2012; 

P. K. Liu, Robertson, & Valadka, 2002). The most disastrous implication of this interaction is the 

superoxide anion with cellular constituents such as 3-nitrotyrosine in proteins and base 

modifications of DNA (P. K. Liu et al., 2002). 

 

As mentioned, the dysfunction of the mitochondria and its role in cell death is quite 

pronounced and well-documented after a brain injury but has also lead to the potential 

detrimental effects and dysfunction of the ER as well (P. K. Liu et al., 2002). It is quite evident 

that the dysfunction of the ER also plays a causal factor to cell death through ROS formation and 

this has implications of diminishing intracellular Ca
2+

 stores and therefore altering the Ca
2+
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homeostasis inside the cell (Bodalia, Li, & Jackson, 2013; Kristian & Siesjo, 1998). As free 

radicals are formed in the brain during ischemic injury they can play a detrimental role in 

secondary injury processes (dysfunction of the ER and mitochondria) therefore in light of this, 

drugs have been developed to coordinate with these free radical/nitrogen-containing species and 

prevent them from building up and causing harm (Shirley, Ord, & Work, 2014; Slemmer, 

Shacka, Sweeney, & Weber, 2008). In animal studies, these drugs have shown a neuroprotective 

positive outcomes against ischemic stroke and but unfortunately human clinical trials using free 

radical trapping drugs failed due to a lack of efficacy (Green, 2008; Kimelberg, 2008; C. X. 

Wang & Shuaib, 2007).  

 

In the late phase (chronic), brain swelling and inflammation are the two main factors 

which contribute to the ischemic injury (Jin et al., 2010; Unterberg, Stover, Kress, & Kiening, 

2004). Neuronal swelling has been reported to start within 30 minutes of a MCAo, 

predominantly near capillaries and may last for up to one day after reperfusion (Garcia et al., 

1993). Brain swelling post-stroke is caused by the increased intracellular osmolality due to the 

entry of water in the intracellular space and the breakdown of blood-brain barrier (BBB) which 

can allow entry of blood related elements into the brain tissue and increasing the chances for 

more cell damage (Fernandez-Lopez et al., 2012; Hossmann, 2006; Liang, Bhatta, Gerzanich, & 

Simard, 2007). More recently, Rungta et al. have discovered a new mechanism for cytotoxic 

edema and have successfully identified a new target that is responsible for neuronal swelling 

(Rungta et al., 2015). They have showed that neuronal swelling depends on Na
+
 and Cl

-
 influx 

but is autonomous from Ca
2+

 flux into the cell and that the swelling after Na
+
 and Cl

-
 influx 

causes Ca
2+

-independent neuronal death (Rungta et al., 2015). The protein target responsible for 
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this observation was the ion exchanger SLC26A11 which was identified by combination of 

knockdown experiments and the use of specific antagonists to block potential channels that have 

or could be implicated to the increased swelling found in neurons (Rungta et al., 2015). It was 

shown that the knockdown or the blockade for this ion exchanger SLC26A11 caused a 

significant attenuation of neuronal swelling and identified a new paradigm shift for stroke-

induced edema (Rungta et al., 2015).  

 

Inflammation is the one of the main culprits to the damage that can contribute strongly to 

the slow progression ischemic damages, especially the increased levels of pro-inflammatory 

cytokines, IL-1ɓ, IL-6, TNF-Ŭ and MMP-9 which are the important mediators for inflammation 

response following ischemic insults and can also be released by microglia through the production 

of ROS via NADPH oxidase (Ceulemans et al., 2010; Doll, Barr, & Simpkins, 2014; Jin et al., 

2010). IL-1ɓ and TNF-Ŭ are known to be pro-inflammatory that appear to exacerbate injury 

where TNF-Ŭ is arguably one of the most important initiators of neuro-inflammation which 

mediate the apoptotic death signal via the induction of cell death paths such as caspase-8 

activation pathways and caspase-3 activation (Pei, You, & Fu, 2015; L. Wang, Du, & Wang, 

2008). Overall, the information stated above, the evolution of ischemic stroke depend on multi-

step mechanisms from the first few minutes of an anoxic depolarization of neurons and the 

progression to excitotoxic conditions shortly after that lead to massive amounts of intracellular 

Ca
2+

 followed by activation of calpains and formation of ROS which leads to inflammation and 

edema (Seidenstein, Barone, & Lytton, 2015; Xing et al., 2012). All of these mechanisms depend 

on the severity of insult and depend on time after the original insult (Seidenstein, Barone, & 

Lytton, 2015; Xing et al., 2012). The brain injury starts from the core region within 1-3 minutes 
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of the ischemia event and evolve to the penumbra in a matter of 60 minutes from early towards 

the late hyperacute stages (Moskowitz et al., 2010; Woodruff et al., 2011). The progression and 

the development of this damage afflicted to the tissues can continue even after 7 days and has 

implications after months even after the blood has been reinstated because of the ñdominoò effect 

from one neuron effects nearby neurons in a time dependent fashion (Woodruff et al., 2011). 

These slow progression and development of the ischemic injury are extremely complex and 

complicated and they involve countless of different pathways, it is almost impossible to identify 

which domino is being affected (activated/deactivated) at any given time and therefore in this 

work we have moved away from conventional-thinking of targeting a specific domino (pro-death 

signaling protein) and tried to shift this paradigm to enhance the pro-survival signaling pathway 

which will be independent of what pro-death signaling protein is being activated at any given 

time which in turn potentially improves narrow therapeutic windows (Majid, 2014). In this 

dissertation we are going to explore a neuroprotective therapy that will try to block the 

progression and try to save cells for ultimate death by enhancing the cellôs own pro-survival 

capabilities which we hope can override the activation of the pro-death signaling cascade 

incurred after stroke. 

 

1.11 Current t reatments for ischemic stroke 

Current treatments options for ischemic strokes have been limited to either restoring the 

blood flow by reperfusion after the onset of stroke through a vascular-based therapy or by 

blocking or interrupting the signaling pathways that lead to ischemic cell death through a 

neuroprotection strategy (Woodruff et al., 2011). The most commonly used therapy for the 

treatment of ischemic stroke has been to quickly reinstate the blood flow to the brain using a 
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vascular-based therapy which will restore the levels of glucose and oxygen back to the cells 

(Woodruff et al., 2011). The only clinically approved drug for this type of therapy has been the 

intravenous injection of tissue plasminogen activator (tPA), which helps to reinstate blood flow 

by dissolving the blood clot causing the stroke (Gravanis & Tsirka, 2008).  

 

Nevertheless, the administration of tPA is restrictive because the treatment is only 

effective and more importantly safe when itôs given within the first 3 hours of the stroke onset 

and a recent study has shown that it may be effective and safe when given at 4.5 hours after 

symptom onset in ñselectedò patients which further limits its use (N. T. Cheng & Kim, 2015; 

Gravanis & Tsirka, 2008; Hacke et al., 1998). Given, that the drug needs to be administered at 

the hospital and the average time for patients to arrive at the hospital could be anywhere close to 

4-6 hours, tPA treatment is sadly often not a clinically reasonable choice for many stroke patients 

(McCulloch, 1991; Prass & Dirnagl, 1998; Scatton, 1994). Another inhibiting feature to this type 

of medication is that stroke patients are required to receive a computed tomography (CT) or 

magnetic resonance imaging (MRI) test to ascertain that the stroke is not hemorrhagic (caused by 

a tear in the arteryôs wall that produces bleeding into the brain) before tPA treatment can be 

given as this administration causes severe side effects and/or exacerbate the bleeding and 

potentially death (Green & Shuaib, 2006; Miller, Simpson, & Silver, 2011). Diffusion weighted 

imaging (DWI) is also a normally used MRI sequence for the evaluation of an acute ischaemic 

stroke and it is sensitive enough to detect small and early infarcts whereas the traditional T1 and 

T2-weighted imaging MRI sequences detect infract after 16 and 8 hours after onset of stroke 

respectively (Allen et al., 2012; van Everdingen, van der Grond, Kappelle, Ramos, & Mali, 

1998). A frequent complication of an acute ischemic stroke is a hemorrhagic transformation 
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(HT) which does not apparent in the first 12 hours (hyperacute stage) after stroke induction but 

rather commonly found in the acute stage (24-48 hours) and consistently found 4 days after the 

stroke onset and therefore HT limits the use of tPA treatment because the therapeutic window of 

tPA is only 3-4 hours after stroke onset (Allen et al., 2012; J. Zhang, Yang, Sun, & Xing, 2014). 

Interestingly, the damaging effects of tPA could also include its interaction with the GluN1 

subunit of NMDARs, leading to a potentiation of NMDAR-mediated signaling and consequential 

intercellular influx of Ca
2+

 and exacerbation of the pro-death signaling pathways which is a 

similar consequence to activating NMDARs via massive glutamate release (Adibhatla & 

Hatcher, 2008; Chevilley et al., 2015; Gaberel et al., 2013; Lopez-Atalaya et al., 2008).  

 

Overall, the wide array of pitfalls concerning the use of tPA has led to its administration 

to only a handful (2-5%) of stroke patients due to the restrictive use and its and narrow 

therapeutic windows (Green & Shuaib, 2006; Micieli, Marcheselli, & Tosi, 2009). Another 

therapeutic strategy for the pathogenesis of stroke has been to block or interfere cell death 

signaling pathways triggered downstream during stroke (Broughton, Reutens, & Sobey, 2009; 

Shu et al., 2014). While molecular and experimental animal studies have convincingly revealed 

that overactivation of NMDARs is the initial step leading to neuronal injury following insults of 

stroke and traumatic brain injuries (Arundine & Tymianski, 2004; J. M. Lee et al., 1999; S. A. 

Lipton & Rosenberg, 1994; Y. Liu et al., 2007; Mattson, 1997), many large-scale clinical trials 

have failed to find the needed efficacy of NMDAR antagonists in reducing brain injuries 

(Gladstone et al., 2002; Ikonomidou & Turski, 2002; Kemp & McKernan, 2002; J. M. Lee et al., 

1999). The precise reasons underlying the apparent inconsistency between basic research results 
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and human clinical trials remain largely unknown and elusive, although several explanations 

have been proposed. These include:  

1) difficulty to use antagonists at therapeutically effective doses required for 

neuroprotection due to side effects,  

2)  inability to administer the drugs within neuroprotective windows due to time required 

for patient transport and diagnosis,  

3)  inability to use the treatments at protective doses due to potential blocking of normal 

brain function and neuronal survival,  

4)  poor experimental designs, and  

5) heterogeneity in the patient population (Albensi et al., 2004; Corbett & Nurse, 1998; 

Gladstone et al., 2002; Ikonomidou & Turski, 2002; Kemp & McKernan, 2002; Prass & Dirnagl, 

1998). While 4 and 5 factors require better designed clinical trials, we focused our research on 

finding ways to lessen the first three factors.  

One reason why experimental neuroprotection has yet to translate from animals to human 

stroke patients could be that unlike humans, rodent brains have very little white matter which has 

been shown to less susceptible to brain injury and this may lead to the possibility that different 

mechanisms of stroke injury-related pathophysiology and neuroprotection (Carmichael, 2005; 

Mattson, Duan, Pedersen, & Culmsee, 2001; Sozmen, Hinman, & Carmichael, 2012; Woodruff 

et al., 2011). Moreover, the models used in many studies have been mostly been rodents and thus 

have some limitations which include differences in resistance to swelling, a limited region of 

white matter, differences in inflammatory cascades and thus would be quite difficult to mirror 

the conditions witnessed in a human (Carmichael, 2005; Casals et al., 2011; Chesselet & 

Carmichael, 2012; Macrae, 2011; Sozmen et al., 2012). Moreover, the conditions observed in 
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stroke victims since many patients for instance are older-aged individuals and could also have 

other secondary afflictions like cardiovascular diseases that could affect the efficacy of the 

treatments or more importantly may affect the different mechanisms associated to ischemic 

injury especially when comparing it to a rodent model for stroke (Carmichael, 2005; Casals et 

al., 2011; Chesselet & Carmichael, 2012; Macrae, 2011; Sozmen et al., 2012).  

 

The biggest hurdle at this point would be that treatments need to be given within the first 

hour of stroke onset, whereas the clinical trials usually consist of patient inclusion times that are 

a lot longer than 1 hour and closer to 4-6 hours for patient admission especially if people do not 

live close to hospitals or live in major cities (N. T. Cheng & Kim, 2015; Ford, 2008). 

Undoubtedly, there are major challenges in obtaining positive therapeutic outcomes from rodent 

models of stroke and translating them to humans but may suggest that these disparities between 

them highlights the possibility to use of a higher-order gyrencephalic non-human primates (such 

as cynomolgus macaques) (Cook, Teves, & Tymianski, 2012) which share genetic, anatomical 

and behavioral resemblances to humans and may constitute similar cellular mechanisms to 

relation after a stroke insults (Cook, Teves, & Tymianski, 2012; Courtine et al., 2007; Enard, 

Depaulis, & Roest Crollius, 2010; Ford, 2008). One possibility for the disparity between animal 

models to human positive therapeutic outcomes, as discussed previously, may arise from the 

different NMDAR subtypes which have opposing roles in promoting cell survival and cell death 

therefore, we hypothesize that inhibition of NMDAR-mediated cell survival actions by some of 

the NMDAR blockers used in these previous clinical trials may be an important contributing 

factor to the confounding results in relation to their ability to block normal brain function and 

neuronal survival which are extremely important to avoid. 
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1.12 Computer-aided drug discovery (CADD) 

Given the long and expensive process involved in the development of a therapeutic drug, 

there is a mounting interest to augment computational capabilities to the drug discovery process 

including the drug design, optimization and development (Kapetanovic, 2008). In light of this, 

computer-aided or in-silico design has been used extensively to assist hit identification (initial 

active compounds), hit-to-lead selection, pharmacological optimization (absorption, distribution, 

metabolism, excretion and toxicity (ADMET) profile) and to enhance brain-blood-barrier (BBB) 

penetration for CNS pilot drugs (Kapetanovic 2008). 

 

In particular, CADD can facilitate and expedite the identification of hit compounds by 

filtering large databases into a more practical chemical sets which can then be tested 

experimentally and biologically validated (Kapetanovic 2008). CADD is also used to guide the 

design of the initial hit compounds discovered either from in-silico or via high-throughput 

screens (Sliwoski, Kothiwale, Meiler, & Lowe, 2014). The process involves adding or removing 

groups from the original hit compound to enhance its interactions with the surrounding residues 

of a particular site of the protein and to ultimately create new chemical entities. Furthermore, 

computers can also assist with the identification of structure-activity-relationships (SARs) which 

facilitates the understanding on how to further improve lead compounds in order to generate the 

best possible chemical entities for clinical testing (Kapetanovic, 2008; Sliwoski et al., 2014).  

With the recent advancement in structural biology, in particular, the 3D crystal structures of 

proteins, computers can facilitate the prediction of the biological actions of proteins and their 

interacting compounds.  
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CADD can be divided into two main methods known as 1) ligand-based drug design 

usually when a pharmacophore is identified, (a 3D spatial arrangement of chemical features 

important for biological activity) and 2) structure-based drug design (target-drug docking), where 

a hit compound is identified based on the predicted interactions of the ligand  to a protein pocket 

(Sliwoski et al., 2014). Ligand-based approach is used in cases where there is no previous 

structural information of protein and therefore depends entirely on the bioactivity profile of 

known drugs (usually need modest dataset) and usually includes some form of similarity 

searching based on ligands known to be active or/and ligand pharmacophore identification 

(known feature that is known to constitute the activity of the drug) (C. H. Lee, Huang, & Juan, 

2011; Sliwoski et al., 2014). In this dissertation we use a structure-based drug design approach, 

where the 3-D structure (X-ray crystallography, NMR) or in this case a generated homology 

model (a comparative model created from an already known homologues structure of another 

protein) of the NMDAR protein are combined with a chemical library to screen against specific 

sites on NMDARs (Kapetanovic, 2008; Sliwoski et al., 2014).  

 

1.13 Rationales, hypotheses and specific aims 

As already noted, despite a large body of well documented evidence for a critical role of 

NMDAR-mediated excitotoxicity in brain damage following stroke and brain trauma, clinical 

trials of NMDAR antagonists as neuroprotectants have not been proven successful (Gladstone et 

al., 2002; Ikonomidou & Turski, 2002; Kemp & McKernan, 2002; J. M. Lee et al., 1999). Thus, 

novel NMDAR-based stroke therapies are urgently needed. Based on our previous findings that 

activation of GluN2A and GluN2B-containing NMDARs promote neuronal survival and death, 
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respectively, and that NMDAR antagonists, even GluN2B specific ones, are limited as effective 

post-stroke therapeutics due to their narrow therapeutic window, may in part explain some of the 

failure of NMDAR antagonists in clinical trials (Y. Liu et al., 2007). Based on our studies, the 

selected activation of GluN2A-containing NMDARs may have several advantages over previous 

NMDAR antagonism-based stroke therapies. Firstly, we would predict this approach possesses a 

wider therapeutic window than GluN2B-containing receptor blockade. In fact, there may be no 

appreciable therapeutic window limitation as it protects neurons against brain damage by 

promoting neuronal survival, rather than blocking the activation of a death signal initiated by the 

stroke insult. Second, it is important to note that GluN2A-containing receptor activation is likely 

to be not only effective against NMDAR-mediated cell death (primary neuronal injuries), but 

also to guard against non-NMDAR-mediated cell death (secondary neuronal injuries) (Papadia et 

al., 2008). Increasing evidence supports the notion that some non-NMDAR-mediated 

mechanisms, while secondary to NMDAR activation, may contribute significantly to brain 

damage, particularly following severe stroke-mediated insults (M. Aarts et al., 2003; Xiong et 

al., 2004). Another potential advantage is that the enhanced activity of GluN2A-containing 

NMDARs promotes the induction of long-term potentiation (LTP) processes, which potentially 

increase synaptic strength and might be used to treat pathological synaptic states by inducing 

synaptic plasticity to ameliorate conditions arising from disrupted synaptic drive, such as in 

stroke conditions. These points lead to our working hypothesis that the selective enhancement of 

GluN2A-containing receptors, rather than a generic blockade of all NMDAR subtypes, is a 

more effective post-stroke neuroprotective therapy. In this regard, there is an urgent need for the 

development of highly specific positive modulators for the GluN2A-containing NMDAR 

subtypes.  
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The primary goal of this thesis is to validate and extend these predictions with the following 

specific research aims: 

1) Development of potent and selective positive allosteric modulators (PAMs) for 

GluN1/GluN2A NMDARs using iterative synergies between in-silico methods of 

chemical genomics, chemical synthesis, biochemical and electrophysiological testing 

techniques.  

 

2) Identification of the novel modulation site in the GluN1/GluN2A complex and generation 

of structure-activity relationships (SAR) for compounds interacting at this site. 

 

3) Evaluation of the effects of GluN2A modulators towards synaptic transmission and long-

term potentiation in hippocampal slices  

 

4) Evaluation of the effects of the selective modulation of GluN1/GluN2A on downstream 

cell-survival signaling (CREB phosphorylation) and protection of neurons against 

NMDA-mediated excitotoxicity and H2O2 oxidative stress. 

 

5) Evaluation of the selectivity profile of a lead compound against GluN1/GluN2A, 

GluN1/GluN2B, AMPA, GABA-A and hERG potassium channels. 

 

6) Evaluation of the preclinical profile of a lead PAM including brain-blood permeability, 

dose-concentration response, and in-vivo half-life. 
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7) Investigate whether a PAM can promote CREB phosphorylation in-vivo. 

 

8) Investigate whether a PAM can reduce infract volume as well as rescue neurological 

deficits caused by ischemic insults in a rodent MCAo stroke model.  

 

The positive allosteric modulators (PAMs) identified here are predicted to have numerous 

advantages over other therapeutic options. First, the PAMs will be small organic molecules, a 

more desirable therapeutic option as this relates to its superior oral bioavailability, 

pharmacological stability and the ease of synthesis. Moreover, treatments could potentially be 

given orally (and perhaps even at home) compared to other traditional treatments that need to be 

administered intravenously in hospitals. Another, advantage to this approach is that it is 

predicted to have reduced side effects as it should not inhibit downstream signaling pathways but 

rather promote a natural trigger to protect cells from various forms of death including 

excitotoxicity and oxidative stress. Taken together, this work will provide a novel putative 

therapeutic treatment for ischemic stroke and other pathological diseases associated with cell 

death. 
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Chapter 2: Methods and methodology 

 

2.1  Homology model 

Currently, there is no crystal structure of the GluN1/GluN2A N-terminal domain (NTD). 

Therefore we created a homology model based on the crystal structure of the homomeric 

GluN1/GluN2B NMDAR. This homology model of the rat NMDAR N-terminal extracellular 

domain (NTD) of the GluN1/GluN2A receptor was constructed using the X-ray structure of the 

analogous GluN1/GluN2B N-terminal domain (PDB code: 3QEK) (Webb & Sali, 2014a, 

2014b)(Karakas et al., 2011). Although the GluN1/GluN2A receptor is a tetrameric receptor, this 

homology model was based on one dimer consisting of 1 subunit of GluN1 and 1 subunit of 

GluN2A. The NTDs of GluN2A and GluN2B show 72% sequence identity and 82% homology 

in the sequence alignment. The GluN1/GluN2A interface was subjected to multiple rounds of 

side chain optimization and energy minimization using Modeller to alleviate any strain 

introduced by our homology model (Webb & Sali, 2014a, 2014b).  

 

2.2 Chemical library  

The identification of quality hit compounds is one of the key steps in a drug development 

program. As high-throughput screening (HTS) is the main method to find hit and lead 

compounds, it is clear that well designed screening collections are more likely to yield tractable 

molecular entities (Davis, Keeling, Steele, Tomkinson, & Tinker, 2005; Hertzberg & Pope, 2000; 

Mander, 2000). Screening collections are now compiled using the principles of drug-like and 

lead-like chemical space. This is where compounds are filtered using various molecular 

descriptors, for example, according to Lipinski's rule of five (Lipinski, Lombardo, Dominy, & 
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Feeney, 2001) and (Lipinski, 2000) or based on the findings of Oprea (Oprea, 2000; Oprea, 

Davis, Teague, & Leeson, 2001; Teague, Davis, Leeson, & Oprea, 1999). In the present study, 

we used Lipinski rule of three, specifically designed for developing CNS drugs. A subset of lead-

like compounds was selected from the ZINC chemical library that provides a wide array of 

structures that can be purchased commercially. The lead-like subset has been filtered by 

incorporating molecular weight, lipophilicity and rotatable bond restrictions.  

 

This subset was further filtered based on Lipinskiôs rule of three (Pajouhesh & Lenz, 

2005) and three additional chemical properties which includes no carboxylic groups, no peptide 

bond-like structures, polar surface area between 60-80 A
2
 and the compound possessed at least 1 

nitrogen, 1 oxygen and 1 aromatic ring. The rationale for exclusion of carboxylic acid groups 

was their polarity consisting of charged functional groups detrimental for penetrating the BBB. 

Moreover, all candidate compounds were filtered based on whether they incorporated chemical 

motifs or known toxicophores. This exclusion process was based on moieties deemed 

ñundersirableò for assay formats used in high-throughput screening campaigns (Axerio-Cilies, 

Castaneda, Mirza, & Reynisson, 2009). 

 

These toxic functional groups excluded from the database were electrophilic reactive 

moieties (leaving or hydrolysable groups), heteroatom-heteoratom single bonds, suspected 

cytotoxic groups, tight-binding, metal chelating moieties, redox/thiol reactive species, common 

substructures of promiscuous non-specific inhibitors and moieties that are known to cause 

toxicity issues by DNA intercalation (Axerio-Cilies et al., 2009). The resulting database was 

finalized by adding hydrogens along with removal of minor components (salts), de-pronating 
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strong acids and protonating strong bases. Finally, this database was then energy minimized to 

attain the three-dimensional structure of the compound at the lowest energy state. The finalized 

optimized structures were then ready for the docking process against the interstice interface of 

GluN1/GluN2A heterodimer NTD. 

 

2.3 Virtual Screening (docking) for selective modulators for GluN1/GluN2A-containing 

NMDARs 

Using a previously described consensus-based in-silico methodology, (Axerio-Cilies et 

al., 2011; Lack et al., 2011) we conducted a virtual screen of 200,000 purchasable chemical 

substances pre-filtered (Axerio-Cilies et al., 2009; Pajouhesh & Lenz, 2005) from the lead-like 

ZINC chemical library
 
(Irwin & Shoichet, 2005) to identify specific binders that may be capable 

of positive allosteric modulation (PAM) of GluN1/GluN2A-containing NMDARs. The results 

from each stage of this multiparametric approach were compiled, and the compounds were 

ranked using a consensus scoring procedure. The ~10,000 highest ranked compounds were 

visualized, and 200 initial candidates, predicted to have a high potential for binding to the 

GluN1/GluN2A interface, were selected for empirical testing.   

 

2.4 Analog search 

To provide confirmation that the hit compounds are positive allosteric modulators for the 

GluN1/GluN2A NMDARs, an analog search was conducted to obtain a large pool of chemicals 

from which to generate structure-activity-relationships (SAR) between the ligand and protein. An 

analog search was implemented to identify structurally similar compounds that are commercially 

available from chemical suppliers. This approach is based on the notion that similar compounds 
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should have similar biological properties. In this process, the active compound (Npam02) was 

used as a template/query to search against a database of chemicals which will hopefully generate 

a subclass of compounds with enhanced activity. Molecular fingerprint-based similarity is a 

commonly used method for similarity searching. The fingerprint is defined as a óbit stringô where 

each bit position accounts for the presence or absence of a given feature in a molecule (C. 

Williams, 2006). If the feature is present in a molecule the bit is set to ó1ô and if the feature is not 

present, it is set to ó0ô forming a distinctive and unique fingerprint profile for each chemical 

structure. The similarity between two molecules is identified by comparing bit strings of 

molecules and quantified as Tanimoto coefficient (Tc) (Bajusz, Racz, & Heberger, 2015). This 

process generated ~50 compounds available from a chemical supplier. These compounds were 

combined with the chemically synthesized compounds designed in-silico to generate a list of 

compounds that could be tested by whole-cell voltage clamp recordings in cortical neurons to 

generate SARs to ultimately identify a lead compound that would be selective for the 

GluN1/GluN2A, potent, soluble, non-toxic, stable and permeable to the blood-brain barrier 

(BBB).  

 

2.5 Chemicals 

N-methyl-D-aspartate (NMDA), D-2-amino-5-phosphonovaleric acid (APV), Ŭ-amino-3-

hydroxyl-5-methyl-4-isoxazole-propionate (AMPA), and 6-cyano-7-nitroquinoxaline-2,3-dione 

(CNQX) were purchased from Torcis (Ellisville, Missouri, US). Glutamate, gamma-

Aminobutyric acid (GABA) was purchased from Sigma-Aldrich. Bicuculline methobromide was 

purchased from Alexis Biochemicals.  
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2.6 Chemical synthesis 

PART I: 2-hydroxy-3-ethoxybenzaldehyde (1.0 g, 5.2 mmol) was dissolved in acetic acid 

(20 mL) and N-chlorosuccinimide (NCS) or N-bromosuccinimide (1.4 g, 11 mmol) was added 

all at once. The reaction mixture was stirred overnight at 80°C, and then cooled to room 

temperature. Water and CH2Cl2 were then added, the phases were separated and the water phase 

was further extracted with CH2Cl2, dried over MgSO4 and evaporated under vacuo. The crude 

product was purified by flash chromatography (CH2Cl2/hexane) to afford the pure product (1.2 g, 

89 %) as a yellow solid. (see appendix 1 for NMR and mass spectroscopy)  

 

PART II: Dissolve equimolar amounts of hydrazine (0.30mmol) and aldehyde (0.30mmol) in 

THF (0.5 M solution). Add 2 equivalents MgSO4 and heat to reflux for 1 h.  The product may 

precipitate.  If not, the reaction was checked by TLC or NMR to ascertain consumption of the 

aldehyde. If the product precipitated, it was recovered by filtration and washed with water 

(2x2ml) to remove residual MgSO4. If the product did not precipitate the reaction mixture was 

diluted with water until the product precipitated. The mixture was acidified to pH 3 with dilute 

HCl for the removal of residual hydrazine and consequently filtered and if necessary it was 

recrystallized. The compound is a high-melting solid (mp 210-212 
o
C).  Extraction was avoided. 

If no precipitation was observed, the solvent was evaporated in vacuo and the compound was 

purified by flash column chromatography. (see appendix 1 for NMR and mass spectroscopy). 
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2.7 Determination of compound purity  

Compound identity and purity were confirmed by LCīMS/MS. Briefly, an Acquity ultra-

performance liquid chromatograph (UPLC) with a 2.1 mm Ĭ 100 mm BEH, 1.7 ɛM, C18 column 

coupled to a photodiode array (PDA) detector in line with a Quattro Premier XE (Waters, 

Milford, MA) was used with water and acetonitrile containing 0.1% formic acid as mobile 

phases. A 5ī95% acetonitrile gradient from 0.2 to 10.0 min was used, and 95% was maintained 

for 2 min followed by re-equilibration to starting conditions for a total run time of 15.0 min. The 

MS was run at unit resolution with 3 kV capillary, 120 and 300 °C source and desolvation 

temperatures, 50 and 1000 L/h cone and desolvation N2 gas flows, and Ar collision gas set to 

7.4ī3 mbar. On the basis of the full range of the diode array absorbance (210ī800 nm), the 

relative purity (area-under-the-curve (AUC) of Npam43 versus AUC of all the peaks detected) 

was calculated. All compounds described had a purity of > 90ī 95%. HPLC-MS/MS Npam43- 

TR = 5.02 min. 

 

2.8 Buffers and media 

Phosphate buffered saline (PBS, pH 7.4) contains 137 mM NaCl, 2.7 mM KCl, 8.1 mM 

Na2HPO4, and 1.76 mM KH2PO4. Cell lysis buffer contained 0.5% Triton X-100, 0.5% 11 

deoxycholic acid, and 1× protease and phosphatase inhibitor cocktail (Thermo Scientific, 78442) 

in sterile PBS. 4× sample buffer contains 50% Glycerol, 125 mM pH 6.8 TrisHCl, 4% SDS, 

0.08% bromophenol blue, and 5% ɓ-mercaptoethanol. Neuron culture media contained 2% B-27 

supplement (Invitrogen, 17504-044) and 0.5 mM GlutaMax supplement (Invitrogen, 35050-061) 

in Neurobasal Media (Invitrogen, 21103-049). 
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2.9 Plasmids 

Cells were transfected with a combination of pcDNA3-CMV expression vectors, each of 

which expressed one of the rat recombinant (GluN2AWT, GluN1WT, GluN2BWT) subunits. An 

enhanced green fluorescent protein (GFP) pcDNA3-GFP was co-transfected to facilitate 

microscopic visualization. GluN2AA108G, GluN2AP79A, GluN2AP178G, GluN2AQ111A, 

GluN2AF114Y, GluN2AF114S, GluN2AF177S, GluN2AI176Y, GluN2AM111I, GluN1R115E, GluN1L135Q 

plasmids were constructed by site-directed mutagenesis from either GluN1WT and GluN2AWT 

using PFU DNA polymerase. The sequences of all plasmids were confirmed by automated DNA 

sequencing. 

 

2.10 HEK293 cell culture and plasmid transfection 

Human Embryonic Kidney 293 (HEK293 cells) were cultured in Dulbeccoôs Modified 

Eagleôs Medium (DMEM) (Invitrogen) supplemented with 10% fetal bovine serum (FBS). When 

HEK293 cells achieved 90% confluence, plasmids of either (GluN1 & GluN2A & eGFP) or 

(GluN1 & GluN2B & eGFP) were co-transfected into cells using Lipofectamine 2000 

(Invitrogen, 11668019) according to manufactureôs instruction. HEK293 cells were then 

maintained in the 37°C incubator with 95% O2 and 5% CO2 for 48 hours before being used in 

experiments. The transfection ratio with these NMDAR subunit combinations were all 1:1 

(GluN1/GluN2A or GluN1/GluN2B). pcDNA3-GFP was also co-transfected along with the 

NMDAR subunits as a transfected marker, in order to facilitate the visualization of the 

transfected cells during electrophysiological experiments. 10-12 hours after transfection, cells 
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were re-plated on glass coverslips and after 20-24 hours transfection cells were ready to be used 

for whole-cell patch-clamp recordings.  

 

2.11 Electrophysiology 

Whole cell patch-clamp recordings were performed under voltage-clamp mode using an 

Axopatch 200B or 1D patch-clamp amplifier (Molecular Devices). Whole-cell currents were 

recorded at a holding potential of -60 mV unless indicated elsewhere, and signals were filtered at 

2 kHz, digitized at 10 kHz (Digidata 1322A). Recording pipettes (3-5 Mɋ) were filled with the 

intracellular solution that contained (mM): CsCl 140, HEPES 10, Mg-ATP 4, QX-314 5, pH 

7.20; osmolarity, 290-295 mOsm. BAPTA (10 mM) was added in the intracellular solution 

(otherwise specified). The coverslips were continuously superfused with the extracellular 

solution containing (mM): NaCl 140, KCl 5.4, HEPES 10, CaCl2 1.3, glucose 20, pH 7.4; 

osmolarity, 305-315 mOsm. NMDA, GABA or AMPA induced currents were either applied by 

NMDA, GABA, AMPA either through perfusion fast-step (Warner Instruments). With perfusion 

fast-step system, NMDA, GABA, AMPA application was achieved by using a two-square barrel 

glass tubing and depending on age of the cultured neurons, CNQX (10 µM) and TTX (0.5 µM) 

were added in the extracellular solution to minimize the activation of ionotropic glutamate 

receptors and voltage-gated sodium channels, respectively. All experiments were performed at 

room temperature. Recordings from at least six HEK293 cells/neurons were performed for all 

active compounds. Data were pooled among HEK293 cells or primary neurons and composite 

dose-response data were fitted by the equation Percentage Response = 100 × Relative Efficacy/[1 

+ (EC50/Concentration)
nH

], where EC50 is the concentration of agonist that produces a half-
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maximal response, relative efficacy is the response at maximally effective concentration relative 

to the maximal response of glutamate, and nH is the Hill slope. 

 

2.12 Slice recordings 

6-8 week old C57/Bl6 mice underwent cervical dislocation followed by decapitation. The 

brain was  immediately transferred to an ice cold NMDG-based cutting solution consisting of: (in 

mM): 120 NMDG, 2.5 KCl, 1.2 NaH2PO4, 25 NaHCO3, 1.0 CaCl2, 7.0 MgCl2, 2.4 Na-pyruvate, 

1.3 Na-ascorbate, 20 D-glucose with pH adjusted to 7.35 using HCl acid (unless stated, all 

chemicals and drugs were purchased from Sigma or BioShop, Canada). The hippocampus was 

dissected out and transverse hippocampal slices (400 ɛm) were obtained using a manual tissue 

chopper (Stoelting, Wood Dale, IL, USA). Slices revered in a heated (30ºC) incubating chamber 

for 1 hr which contained ACSF composed of (in mM): 124 NaCl, 3 KCl, 1.25 NaH2PO4, 1 

MgSO4.7H2O, 2 CaCl2, 26 NaHCO3 and 15 D-glucose which was bubbled continuously with 

carbogen (95%O2/5%CO2) (pH to 7.3). After 30 additional minutes at room temperature, slices 

were transferred to a submerged recording chamber and were perfused continuously with 

carbogenated ACSF (2-3 ml/min). Whole-cell recordings of CA1 pyramidal neurons were 

performed using the ñblindò method with a MultiClamp 700B amplifier. EPSCs (excitatory post 

synaptic currents) were elicited by stimulating the SC pathway.  For isolation of NMDAR 

currents, cells were voltage clamped at +40 mV. Recording pipettes were filled with solution 

containing (in mM): 122.5 Cs-methanesulfonate, 17.5 CsCl, 2 MgCl2, 10 EGTA, 10 HEPES, 4 

ATP (K), and 5 QX-314, with pH adjusted to 7.2 by CsOH. Bicuculline methiodide (10 ɛM; 

Abcam) to block GABA receptor-mediated inhibitory synaptic currents and CNQX(10 ɛM; 

Abcam)  to block AMPAR mediated currents were used to further isolate NMDAR currents. To 
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specifically isolate GluN2A and GluN2B components of NMDAR currents, NVP or ifenprodril 

(IF) were added to inhibit these receptors respectively. Confirmation that residual synaptic 

current was conducted by NMDARs was attained through application of APV at towards the end 

of experiments. EPSCs were recorded and analyzed using WinLTP. Statistical analyses were 

completed using GraphPad InStat. An ANOVA comparing NMDAR currents in reponse to 

various drug cocktails with Tukeyôs posthoc test were conducted to determine differences 

between treatments. Statistical significance was set at p < 0.05 with n = number of cells. Data are 

presented as mean ± SEM. For extracellular recordings (fEPSPs) slicing conditions were similar 

to the whole-cell preparation. A stimulating electrode was positioned in SC pathway with the 

recording electrode positioned in stratum radiatum in CA1. Recordings were acquired and 

analyzed using WinLTP. The initial slope of the fEPSP was measured to quantify synaptic 

strength (Johnston and Wu, 1995). Studentôs t-test was used for statistical comparisons of mean 

fEPSP slopes between groups. All values shown are mean ± SEM, with n = number of slices. 

 

2.13 Primary culture of cortical neurons 

Dissociated cultures of rat cortical neurons were prepared from 18 day-old Sprague 

Dawley rat embryos as described previously (Mielke & Wang, 2005). To obtain mixed cortical 

cultures enriched with neurons, uridine (10ɛM) and 5-Fluor-2ǋ-deoxyuridine (10ɛM) were added 

to the culture medium at 3 day in-vitro (DIV) and maintained for 48 hours to inhibit non-

neuronal cell proliferation and consequently the cultures were changed back to the normal 

culture medium. Mature neurons (11ï14 DIV) were used for experiments. Mouse cortical 

cultures were prepped using embryos at 18 day postcoitum from litters resulting from 

heterozygote GluN2A+/ī or GluN2B+/ī matings (Kutsuwada et al., 1996; Sakimura et al., 
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1995). To attain homozygous and wild-type (WT) littermate control neuronal cultures, cortical 

cells from individual embryos were plated independently. Genotyping was performed as 

described previously (Thomas, Miller, & Westbrook, 2006; Tovar & Westbrook, 1999) using tail 

samples collected from each embryo. Electrophysiological recordings were performed on these 

cortical cultures which were stimulated with NMDA (10 ɛM) and glycine (2 ɛM). 

Electrophysiological recordings protocol is described in section 2.11 using Mg
2+

-free 

extracellular solution (ECS) containing the following (in mM): 25 HEPES acid, 140 NaCl, 33 

glucose, 5.4 KCl, and 1.3 CaCl2, with pH 7.35 and osmolarity 320ï330 mOsm. Specific 

blockade of GluN2A NMDA receptors was achieved by treatment with NVP-AAM077 (0.2-0.4 

µM) and GluN2B NMDA receptors were blocked ifenprodril (3 µM) or Ro 25-6981 (0.3 µM).  

 

2.14 Data analysis 

Values are expressed as mean ± SEM (n = number of experiments). A two-tailed 

Studentôs test was used for statistical analysis and p values less than 0.05 were considered 

statistically significant. Doseïresponse curves were created by fitting data to Hill equation: I = 

Imax/[1+(EC50/[A])
n
], where I is the current, Imax is the maximum current, [A] is a given 

concentration of agonist, n is the Hill coefficient. 
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2.15 Site-directed mutagenesis 

The site-directed mutagenesis of GluN1 or GluN2A subunits were performed by using 

the QuikChange method (Stratagene) according to the manufacturingôs directions. All mutant 

clones were confirmed by DNA sequencing. Wild-type or mutant subunits were transfected in 

HEK293 cells and subjected to electrophysiology examinations. Cells were transfected with a 

combination of pcDNA3-CMV expression vectors, each of which expressed one of the rat 

recombinant (GluN2AWT, GluN1WT) subunits. An enhanced green fluorescent protein (eGFP) 

pcDNA3-GFP was co-transfected to facilitate microscopic visualization. GluN2AA108G, 

GluN2AP79A, GluN2AP178G, GluN2AQ111A, GluN2AF114Y, GluN2AF114S, GluN2AF177S, 

GluN2AI176Y, GluN2AM111I, GluN1R115E, GluN1L135Q plasmids were constructed by site-directed 

mutagenesis from either GluN1WT and GluN2AWT using PFU DNA polymerase. The sequences 

of all plasmids were confirmed by automated DNA sequencing. 

 

2.16 Neuronal culture 

Cultured hippocampal neurons were prepared from the brains of D18 fetal Wister rats. 

Tissues were digested with a 0.25% trypsin solution (Invitrogen) for 25 min at 37 °C, and then 

mechanically dissociated using a fire-polished Pasteur pipette. Next, the cell suspension was 

centrifuged at 2500 × g for 50 s and the cell pellets re-suspended in DMEM containing 10% 

Fetal Bovine Serum (FBS; Sigma-Aldrich). Cells were seeded on poly-D-lysine-coated 24-well 

coverslips at a density of 2.5 ×10
5
 cells/well. Cultures were maintained in a humidified incubator 

with 5% CO2 at 37 °C. After 24 hrs, plating medium was changed to Neurobasal medium 

supplemented with B-27 supplement and L-glutamine and the media changed twice weekly 
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thereafter. Cultured neurons were used for electrophysiological recordings 10-14 days after 

plating. 

 

2.17 Measurement of Ca
2+

 in rat cortical cultu res using a Ca
2+

-sensitive dye  

Rat neurons isolated from the entire cortex were plated onto poly-d-lysine (PDL)-coated 

96-well plates. After 12-14 days in culture, the level of intracellular Ca
2+

 was assayed using the 

Fluo-4. No Wash Ca
2+

 assay kit according to the manufacturerôs protocol (Thermo Fisher 

Scientific). In brief, the neuronal culture medium was removed and replaced with a Ca
2+

 assay 

buffer (CAB) containing 1× HBSS, 20 mM HEPES, 2.5 mM probenacid, and Fluo4-NW dye 

mix (pH 7.4; Thermo Fisher Scientific). The cells were then incubated for 45 minutes at 37°C for 

dye loading and then 15 minutes at room temperature. To isolate Ca
2+

 signals mediated by 

NMDARs, NMDA was used as an agonist (10µM), and 2ɛM glycine were added. The antagonist 

NVP-AAM007 was used to block the GluN1/GluN2A NMDARs. The calcium fluorescence 

measurement was performed at 25°C after 60 seconds of recording with a FLEXStation II 

benchtop scanning fluorometer (Molecular Devices); then, the NMDAR agonist (NMDA 

(10ɛM)/glycine (2µM) was added at 180 seconds. Fluorescence plate reading continued for a 

total of 30mins with use of an excitation of 485 nM, an emission of 538 nM, and a cutoff of 530 

nM. The data were recorded using SoftMax Pro software (Molecular Devices). 
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2.18  Slice preparation for probing pCREB 

Male mice (6- to 10-week-old) underwent cervical dislocation after which brains were 

rapidly removed and placed in ice-cold slicing solution consisting of (in mM): 120 NMDG, 2.5 

KCl, 1.2 NaH2PO4, 25 NaHCO3, 1.0 CaCl2, 7.0 MgCl2, 2.4 Na-pyruvate, 1.3 Na-ascorbate, 20 D-

glucose, with pH adjusted to 7.35 using HCl acid (unless stated, all chemicals and drugs were 

purchased from Sigma or Bioshop, Canada). The hippocampus was dissected out of each 

hemisphere and sliced in the transverse plane (400 µm thickness) using a manual tissue chopper 

(Stoelting). Slices were allowed to recover in a heated (30
o
C) incubating chamber for 1 hr which 

contained ACSF composed of (in mM): 124 NaCl, 3KCl, 1.25 NaH2PO4, 1 MgSO4 7H2O, 2 

CaCl2, 26 NaHCO3 and 15 D-glucose which was bubbled continuously with carbogen 

(95%O2/5%CO2) to maintain the pH at 7.3. Slices recovered for an additional 30 min at room 

temperature prior to beginning the treatments and transferred into 6 well plate while bubbling 

continuously drugs (Npam43 or BiC or NVP-AAM007) were administered to the slices and 

incubated for 30 minutes and then transferred to an Eppendorf for homogenization and 

consequent immunoblotting to probe for pCREB/CREB protein levels.  

 

2.19 NMDA -induced excitotoxicity and H2O2-induced cytotoxicity  

Primary cultures of mature cortical/hippocampal neurons (12ï14 DIV) were used in this 

study. Preliminary tests showed that both cortical and hippocampal neurons reveal very similar 

results in response to NMDA challenge. Specifically, hippocampal neurons were used in the 

immunocytochemical experiments, as it is easier to distinguish them from glia cells, whereas 

cortical neurons were used to provide sufficient material for biochemical experiments. 

Immediately before NMDA treatment, half of the conditioned medium was taken out and saved 
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for further use. Neurons were stimulated with 75 ɛm NMDA through bath application, along 

with other drug treatments as specified in each individual experiment. After 90 min incubation 

with NMDA, neurons were washed once with fresh neural basal medium, and then returned to 

the previously saved conditional medium. Cortical cultures were treated with Npam43, and 

assessed for NMDA-induced excitotoxicity after 20-24 hrs by measuring lactate dehydrogenase 

(LDH) release. Briefly, cells were treated with 75 ɛM NMDA for 1.5 h or 600 µM H2O2 for 1 h 

after which, neurons were washed once with fresh neural basal medium and the media was 

exchanged with conditional medium. LDH release was measured using an in vitro toxicology 

assay kit obtained from Sigma-Aldrich (no. TOX-7). The cell death rate was expressed as a ratio 

(%) between the absorbance of the treated group and that of the control group.To show 

selectivity of Npam43 for GluN1/GluN2A NMDARs, neurons were treated with the 

GluN1/GluN2B selective antagonist, ifenprodril (3ɛM), or the GluN1/GluN2A selective 

anatagonists, NVP-AAM077 (0.2ɛM) and TCN-201 (10ɛM). 

 

2.20 Lactate dehydrogenase (LDH) assay 

Lactate dehydrogenase (LDH) is a cytoplasmic enzyme that can convert nicotinamide 

adenine dinucleotide (NAD) into NADH (the reduced form). LDH is released from cells into 

culture medium when the plasma membrane integrity is compromised. Therefore, the amount of 

released LDH represents the degree of cell death. In this study, the extracellular LDH level was 

measured using an in vitro toxicology assay kit obtained from Sigma-Aldrich (no. TOX-7). The 

basis of this LDH assay is as follows: (1) LDH reduces NAD into NADH, (2) the resulting 

NADH is then used in the stoichiometric conversion of a tetrazolium dye, and (3) the resulting 

colored compound is measured by a spectrophotometric microplate reader at a wavelength of 
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490 nm. The cell death rate was expressed as a ratio (%) between the absorbance of the treated 

group and that of the control group. 

 

2.21 Immunoblotting  

Brain tissues or cultured cells were lysed on ice in the lysis buffer and then the solution 

was centrifuged at 14,000 rpm for 10 min at 4
o
C. Next, the supernatant was collected and protein 

concentrations were determined using a BCA protein assay kit (Thermo Scientific, 23227). Equal 

amount of protein samples were mixed with 4 times sample buffer, boiled at 100
o
C for 5 min, 

and seperated on 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE). Proteins were then transferred to Immobilon-PTM polyvynilidene fluoride (PVDF) 

membranes (Bio-Rad, 162-0177). The membranes were blocked with 5% non-fat milk in Tris-

buffered saline containing 0.1% Tween-20 (TBST) for 1 hour at room temperature, and then 

incubated overnight at 4
o
C with primary antibody. After washing 3 X 5min in TBST, protein was 

visualized in the Bio-Rad Imager using ECL Western blotting substrate (Pierce, 32016). For the 

detection of phospho-CREB, samples prepared in the same day were used. The polyvinylidene 

difluoride membrane (Millipore, Bedford, MA, USA) was incubated with primary antibody 

against phospho-CREB (Ser133) (Cell Signaling Technology, Beverly, MA). For the detection of 

total CREB, the same polyvinylidene difluoride membrane was stripped and then reprobed with 

primary antibody against total CREB (Cell Signaling Technology). The band density of each 

protein was quantified by the Bio-Rad Quantity One software and the relative optical density was 

analyzed relative to loading total-CREB on the same membrane. 
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2.22 Formulation 

The pharmaceutical formulation of Npam43 was prepared in combination of DMSO, 

cremophor EL and saline. Npam43 was initially dissolved in DMSO (1-2% v:v) and then mixed 

with a combination of cremophor EL (2-3% v:v) and saline. This formulation (DMSO, cremphor 

El, saline) was used for all experiments in vivo and used in control animals. 

 

2.23 Reagents 

Phosphate buffer solution was prepared using NaH2PO4.2H2O and Na2HPO4.12H2O, the 

pH of which was adjusted by changing the molar ratio of NaH2PO4.2H2O to Na2HPO4.12H2O. 

Other chemicals used were of analytical grade or better quality and Milli-Q ultrapure water (> 18 

MU cm) was used throughout the experiments. 

 

2.24 Instrumentation and chromatographic conditions 

Npam43 was isolated from the CSF and serum matrix using high performance liquid 

chromatography and quantified via electrochemical detection. The system consisted of an ESA 

582 pump (Bedford, MA), a pulse damper (Scientific Systems Inc., State College, PA), a 

Rheodyne Inert manual injector (model 9125i, 20 ɛL injection loop; Rohnert Park, CA), a Tosoh 

Bioscience Super ODS TSK column (2 µm particle, 2 mm × 10 mm; Montgomeryville, PA), and 

an Antec Leyden Intro Electrochemical detector with VT-03 flow cell with a Ag/AgCl reference 

electrode (Vapplied = +800 mV; Leyden, The Netherlands). The mobile phase was a 20 mM 

phosphate bufferïacetonitrile (80: 20, v/v) mixture, pH 7.0, flowed through the system at 

0.1mL/min. The column was maintained at 40
o
C throughout the analysis and the injection 

volume was 8uL. To our knowledge, this type of mobile phase can be well used here for the 
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HPLC-ECD detection for both Npam43 and Npam50, due to the good compromise of both the 

HPLC-separation performance and the ECD-detection preference. Prior to use, the mobile was 

filtered through a 0.22 mm membrane and degassed using a vacuum pump and maintained under 

helium purging during experimental testing. EZChrome Elite software (Scientific Software, 

Pleasanton, CA) was used to acquire and analyze chromatographic data.  

 

2.25 Sample preparation 

Samples were prepared by mixing aliquots (50:50) of the specimen with acetonitrile. The 

samples were mixed, allowed to rest at ambient temperature for 10 min and centrifuged at 5000g 

for 5 min. Eight microliters of the supernatant was injected.  

 

2.26 Cerebrospinal fluid (CSF), serum extraction and HPLC-ECD analysis 

Cerebrospinal fluid (CSF) and serum samples generated from the in-vivo studies were 

thawed, and 8 ɛl was transferred to individual Eppendorf tubes. The internal standard (IS) of 2 ɛl 

of 0.5 ɛg/ml Npam50 was then added, followed by 22 ɛl of acetonitrile, after which samples 

were vortexed for 5ï10 s and centrifuged for 5 min at 20,000 × g to sediment precipitated 

protein. The clarified supernatant was transferred to HPLC vials for analysis. Standards were 

prepared in a similar fashion using blank rat CSF and serum. Optima grade (Fisher Scientific) 

solvents and 18 Mɋ water (Millipore) were used for sample preparation and subsequent HPLC-

ECD analysis. Calibration standards ranged from 0.1-50µM (6 points, CSF equivalent level) with 

R
2
 > 0.99. The detection limit was > 0.8µM of Npam43. Comparisons of pre- and post-spiked 

serum with neat standards indicated a suppression of about 10% and extraction efficiencies of 

95%. Any samples out of the calibration range were diluted 10-fold for reanalysis. 
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2.27 Cerebral ischemia 

All animals used in the study were housed, cared for, and used experimentally in 

accordance with the protocols approved by the Ethical Committee for Animal Research at China 

Medical University Hospital, Taiwan. Adult male Sprague Dawley rats weighting Ḑ200 g were 

anesthetized, and the middle cerebral artery (MCA) was exposed by making a craniotomy 

window (2 mm in diameter) 1 mm rostral to the anterior junction of the zygoma and the 

squamosal bone. The exposed MCA was ligated with a square knot using a 10-0 nylon suture. 

Next, the bilateral common carotid arteries (CCAs) were clamped with nontraumatic arterial 

clips. Successful surgery was confirmed by a marked drop in regional cerebral blood flow, 

monitored by a laser Doppler flowmeter (PF-5010, Periflux system; Perimed AB). Moreover, the 

core body temperature was monitored with a thermometer probe (Hewlett-Packard Model 

21090A probe), and maintained at 37.0 ± 0.5°C with a heating pad. Both blood pressure and 

blood gas levels were also monitored during the experiment. After 90 min ischemia, the suture 

and clips were removed to allow instant reperfusion. Experimental rats were subdivided into two 

main groups: several groups to receive different doses of Npam43 (0.1, 0.5, 1, 2.5mg/kg) or 

saline/vehicle (DMSO/cremophor EL/saline) via femoral vein injection. The bolus of Npam43 

and saline/vehicle was administered at 3.5 h after stroke onset. To achieve the optimal outcome, 

another two doses of Npam43 were administered on the second and third days, respectively. Rats 

were then allowed to recover for different periods of time until additional experiments. 
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2.28 Magnetic resonance image 

The rats were anesthetized, with body temperature maintained at 37.0 ± 0.5°C with a 

heating pad during imaging. The T2-weighted spin-echo imaging sequence (T2WI) was 

performed by the 3.0 T General Electric imaging system (R4, GE) with the following 

parameters: repetition time, 4000 ms; echo time, 105 ms; 6ï8 contiguous coronal slices with 

each 2 mm thick. At this stage of stroke development (7 d post-ischemia), brain infarct manifests 

as high signal (bright white) on the magnetic resonance image (MRI) images. The non-infarct 

areas were drawn manually from slice to slice and the volumes were measured with Voxtool 

analysis software (General Electric). The infarct size was quantified by subtracting the non-

infarct volume of the ischemic hemisphere from the total volume of the contralateral hemisphere. 

 

2.29 Neurological behavioral tests 

In order to assess functional recovery of neural circuits damaged by the ischemic insult 

we assessed three typical locomotor activity (sensorimotor) deficit modalities, including 1) 

vertical activity (the total number of beam interruptions that occurred in the vertical sensor), 2) 

number of vertical movements (number of animal rears) and 3) vertical movement time (the 

amount of time, in seconds, the animal rears) using the VersaMax Animal Activity Monitor 

(Accuscan Instruments). The monitor has 16 horizontal x-y and eight vertical z infrared sensors 

spaced 2.5 cm apart. The vertical sensors were situated 10 cm from the floor of the chamber. An 

ischemic rat was placed into the recording chamber during the ódarkô phase of the day/night 

cycle, and vertical movement time (seconds) was automatically recorded by computer over a 2 

hours period. The total length of its vertical movement represents the recovery of locomotor 

circuits injured by ischemic stroke. 
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Chapter 3: Structure-based modeling, target site identification and drug 

screening on GluN1/GluN2A NMDARs 

 

3.1  Introduction  

Using the sophisticated drug discovery process described above, involving computer-

based receptor modeling of the GluN1/GluN2A homomeric NMDAR structure in conjunction 

with the resolved GluN1/GluN2B crystal structure. This allowed us to probe the receptor to 

identify regions that are most likely to cause conformational changes. We hypothesized that for a 

small molecule to cause a conformational change, it would most likely need to bind between two 

subunits or an interface. Numerous reports have already shown that interfaces are critical regions 

that can be exploited for positive or negative modulation of receptors (Axerio-Cilies et al., 2012; 

Cossins & Lawson, 2015; Fischer, Rossmann, & Hyvonen, 2015; Nero, Morton, Holien, 

Wielens, & Parker, 2014).  

 

The region that was our main focus was extracellular region of the GluN1/GluN2A was 

of particular interest as it is the region where neurotransmitters bind. We reasoned that 

modulation sites on the receptor could come from the interfaces from the ligand-binding domain 

(LBD) or the N-terminal domain (NTD).  Among these two regions, the interface of the LBD has 

been already targeted by a selective GluN1/GluN2A negative allosteric modulator (NAM) by 

TCN201 (Hansen et al., 2012). Interestingly, the NAM is highly dependent on the concentration 

of glycine, where increasing concentrations of glycine can cause TCN201 to lose significant 

affinity and vice versa (Hansen et al., 2012). This negative influence of glycine to the NAM was 
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observed as low as 3µM and at 300µM glycine the NAM activity was completely lost (Hansen, 

Ogden et al., 2012). This phenomenon deterred the idea to target the LBD due to the fact that 

under ischemic conditions the glycine concentrations have been reported to be greater than 

100µM. In light of this, we postulated that targeting the NTD would be a wiser alternative to 

avoid possible dependency issues with the agonists. Moreover, there is mounting evidence that 

N-terminal domain (NTD) can cause drastic conformational changes and that these movements 

can be transmitted into the LBD layer, we reasoned that targeting the NTD in the interface would 

be viable approach to cause a positive modulation effect on the GluN1/GluN2A NMDARs. We 

scoured the NTD interfaces for possible druggable binding sites that could accommodate a small 

molecule and that could potentially discriminate between the two subtypes (GluN2A vs. 

GluN2B). 

 

The structural model of the GluN1/GluN2A revealed a druggable interstice between the 

GluN1 and GluN2A interface in the NTD. We used this region as our leading target site and 

consequently exposed to an in-silico virtual screen using a pre-filtered chemical library 

(described in methods). The virtual screen (docking) of ~200K purchasable chemical substances 

was implemented against the identified site. A previously described consensus-based in-silico 

methodology (described in methods) yielded ~200 compounds that were predicted to have a high 

potential for binding to the GluN1/GluN2A interface NTD. Schematic representation of the drug 

discovery pipeline used for the screening process and hit selection is provided in Figure 3.1. 

These 200 compounds were then initially biologically validated in GluN1/GluN2A or 

GluN1/GluN2B transiently transfected human embryonic kidney cells (HEK293 cells) which 

allows us to isolate the receptor in a non-neuronal system and functionally characterize the 
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modulation effects of these two subtypes individually. All compounds were tested in both 

systems using 10µM of glutamate and 2µM glycine to activate the NMDAR via a whole-cell 

voltage-clamp configuration recordings.  

 

3.2 Identification of a druggable interface between the GluN1 and GluN2A subunits in 

the N-terminal domain (NTD) 

 

The allosteric binding site was identified through several bioinformatic and X-ray 

crystallographic observations. The goal was to identify a region that was sufficiently different 

between GluN2A and GluN2B based on protein primary sequence alignment and structural 

superimposition. Efforts were focused on the N-terminal domain (NTD) since this domain has 

been previously shown to be important for inducing conformational changes of the clamshell-

like structure (Axerio-Cilies et al., 2011; Axerio-Cilies et al., 2012; Zoraghi et al., 2011). 

Moreover, our previous experience indicated that targeting protein-protein interfaces can be 

beneficial for allosteric regulation (Lack et al., 2011); (Pajouhesh & Lenz, 2005). Therefore, we 

elected to target the interface between GluN1 and GluN2A to identify an allosteric modulation 

(positive/negative) site. Regions near the agonist binding sites also were thought to increase the 

possibility of observing an allosteric effect while also increasing the chances of inducing 

modulation dependent on the concentration of glycine/glutamate.  Under stroke conditions drug 

effects may decrease as agonist concentration increases, ie. TCN-201.  

 

Taking all this into consideration, we believed that targeting a region not in close 

proximity to the agonist binding sites would reduce the possibility of modulation dependent on 
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the glycine/glutamate concentration. Consequently, a homology model of the GluN1/GluN2A 

NTD was based on the resolved crystal structure of the GluN1/GluN2B NTD dimer. Figure 3.2a 

shows the cartoon representation of the full GluN1/GluN2A NMDAR structure illustrating the 

extracellular domains of the NTD (light blue & light purple) and the ligand-binding domain 

(LTD) (orange & red). Based on this model, we focused on the interface of GluN1 and GluN2A 

at the upper-lobes (R1) of the clamshell NTD shown in (Figure 3.2a), which was defined by an 

interstice that could accommodate a small molecule drug (yellow region) (Figure 3.2b). Figure 

3.2c shows the homology model of the NTD of the heterodimer of GluN1/GluN2A and the 

identified crevice target region shown in green spheres. This particular region was then used to 

screen ~200,000 compounds that could potentially positively modulate GluN2A-containing 

NMDARs.   
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Figure 3.1: In -silico pipeline developed to identify potential GluN2A-containing NMDARs 

binders from the pre-filtered ZINC database 

Initially started from 200K compounds from the prefiltered ZINC database and virtual screening 

reduced the amount of possible active (ñhitò) compounds down to 10K compounds. 200 

compounds were then manually selected based on their structural characteristics (BBB 

penetration and ease of synthesis), binding pose and score.  
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Figure 3.2 Targeting the dimer interface of the homomeric GluN1/GluN2A NMDARs in 

the N-terminal domain (NTD)  

(a) Cartoon representation of homomeric GluN1/GluN2A NMDARs, color coded by their 

respective domains. The N-terminal domains (NTD) are comprised of two light blue clamshell 

lobes depicting the GluN1 subunit and the two purple clamshell lobes belonging to the GluN2A 

subunits. The ligand-binding domains (LTD) are composed of two clamshell lobes as well, 



85 

 

where orange is showing GluN1 subunits defined by the binding site of glycine/D-serine and the 

red clamshell lobes comes from the GluN2A subunit characterized by the glutamate binding site. 

(b) Yellow wedge/ball in the NTD depicts the region we defined as being targetable by small 

molecules and projected to be mediating a positive modulation effect. This site was modelled 

and virtually screened using a library of small molecules. (c) Ribbon representation of the 

homology model dimer interface between GluN1 and GluN2A in which the virtual screen was 

implemented. Green spheres represent the amino acids that outline the binding site. The ribbon 

representation of the homology modeling of a GluN1/GluN2A NMDAR built from the resolved 

crystal structure of GluN1/GluN2B N-terminal domain (PDB: 3qek). Molecular graphics and 

analyses were performed with the UCSF Chimera package. Chimera is developed by the 

Resource for Biocomputing, Visualization, and Informatics at the University of California, San 

Francisco (supported by NIGMS P41-GM103311)(Pettersen et al., 2004). 

 

3.3 Initial drug screening using GluN1/GluN2A or GluN1/GluN2B cDNA transiently 

transfected in human embryonic kidney (HEK293) cells and tested by whole-cell patch 

clamp recordings 

 

A series of ~200 compounds were evaluated for positive allosteric modulation at 

recombinant GluN1/GluN2A and GluN1/GluN2B NMDA receptors at a test concentration of 

100ɛM. At this concentration, compounds producing less than 20% enhancement of the 

glutamate response were not investigated further. All other active compounds were tested on a 

minimum of six transiently transfected HEK293 cells expressing GluN1/GluN2A or 

GluN1/GluN2B for each subunit combination. A variety of structures were evaluated for their 
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ability to modulate NMDA receptor responses evoked by 10ɛM L-glutamate and 2ɛM glycine. 

GluN1/GluN2A or GluN1/GluN2A receptors were expressed in HEK293 cells, and receptor 

activity was determined by whole-cell patch electrophysiological recordings.  

 

From the compounds purchased, 12 compounds showed a marginable enhancement in 

potentiation for the GluN1/GluN2A subunit (Figure 3.3a) and at the same time a comparable 

inhibition for the GluN1/GluN2B subunit (Figure 3.3b) in the presence of 10µM glutamate and 

2µM glycine in HEK293 cells. The first hit compound that was identified in the screen 

(Npam01) showed a significant potentiation of GluN1/GluN2A NMDARs (Figure 3.3a) and at 

the same time was able to inhibit the GluN2B-currents in transiently transfected HEK293 cells 

(Figure 3.3b). The representative traces for the currents of the control and the drug condition in 

HEK293 cells expressing GluN1/GluN2A and GluN1/GluN2B are shown in Figure 3.3c, d 

respectively.  The potentiation effects were measured by normalizing the area under curve 

(AUC) with the glutamate/glycine control. Moreover, one compound in particular Npam02 at 

100µM showed an increase at ~40% compared to controls in HEK293 cells expressing 

GluN1/GluN2A (Figure 3.4a) but showed no significant inhibition for the GluN1/GluN2B 

combination (Figure 3.4b). Interestingly, a close analog (Npam04) of Npam02 showed a dual 

effect on the two subtypes where it was able to positively modulate GluN1/GluN2A (Figure 

3.4a) and inhibit GluN1/GluN2B NMDARs (Figure 3.4b) at the same time. The only structural 

difference between Npam02 and Npam04 was an extra methyl group on Npam02ôs aryl group. It 

was speculated that the methyl group on Npam02 could conceivably contribute to its diminished 

binding effect towards the GluN1/GluN2B-NMDARs. Due to their homologues structural 
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features and differential effects on the two NMDA subtypes, we used these two compounds as 

probes to further study their effects in-vitro (Figure 3.5).  

 

Whole-cell patch clamp recordings were performed to measure glutamate evoked 

currents with chloride-based pipette solutions at a holding potential of -60mV. To rule out the 

possibility that Npam02 itself may induce any currents in the GluN1/GluN2A or GluN1/GluN2B 

expressing HEK293 cells, Npam02 (100µM) was applied alone and no changes of inward or 

outward currents (Figure 3.4a, d). Co-application of Npam02 (100µM) with co-agonists 

modestly enhanced NMDA-mediated currents in HEK293 cells expressing GluN1/GluN2A 

receptors (100µM; n = 6; 38.85 ± 3.70 %; P < 0.001; and (200µM; n= 6; 71.69 ± 5.03 %; P < 

0.001) (Figure 3.4b, d) compared to glutamate application alone, suggesting that Npam02 can act 

as a PAM (Figure 3.4a, d). The increased NMDAR currents could be completely blocked by the 

co-application of a selective GluN1/GluN2A antagonist of NVP-AAM007 (0.2µM) in the 

presence of both co-agonists, confirming that there were no secondary effects attributed to 

endogenous proteins in HEK293 cells (Figure 3.4a, d) . In contrast, HEK293 cells expressing the 

GluN1/GluN2B combination in the presence of Npam02 (100µM) did not exhibit potentiation of 

NMDAR currents (Figure 3.4c, e). Similarly, Npam02 did not induce currents on its own and 

NMDAR currents attributed to the GluN1/GluN2B-receptors were successfully blocked by 

GluN2B specific antagonist ifenprodril (IF; 3µM) (Figure 3.4c, e). All other compounds were 

treated in a similar manner and tested at high concentrations (50µM or 100µM) in presence of 

glutamate and glycine. Since the aim of this project was to discover a selective potentiator for the 

GluN1/GluN2A combination, we focused our interest towards Npam02 which was characterized 

as being preferentially favors the GluN2A-containing NMDARs. 



88 

 

 

 

 

 




































































































































































































































































































































































































